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RESUMO

Ensaios baseados em fluorescéncia possuem alta sensibilidade, o que pode proporcionar a
identificacdo e quantificagdo de biomoléculas e ajudar a elucidar diversos eventos celulares.
O desenvolvimento de novas sondas fluorescentes, tais como os Quantum Dots (QDs), tem
permitido aos pesquisadores usufruir de todo o potencial de fluorescéncia. QDs sdo
nanoparticulas de materiais semicondutores, de 2 a 10 nm, que possuem caracteristicas
Opticas Unicas, tais como fotoestabilidade. Todavia sua utilizagdo no estudo intracelular ainda
é limitada, pois sua passagem através da membrana celular ndo se da passivamente, ficando
preso em vesiculas endociticas, necessitando assim de um método que realize a sua entrega
livre no citosol. Dentre algumas metodologias ja descritas para entrega intracelular de QDs
destacam-se a eletroporacdo, microinjecdo e a fixacdo celular. Todavia, essas apresentam
algumas desvantagens, sendo metodologias laboriosas ou danosas as células. Dentro dessa
realidade os lipossomas fusogénicos aparecem como uma ferramenta capaz de sanar essas
desvantagens, por serem vesiculas de bicamadas lipidicas que podem se fundir as células
liberando seu contetdo no citosol. Assim, neste trabalho teve-se como objetivo desenvolver
dois métodos utilizando lipossomas para carrear QDs hidrofilicos ao interior de células vivas.
Primeiramente QDs de CdTe anidnicos foram encapsulados em lipossomas de
fosfatidilcolina, cationicos (contendo DOTAP) e fusogénicos (contendo DOPE, DOTAP e
DPPE-Rh). A anélise por microscopia de fluorescéncia de hemacias e células tronco
incubadas com os lipossomas fusogénicos contendo os QDs negativos, evidenciou que 0S
QDs ficaram ligados a membrana celular devido a diferenca de cargas negativas dos QDs e
positivas dos lipideos. Portanto, na continuidade deste trabalho uma segunda abordagem,
baseada na método de injecdo em etanol, foi desenvolvida para a encapsulacdo de QDs e
aplicada para os mesmos tipos de lipossomas anteriormente descritos. Nessa segunda
metodologia, os QDs de CdTe positivos foram também utilizados, de forma a evitar a
interacdo eletrostatica entre os QDs e os lipideos. Para ambos os métodos desenvolvidos, os
lipossomas foram caracterizados por medidas de potencial zeta, de raio hidrodindmico,
microscopia de fluorescéncia e eletrénica de transmissdo, confirmando que houve a
encapsulacdo de QDs para todos os sistemas lipossomais utilizados. Ao longo de todo o
estudo as hemacias foram células modelo importantes para avaliar a fusdo dos lipossomas
com a membrana celular, pois estas ndo apresentam atividade endocitica. Os lipossomas de
fosfatidilcolina e catidnicos serviram de modelo para desenvolver as duas metodologias de
encapsulacdo que posteriormente foram aplicadas aos fusogénicos. Os estudos feitos com
hemécias e células Hela, utilizando a segunda metodologia de encapsulacdo e lipossomas
fusogénicos, sugerem a entrega dos QDs positivos nas células vivas. No entanto, estudos
adicionais precisam ser desenvolvidos para comprovar se 0os QDs positivos se encontram
livres ou ndo no citosol. Este novo método apresenta ainda potencialidade para a
encapsulacdo de QDs bioconjugados, pois 0 processo de congelamento do anterior poderia
desnaturar as proteinas. Esperamos que este estudo possa ajudar no desenvolvimento de
métodos efetivos de liberacdo de QDs no citosol, de forma que seja possivel se utilizar as
vantagens dessas sondas fluorescentes para melhor compreender Varios processos
intracelulares.

Palavras-chave: Fluorescéncia, Quantum Dots, Lipossomas, Células



ABSTRACT

Fluorescence-based assays have high sensitivity, which can provide the identification and
quantification of biomolecules and help elucidate cellular events. The development of new
fluorescent probes such as Quantum Dots (QD) has enabled researchers to take advantage of
the full fluorescence potential. QDs are semiconductor nanoparticle materials from 2 to 10
nm which have unique optical properties such as photostability. However, their use in
intracellular study is limited because its passage through the cell membrane does not occur
passively, getting stuck in endocytic vesicles, thus requiring a method to conduct their free
delivery in the cytosol. Among some methods already described for the intracellular delivery
of the QDs include electroporation, microinjection and cell attachment. However, these have
disadvantages, like being laborious methods or damaging the cells. Within this reality, the
fusogenic liposomes appear as a tool to solve these drawbacks, being vesicles of lipid
bilayers that can merge the cells releasing its contents into the cytosol. Thus, this study was
aimed to develop two methods using liposomes to adduce hydrophilic QDs inside living cells.
First of anionic CdTe QDs were encapsulated in phosphatidylcholine liposomes, cationic
(containing DOTAP) and fusogenic (containing DOPE, DOTAP and DPPE-Rh). Analysis by
fluorescence microscopy of stem cells and red blood cells incubated with the fusogenic
liposomes containing the negative QDs, the QDs showed that they were bound to the cell
membrane due to the difference of negative and positive charges of QDs and lipids,
respectively. Therefore, the continuation of this work a second approach based on the ethanol
injection method has been developed for encapsulating and implemented QDs for the same
types of liposomes described above. In this second method, the positive CdTe QDs were also
used in order to prevent electrostatic interaction between the lipid and the QDs. For both
developed methods, the liposomes were characterized by zeta potential measurements,
hydrodynamic radius, fluorescence microscopy and transmission electron confirming that
there was encapsulating QDs for all liposomal systems used. The study with red blood cells
were important to assess the fusion of the liposomes with the cell membrane, because they do
not have the endocytic activity. The cationic and the phosphatidylcholine liposomes served as
a model to develop methods for encapsulation, and subsequently applied to the fusogenic.
Studies done with red blood cells and HeLa cells using the second method of encapsulation
and fusogenic liposomes, suggest delivery of positive QDs in living cells. However,
additional studies are needed to see if the positive QDs are free or not in the cytosol. This
new method also has potential for encapsulating QDs bioconjugates because the freezing
process, used before, may denature proteins. We hope that this study may help in the
development of effective methods of QDs release in the cytosol, so being possible to use the
full advantages of these fluorescent probes to better understand several intracellular
processes.

Keywords: Fluorescence, Quantum Dots, Liposomes, Cells.
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| - INTRODUCAO

Um dos objetivos mais almejados em Ciéncias da Vida é a compreensao das diversas interacoes
entre as biomoléculas e, consequentemente, da atividade das células tanto em organismos simples, quanto
em sistemas mais complexos. Esse entendimento pode, por exemplo, responder quando ocorrem as
transformacdes de células sadias em tumorais ou como acontece a implantacdo de células tronco em
terapias. Uma forma de elucidar a natureza dessas interacGes é através da utilizacdo de técnicas baseadas
em fluorescéncia (ZHANG et al. 2002). Essas técnicas apresentam alta sensibilidade e especificidade, e
também permitem o acompanhamento da dindmica de eventos biolégicos em tempo real (GIEPMANS et
al. 2006). As sondas empregadas podem ser bastante diversificadas, mais comumente sdo utilizados os
corantes organicos (tais como a fluoresceina e a rodamina (RESCH-GENGER et al. 2008), porém as
proteinas fluorescentes também vém ganhando espago.

Contudo, essas sondas (em especial os corantes organicos) apresentam algumas desvantagens que
dificultam os experimentos baseados em fluorescéncia, por exemplo: (1) possuem um largo espectro de
emissdo podendo levar a resultados falsos positivos ou falsos negativos devido a superposi¢do de sinais
guando mais de um corante for utilizado, (2) elevada citotoxicidade e, principalmente, (3) alta taxa de
fotodegradacdo (MICHALET et al. 2005). Dessa forma, o desenvolvimento e a utilizacdo de marcadores
fluorescentes, que possam superar as desvantagens dos corantes convencionais, sdo de grande
importancia.

Os nanocristais fluorescentes de semicondutores (quantum dots — QDs, também conhecidos como
pontos quanticos) estdo cada vez mais substituindo as sondas fluorescentes convencionais. A razdo é que
suas propriedades Gpticas vém complementando os pontos fracos dos sistemas anteriores, tais como: (1)
uma Unica fonte de luz pode excitar a fluorescéncia dos nanocristais, que podem emitir em diferentes
regides do espectro conforme o tamanho da particula, (2) baixa citotoxicidade, (3) estreito espectro de
emissdo permitindo multiplas marcacdes e (4) a fluorescéncia dos QDs praticamente ndo sofre
fotodegradacédo (assim como mostra Figura 1) (BRUCHEZ et al. 1998; CHAN et al. 1998).

Figura 1 - Comparacdo da cor da emissdo em fungdo do tempo, relacionada a fotoestabilidade de QDs (vermelhos) e o corante
Alexa Flaor (verde).



Fonte: Adaptado de MEDINTZ et al. (2005).

Os QDs apresentam uma nanoestrutura complexa composta de algumas camadas (Figura 2),
onde: o nlcleo é o coracdo da nanoparticula e determina suas propriedades Opticas; a camada de
passivacao € responsavel pela qualidade da emissdo e a fotoestabilidade; o agente estabilizante e
funcionalizante confere a sua estabilidade quimica e possibilita posterior conjugacdo com biomoléculas
(bioconjugagéo) e, por fim, a camada organica mais externa determina o grau de funcionalidade em

relacdo a marcacao do sistema bioldgico de interesse.

Figura 2 - Estrutura de um QD (em azul) bioconjugado a uma biomolécula.

passivagao biomolécula
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Fonte: Adaptado de MEDINTZ et al. (2005).

E nas marcacBes celulares onde 0 uso de QDs tem tido maiores progressos e atraido o maior
interesse. No entanto, o recobrimento de sua superficie normalmente resulta num aumento do seu
tamanho, podendo levar o QD a ter, por exemplo, até cerca de 20 nm. Com isso, pode haver certa
dificuldade de direciona-los a compartimentos localizados no interior das células vivas devido ao seu
tamanho apds conjugagdo as biomoléculas (DELEHANTY et al., 2008). Por essa razdo, os QDs em geral
sdo mais utilizados para marcacdo da membrana celular e quando chegam naturalmente no interior das
celulas vivas, isso é feito através de processos de endocitose, que confinam os QDs em vesiculas e ndo 0s
deixam livres para marcar qualquer compartimento intracelular.

Existem, no entanto, algumas metodologias descritas para direcionar os QDs para
compartimentos sub-celulares. As mais comuns sdo eletroporacdo, microinjecdo, além da fixacdo e
permeabilizacdo celular, porém todas elas apresentam desvantagens. A primeira é baseada em choques

elétricos capazes de formar poros nas membranas permitindo a entrada mas também a saida de materiais,



a segunda necessita da injecdo de material célula por célula, e a Ultima causa a morte das células
(PINAUD et al., 2005). Dessa forma, ha ainda a necessidade de direcionar quantidades relevantes dessas
sondas de forma especifica e efetiva para o interior de células vivas, com minimos efeitos toxicos, e
escapando de rotas endociticas, objetivo muito dificil de se alcancar com as técnicas citadas acima.

Um carreador efetivo de drogas e outros materiais e ja bastante utilizado para entrega no interior
de células é o lipossoma (TORCHILIN, 2005). Os lipossomas sdo formados por bicamadas lipidicas e por
isso sua estrutura € muito semelhante & das membranas celulares. Dessa forma, eles podem sofrer, entre
outros processos, internalizacdo ou fusdo com a membrana celular e veicular macromoléculas para o
interior das células, seja liberando o material livre no citosol, seja liberando lentamente o material apds
internalizacdo celular (AL-JAMAL e KOSTARELOS, 2011).

Como os lipossomas tém uma regido hidrofilica e outra hidrofdbica (ou lipofilica), eles podem
carrear varios tipos de substancias. Como a entrada dos QDs nas células (sobretudo os funcionalizados,
que tém tamanho maior) é complicada, encapsular QDs em lipossomas pode ser uma alternativa bastante
interessante de entrega, pois os lipossomas mimetizam uma membrana biol6gica e podem carrear 0s QDs
para o interior da célula. A Figura 3 ilustra a entrega de materiais encapsulados (por exemplo QDs) na
célula através de um lipossoma. Dessa forma, QDs funcionalizados (por anticorpos ou drogas) poderiam
entdo ser dirigidos para ligar especificamente a moléculas no interior das células, permitindo visualizar os
eventos que acontecem em seu citosol, aliando diagndstico e terapia huma (nica estrutura nanométrica.
Como os métodos tradicionais de entrega de nanoparticulas néo sdo ainda totalmente efetivos para células

vivas, nesse estudo objetivamos estudar sistemas de entrega de QDs mediado por lipossomas.

Figura 3 - Lipossoma contendo QDs, fundindo-se com a membrana plasmatica e liberando os QDs intracelularmente.
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Fonte: Adaptado de TORCHILIN (2005).

Em 2010, Csiszar e co-autores descreveram formulacfes de lipossomas que eram capazes de
fundir com células (CSISZAR et al., 2010). Em sua composicdo, existe um corante fluorescente, que

guando associado a outros dois lipideos (DOTAP' e DOPE?), é capaz de desestabilizar a membrana e

1 1,2-dioleil-3-trimetilamdnio-propano.



causar a fusdo dos lipossomas com as células, imprescindivel para disparar o processo. Assim, 0 presente
trabalho envolveu: (1) o preparo de lipossomas de diferentes composi¢oes, inclusive dos lipossomas
fusogénicos propostos por Csiszar; (2) sintese de QDs catibnicos e anidnicos: (3) encapsulacdo
lipossomal dos QDs e (4) veiculacdo dos QDs encapsulados em lipossomas em sistemas bioldgicos,
principalmente em eritrécitos. Utilizar também QDs positivos (CdTe-Cis), testar a concentracdo dos
lipideos DOTAP (6) do DPPE-Rh nos lipossomas (7), além de utilizar outro método de preparo
lipossomal (8), que permita o encapsulamento de QDs bioconjugados a proteinas, sem perda de atividade.

Parte dos resultados obtidos neste trabalho com QDs aniénicos encapsulados em lipossomas
fusogénicos pelo método freeze and thaw foi associado a resultados anteriores obtidos pelo nosso grupo
de pesquisa e publicados no Journal of Material Chemistry B [LIRA et al. 2013] e seguem no anexo desta
dissertacdo. Nesse trabalho publicado observamos que havia uma co-localizacdo das fluorescéncias dos
QDs e do lipideo associado & rodamina (DPPE-Rh®) quando analisamos a marcacdo dos sistemas
bioldgicos, e acreditamos que esse resultado foi devido a diferenca de carga entre os lipossomas
cationicos e os QDs anidnicos. Além disso, pelo método freeze and thaw ndo é possivel encapsular

bioconjugados de forma que ainda continuem funcionais.

? Fosfatidiletalonamina.
# 1,2-dipalmitoil-sn-glicero-3-fosfoetanolamina-N-(lisamina rodamina B sulfonil).



Il - OBJETIVOS

1- OBJETIVO GERAL:
Encapsular QDs carregados catibnicos e anidnicos em lipossomas de diferentes composicGes e

observar as interagcdes entre esses sistemas nanoestruturados e eritrdcitos.

2 - OBJETIVOS ESPECIFICOS:

(a) Sintetizar e caracterizar opticamente QDs carboxilados de CdTe-AMP e CdTe-AMS (QDs de telureto
de cadmio funcionalizados e estabilizados com acido mercapto-propidnico e &cido mercaptossuccinico) e
QDs aminados de CdTe-Cis (telureto de cAdmio funcionalizados e estabilizados por cisteamina);

(b) Preparar e caracterizar lipossomas de variadas composic¢des, como: PC; PC-DOTAP; DOPE-DOTAP
e DOPE-DOTAP-LFLUO (lipideo conjugado a um corante fluorescente), contendo ou ndo QDs.

(c) Monitorar a interacdo dos diferentes lipossomas contendo QDs com sistemas bioldgicos,

especialmente eritrécitos.



11l - REVISAO BIBLIOGRAFICA

1. QUANTUM DOTS (QDs)

Nanocristais fluorescentes de materiais semicondutores ou apenas Quantum Dots (QDs) constituem
uma nova classe de sondas fluorescentes. Os QDs sdo promissores, pois suas caracteristicas superam
algumas desvantagens associadas as sondas convencionais (mais conhecidos como corantes organicos),
como: alta taxa de fotodegradacdo (o que dificulta a aquisicdo de imagens por tempos prolongados),
elevada citotoxicidade e um largo espectro de emissdo. Quando mais de um corante organico for utilizado
na marcacéao fluorescente pode haver resultados falso positivos ou falso negativos devido a superposicéo
de sinais, (MICHALET et al., 2005).

Os QDs possuem diametros entre 2 a 10 nm (1 nm = 10° m). Alguns materiais semicondutores
quando tém seu tamanho reduzido a escala nanométrica apresentam propriedades espectroscopicas
vantajosas frente aos corantes organicos tradicionais e tais vantagens sdo determinadas pelo tamanho das
nanoparticulas, (Figura 4), e ndo apenas pela sua composi¢do quimica (MEDINTZ et al., 2005;
MICHALET et al., 2005). Ou seja, para um mesmo material, a emissdo de luz pelos QDs pode ser
sintonizada de acordo com seu tamanho. QDs maiores vao emitir mais para o vermelho, enquanto os

menores vao emitir em regides mais préximas do azul no espectro eletromagnético.

Figura 4 - QDs com tamanhos diferentes em funcéo da sua fluorescéncia.

{1

Fonte: Adaptado de NIE et al. (2007).

Os materiais semicondutores sdo caracterizados por possuirem uma estrutura composta de uma banda
de valéncia (BV) ocupada por elétrons, uma banda de condugdo (BC) sem elétrons e por um band gap
(uma banda proibida) que separa a BC da BV (SANTOS et al., 2008). Com o efeito da diminuicdo do
tamanho dos materiais semicondutores para a escala nanométrica (QDs), ocorre um alargamento do band
gap e o aparecimento de niveis discretos entre a BC e a BV (Figura 5). Sob a incidéncia de luz, os
elétrons sdo promovidos da BV para a BC, e quando retornam ao estado inicial na BV ha a emisséo de

fluorescéncia. Devido a emissdo estar associada ao band gap, quanto maior a energia do band gap, menor



serd o comprimento de onda e vice-versa. Assim, quanto menores 0s QDs, maiores serdo 0s band gaps e

mais para 0 azul sera sua fluorescéncia (SANTOS et al., 2008).

Figura 5 - Redugdo do tamanho de particulas semicondutoras, comparando os QDs e o bulk (cristal macroscépico).
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Fonte: Adaptado de CHAVES (2006).

A relagdo area versus volume cresce quando ha uma redugdo do volume da nanoparticula. Quando
reduzimos o tamanho da particula, hd& um aumento da razdo da area superficial e os defeitos de superficie
da nanoparticula passam a ser mais significativos e a influenciar mais nas suas propriedades. Esses
defeitos nos QDs sdo devido a ligagdes ndo compartilhadas dos atomos de sua superficie e contribuem
para a diminuicdo da eficiéncia e qualidade da emissdo de luz pelos nanocristais. Esse fato leva a
formacdo de niveis intermediarios de energia, e quando o elétron vai entdo da BC para a BV vai perdendo
energia aos poucos, pois vai retornando a BV por esses niveis intermediarios, ao invés de ir diretamente
da BC para a BV (Figura 6) e com isso 0 espectro de emissdo passa a ser mais fraco e mais alargado. Uma
solugdo para essa situacdo é crescer uma camada de passivacdo ao redor da nanoparticula (“casca”) para
completar as ligages ndo compartilhadas do ndcleo, e usualmente com um semicondutor de maior band

gap. Por exemplo, se o nlcleo é de CdSe, a casca podera ser de ZnSe ou CdS.

Figura 6 - Efeito da passivacdo na superficie dos QDs.
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Os QDs passivados, isto €, que sofreram o processo de passivagdo, ficam com uma estrutura final
tipo core/shell (nucleo/casca, Figura 7), e irdo apresentar ndo s6 uma emissdo mais intensa como também
um espectro de fluorescéncia mais estreito (com largura a meia altura — FWHM — em torno de 40 a 50
nm) (SANTOS et al., 2008). O ndcleo do nanocristal determina entdo em qual comprimento de onda sera
a emissdo. A camada de passivacdo determina sua fotoestabilidade, a intensidade e qualidade de emisséo
pela eliminacdo dos defeitos de superficie. A camada organica na superficie (estabilizante e

funcionalizante) determinara o grau de funcionalidade biol6gica, relativas & marcagdo do sistema

bioldgico de interesse e também a estabilidade do sistema.

Figura 7 - Estrutura de um QD fluorescente conjugado a uma biomolécula.
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Fonte: Adaptado de CESAR (2014).

Biomolécula

A sintese dos QDs é feita geralmente pela metodologia bottom-up ou quimica coloidal que é
baseada numa reacdo de precipitacdo controlada feita em solventes orgédnicos ou agua. A sintese
utilizando agua, é mais vantajosa para o proposito deste trabalho, pois 0os QDs sdo hidrofilicos e mais
biocompativeis, ndo sendo necessario qualquer procedimento opcional para transformar QDs hidrofébicos
em hidrofilicos. Os QDs hidrofilicos sdo geralmente formados por elementos dos grupos 1IB e VIA da
antiga tabela periédica. Os QDs podem ser de CdTe (telureto de cadmio), CdSe (seleneto de cadmio) e
ZnSe (seleneto de zinco), entre outros, onde o mais empregado é o CdTe passivado por uma camada de
CdS (sulfeto de cadmio).

O QD funcionalizado apenas com o0 agente estabilizante (que pode ser cisteamina, acido
mercapto-propidnico, acido mercaptossuccinico, entre outros) ndo é capaz, ainda, de reconhecer um
determinado alvo biolégico com alta especificidade, para tanto funcionalizages mais complexas com
proteinas e acidos nucléicos podem ser feitas, a esse processo chamamos bioconjugacdo. Grupamentos
disponiveis para fazer a bioconjugagdo com biomoléculas estdo presentes nos agentes

estabilizantes/funcionalizantes  presentes  na  superficie  dos  QDs. Em  geral os



estabilizantes/funcionalizantes disponibilizam um radical carboxilico ou um radical amina para
bioconjugacdo. Os QDs aminados, por exemplo, os de cisteamina, sdo positivamente carregados e 0s
carboxilados, por exemplo, com 4acido mercaptopropidnico ou 4&cido mercaptossuccinico, Sao
negativamente carregados (MEDINTZ et al., 2008; SANTOS et al., 2008).

A aplicacdo de QDs hidrofilicos se iniciou através de interacdes ndo especificas com o sistema
bioldgico, naquele momento os pesquisadores estavam mais interessados em observar como seriam as
propriedades Opticas dos QDs associadas ao sistema bioldgico e como seria essa interacdo (BIJU et al.
2010; FARIAS et al., 2006). As marcagOes bioldgicas feitas em sitios celulares especificos, tornaram-se
mais frequentes quando as bioconjugacGes comecaram a ser mais intensamente estudadas. Um dos
primeiros relatos é de autoria de Gao (GAO et al., 2004), quando mostraram que 0s QDs eram capazes de
detectar diferentes marcadores de cancer, em células e tecidos tumorais, especialmente um dos receptores

do crescimento epidermdide humano (Her2), conforme Figura 8A.

Figura 8 - (A) O tecido mamaério, onde os QDs (vermelhos) se ligam especificamente a receptores Her2. (B) Podemos visualizar
0s tumores in vivo.
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Fonte: Adaptado de GAO et al. (2004).

Para experimentos in vivo, 0s QDs sdo potencialmente eficientes, principalmente por poderem ser
produzidos com emissdo no infravermelho, que é uma regido na qual os tecidos bioldgicos apresentam
absorcdo minima e menor espalhamento, permitindo imagens de maior profundidade. Entdo pode néo
haver a necessidade de sacrificio do animal ou de cirurgia para expor o érgdo-alvo. Um exemplo de
aplicacgdo in vivo é apresentado no trabalho de Gao e colaboradores, quando os QDs foram associados a
ligantes especificos de receptores em células de cancer de prostata e foi possivel observar (Figura 8B) o
destino celular final in vivo e a localizacdo dos tumores (GAQO et al., 2004).

Por se tratarem de nanoparticulas sélidas, e serem formados por dtomos de elevado numero
atémico (teldrio, cAdmio, selénio, etc.), esses nanocristais possuem a caracteristica de serem eletrodensos,
0 que € interessante, do ponto de vista biologico. Isso significa que, em microscopia eletronica de
transmissdo eles podem ser visualizados (GIEPMANS et al., 2005), uma caracteristica muito vantajosa

permitindo a sua localizacdo ultra-estrutural nas amostras.



Devido as propriedades fisico-quimicas dos QDs, como tamanho, grupos funcionais e carga da
superficie, quando incubados com células vivas estes podem: (1) interagir com a membrana de forma
especifica ou ndo especifica e (2) serem internalizados através de endocitose, o que confinard os QDs em
vesiculas impedindo sua aplicacdo para marcacdo de compartimentos intracelulares especificos. Dessa
forma seria interessante, por exemplo, que pudéssemos encapsular os QDs dentro de um veiculo capaz de
levé-los até o interior da célula, como o lipossoma (SIGOT, ARNDT-JOVIN e JOVIN, 2010).

Uma vantagem de se ter os QDs, principalmente bioconjugados, no citoplasma de uma célula é que,
podemos estudar com maior clareza os processos intracelulares como o trafego de moléculas, a interacéo
entre proteinas, eventos como a transcri¢cdo e traducdo. Processos como esses em geral sdo descritos
usando QDs com sistemas bioldgicos fixados, uma vez que é dificil a veiculagdo dos QDs para o citosol
de células vivas. Os trabalhos acima referenciados tém em comum o fato do alvo estar fora das células
(receptores) e ndo no interior destas (BREGER, DELEHANTY e MEDINTZ, 2014).

2. METODOS DE ENTREGA INTRACELULAR DE QDs

Para podermos estudar eventos intracelulares utilizando QDs, precisamos, inevitavelmente, direciona-
los ao citoplasma de células vivas em quantidade razoavel para que possamos acompanhar tais eventos.
Idealmente, os QDs devem estar dispersos como particulas individuais e ndo aglomerados, para que
possamos aproveitar todas as suas vantagens. E preciso também que suas propriedades Opticas sejam
mantidas e que ndo se tornem tdxicos no processo. Dessa forma podemos utilizad-los a0 maximo como
sondas fluorescentes, in vitro ou in vivo, nos mais diversos eventos bioldgicos (BREGER, DELEHANTY
e MEDINTZ, 2014).

A entrega (delivery) de QDs no citosol da célula pode ser didaticamente esquematizado em trés
situacBes, entrega passiva (1), entrega facilitada (2) e a entrega ativa (3), (BREGER, DELEHANTY e
MEDINTZ, 2014). Nas primeiras duas situacdes o destino final dos QDs é estar confinado dentro de
endossomas, somente na entrega ativa os QDs estariam livres no citosol. A entrega ativa de QDs livres no
citoplasma ainda representa um grande dilema na biologia celular, onde mecanismos funcionais de
entrega homogeénea citoplasmatica sdo requeridos, além do escape de quaisquer confinamento endossomal
e/ou lisossomal (BREGER, DELEHANTY e MEDINTZ, 2014).

A membrana plasmatica é uma barreira natural a entrega intracelular de nanomateriais, entdo os
métodos de entrega se baseiam na perturbacdo dessa membrana para que o material possa entrar na célula.
Algumas metodologias de entrega intracelular estdo descritas na Tabela 1 e ilustradas na Figura 9, onde se

destacam a eletroporacgdo, microinjecéo, e os lipossomas fusogénicos como vias de entrega ativa.
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Tabela 1 - Métodos para entrega de QDs em células vivas.

Método Mecanismo Vantagens Desvantagens
Formacdao de poros
. na merpbrang da~ Altamente eficiente. _Eft_el_tos toxicos
Eletroporacao célula apos aplicacdo significativamente
de pulso(s) altos.
elétrico(s).
Quantidades precisas
Iniecio de materiais podem ser Trabalhosa, com
Microinieca njee ] veiculadas. O injecdo em um
icroinjecao diretamente na célula N - —
. . direcionamento numero limitado de
por micropipetas. )
celular pode ser células.
controlado.
Entrega de materiais Geralmente
Lipossomas encapsulados no core Controle dos associada a liberacéo
F . aquoso e/ou na mecanismos de endosomal do
usogenicos membrana interacdo com o alvo.  material encapsulado
lipossomal. ou adsorvido.

Fonte: Adaptado de LIRA (2011).

Pela eletroporacdo sdo abertos poros transitorios nas membranas devido a descarga elétrica nas
celulas, permitindo a passagem dos QDs para o interior das células (Figura 9B). Em 2004 foi
demonstrado por Derfus et al., que a eletroporagdo é um eficiente método de entrega de QDs em células
vivas, porém elas ndo eram entregues livres (dispersas) e sim em aglomerados (Figura 10A) (DERFUS et
al., 2004).

A injecdo de QDs com auxilio de micropipeta & uma alternativa a esse método, permitindo a entrega
de quantidades precisas de QDs (Figura 9A). Durbertret et al. estudou o desenvolvimento embrionario em
Xenopus sp. (DUBERTRET et al., 2002), atraves da injecdo de QDs em uma célula dos embrides, e 0 seu
desenvolvimento foi acompanhado nos tecidos derivados dessa célula microinjetada (Figura 10B).
Contudo essa técnica é serial, onde é injetada em uma célula por vez, restringe a quantidade de células a

ser manipulada, é trabalhosa e requer um operador qualificado.
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Figura 9 - Métodos para introduzir nanomaterial no citoplasma, (A) microinjecdo, (B) eletroporagdo e (C) lipossomas
fusogénicos.
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Fonte: Adaptado de ALBERTS et al. (2010).

Figura 10 - Entrega dos aglomerados de QDs (A) e a fluorescéncia de uma Unica célula do embrido de Xenopus sp (B).

Fonte: (A) DERFUS et al. (2004), (B) DUBERTRET et al. (2002).

Para superar as desvantagens dos métodos descritos de entrega (eletroporacdo lesa a membrana e tem
efeitos toxicos elevados, a microinjecdo é cara e trabalhosa) é necessario o desenvolvimento de um
veiculo capaz de transportar compostos impermeantes as membranas para o interior de células vivas sem
danos, de forma eficiente e segura para qualquer tipo celular (universal). Os lipossomas sdo capazes de
carrear peptideos, drogas e outros tipos de moléculas para dentro das células vivas. Segundo Pinaud, o
desenvolvimento de novos métodos para entrega homogénea de QDs no citoplasma celular serdo de

grande valor para a Ciéncia (PINAUD et al. 2005). Assim, devido a sua versatilidade, composicéo,
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morfologia e capacidade de carrear diversos materiais 0s lipossomas comecaram a ser estudados para

carrear QDs.

3. LIPOSSOMAS

Os lipossomas sdo vesiculas esféricas compostas por uma ou mais bicamadas de fosfolipidios, que se
formam espontaneamente em agua (VALENZUELA, 2007). Por serem estruturas fechadas, é entdo
delimitado um espaco interno, que pode ser utilizado para encapsulamento de diferentes materiais e
consequente carreamento destes em varias situacoes.

A vesicula lipossomal é constituida de dois ambientes de solubilidades diferentes, um hidrofébico e
um hidrofilico (Figura 11D nimeros 1 e 2 respectivamente), isto € devido a natureza anfipatica dos
fosfolipidios que possuem uma cabeca polar e uma cauda apolar que se organizam em agua de modo a
‘proteger’ as caudas apolares, deixando assim a parte polar em contato com o meio aquoso no qual estdo

inseridos (VALENZUELA, 2007).

Figura 11 - (A) Fosfolipideos; (B) Bicamada lipidica; (C) Detalhe das moléculas fosfolipidicas e seu arranjo como bicamada; e,
(D) Lipossoma.

©0.025 ~ 250 ym

I . i
Hidrofilico > Hidrofobico 9 Hidrofilico

Fonte: Adaptado de JESORKA e ORWAR (2008).

Dentre as possibilidades de carreamento de material pelo lipossoma, além do encapsulamento no
centro aquoso de materiais hidrofilicos, € possivel também o carreamento na bicamada de materiais
hidrofdbicos, e por fim conjugadas & parte externa da bicamada variadas formulagbes podem ser
carreadas (Figura 11D numero 4). Estdo disponiveis comercialmente uma grande variedade de lipideos,
como o DOTAP que possui carga positiva e os lipideos associados a corantes fluorescentes como o
DPPE-Rh. Novas propriedades sdo conferidas aos lipossomas quando se tem a presenca de lipideos
modificados (presenca de carga elétrica ou grupamento fluorescente, ser sensivel as variacBes de

temperatura ou pH, além da possibilidade de ligar-se a um alvo especifico).
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O tamanho da cadeia/cauda e o nimero de insatura¢fes dos lipideos mais comuns podem alterar
bastante as propriedades dos lipossomas, pois a uma dada temperatura essas caracteristicas determinarao,
por exemplo, o estado de fluidez da membrana. A presenca de determinadas moléculas, como o colesterol
é capaz de modular as caracteristicas do lipossoma (VEATCH e KELLER, 2002), diminuindo sua
deformabilidade por exemplo. Dependendo da geometria das moléculas dos lipideos, estes se arranjam
diferentemente na bicamada (CHESNOY et. al, 2000), podendo originar lipossomas com morfologias

diferentes, essas moléculas podem ser cilindricas, conicas, cnico inverso, entre outras (Figura 12).

Figura 12 - Esquema da geometria das moléculas anfifilicas. (A) Lipideos tipo cone. (B) Geometria cilindrica. (C) Estruturas
com curvatura inversa sdo formadas.

A V74
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Fonte: Adaptado de WASUNGU e HOEKSTRA (2006).

A depender da quantidade dos lipideos constituintes (razdo molar), a bicamada tera propriedades
fisicas distintas. Fosfatidilcolina (PC) é uma molécula cilindrica (Figura 12B), Fosfatidiletanolamina (PE)
um lipideo conico inverso (Figura 12C), e pode ser usado para desestabilizar membranas, pois quando ha
grande quantidade deste pode haver uma mudanca da fase lamelar (bicamada) para a estrutura de
curvatura inversa, este € um lipideo auxiliar (helper lipid) (WASUNGU e HOEKSTRA, 2006).

As propriedades dos lipossomas sdo definidas pelos seus componentes, portanto a escolha destes
norteara sua funcdo, por exemplo, os positivamente carregados contendo DOTAP terdo uma facilidade
em se ligar as membranas celulares, apds a endocitose de vesiculas contendo lipideos PE ha maior

tendéncia de desestabilizacdo de membranas e liberacdo de materiais (DNA, por exemplo).
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Lipossomas podem ser divididos morfologicamente em alguns tipos: Vesiculas pequenas
unilamelares (SUVs) de tamanho entre 20 e 200 nm; grandes unilamelares (LUVS) variando entre 200 a
1000 nm; multilamelares (MLVs); multivesiculares (MVVs) e gigantes unilamelares (GUVS) a partir de 10
um, das siglas em inglés (Figura 13). Esses tamanhos variam na literatura, mas geralmente esta
compreendida nesses intervalos, porém o tamanho dos multilamelares e oligolamelares é bastante

diversificado e é usualmente classificado pelo niamero de lamelas/bicamadas (TRESSET et al., 2009).

Figura 13 - Representacéo da bicamada lipidica e dos tipos de lipossomas quanto a suas diferencas morfolégicas.

Bicamada Lipidica

\r(\_/,,‘ SL'\‘"

1\
N

Fonte: Adaptado de GOMEZ-HENS e FERNANDEZ-ROMERO et al. (2005).

Sdo varias as formas de produzir lipossomas, ou seja, ha varias metodologias descritas e geralmente
as mais tradicionais irdo formar MLVs. Pela hidratagdo de um filme lipidico, formado no fundo de um
recipiente logo apds a evaporacdo do solvente no qual os lipideos estavam dispersos, ha a formacgédo de
lipossomas (WALDE e ICHIKAWA 2001). Vigorosa agitacdo da solucdo de hidratacdo implicard na
formagdo de vesiculas com variada lamelaridade e distribuicdo de tamanho. Técnicas como, e ndo
somente, a homogeneizagdo a alta pressao, injecao de etanol, evaporacdo de fase reversa, didlise lenta, sdo
utilizadas para o preparo dos lipossomas com distintas caracteristicas morfoldgicas resultantes Nao acho
que precise explicar cada uma delas (WALDE e ICHIKAWA, 2001; RIAZ, 1996; WAGNER e
VOURAUER-UHL, 2010).

A entrega de compostos bioativos por lipossomas € muito vantajosa, visto sua capacidade de
encapsula-los. Dependendo do material a ser encapsulado, suas caracteristicas de solubilidade é que irdo

dizer em que etapa do preparo lipossomal o vamos inserir. Se esse for hidrofébico devera ser colocado
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juntamente com os lipideos na solugdo organica a ser evaporada, considerando como modelo de preparo a
hidratacdo de filme lipidico. Entdo a molécula fard parte do filme lipidico e consequentemente da
bicamada. Se for hidrofilico devemos entdo inseri-lo na solucdo de hidratagdo (SZOKA JR. e
PAPAHADJOPOULOS, 1980).

Técnicas de reducdo de tamanho/nimero de lamelas foram desenvolvidas para adequar as vesiculas as
mais diferentes aplicacOes, dentre as principais técnicas esta a extrusao (onde a suspensdo de MLVs é
forcada contra uma membrana de poros com tamanhos definidos). Outra técnica é a agitacdo mecanica
(utilizando ultrassom) que rompe as lamelas dos MLVs formando vesiculas de tamanho reduzido
(WALDE e ICHIKAWA 2001). Essas duas metodologias formam lipossomas menores, geralmente
unilamelares ou oligolamelares (SZOKA JR. e PAPAHADJOPOULOQS, 1980).

Ciclos de congelamento e descongelamento também sdo usados para diminuir o tamanho dos MLVs e
também €é um método de escolha para aumentar a eficiéncia da encapsulagdo de substancias
hidrossoluveis, dando lugar a vesiculas oligolamelares mais homogéneas e consideravelmente menores
(WALDE e ICHIKAWA 2001). Quando as vesiculas sdo congeladas, ocorrem rachaduras em suas
bicamadas (causadas pela expansdo do volume de agua), e quando descongeladas, elas tém que se
reorganizar rapidamente, o que diminui sub sequencialmente seu tamanho, quanto mais ciclos, menor o
tamanho e mais simples a morfologia(WALDE e ICHIKAWA 2001).

Em 2010, Csiszér e colaboradores descreveram composigdes lipossomais fusogénicas, contendo
corantes organicos (grupos aromaticos) como uma das pegas fundamentais para que sejam fusogénicos.
Lipossomas compostos de DOPE, DOTAP e o lipideo ligado a um grupo aromatico (1:1:0,1 de proporcéo
molar), foram testadas com diferentes linhagens celulares, por fim foi avaliada a eficiéncia de fusdo para
cada grupo aromatico diferente (CSISZAR et al. 2010). A mistura de um lipideo neutro (DOPE), de um
positivo (DOTAP) e um ligado a um grupo aroméatico mostrou-se extremamente efetiva quanto a fuséo
celular. O lipossoma formado apenas de DOPE e DOTAP ndo apresentou propriedades fusogénicas. Uma
das vantagens apresentadas pela adicdo do componente fluorescente é a possibilidade de se visualizar e
portanto acompanhar o processo de fusdo ao longo do tempo, acompanhando modificagdes/crescimento
celular (Figura 14) (CSISZAR et al. 2010).

Figura 14 - Membranas celulares de HEK293 e células musculares lisas marcadas pelos lipossomas fusogénicos contendo
Rodamina B e BODIPY FL-DHPE, vermelho e verde respectivamente. Barras: 10 pm.
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HEK293

Fonte: Modificado de CSISZAR et al. (2010).

Foram testados 11 lipideos ligados a grupos aromaticos (LA), onde as proporgdes foram mais
efetivas quando se usou entre 0,2 e 0,05 de LA para DOTAP e DOPE, sempre em relacdo de 1:1. Deve-se
atentar que baixas concentracdes do LA ndo promove uma fusdo eficiente enquanto grandes quantidades
podem ser toxicas as células (CSISZAR et al. 2010). Todos esses 11 lipossomas mostraram-se
fusogénicos, porém em diferentes niveis de eficiéncia, analisando-se o tempo de fusédo e a homogeneidade
da fluorescéncia na membrana celular. Mais da metade teve a eficiéncia de fusdo classificada como muito
boa, dentre esses 0 DOPE-Rh*, TR-DHPE®, 8-BODIPY-C;,HPC®, B-BODIPY-C;s-HPC’, BODIPY FL-
DHPE?, DiO® e 0 TMR-DHPE™ (CSISZAR et al. 2010).

Essa composicdo padrdo abre uma série de possibilidades para marcacdo (Figura 15),
adicionando-se proteinas transmembranares ou lipideos funcionalizados no lipossoma pode-se conseguir a
transferéncia destes para a membrana celular. O carreamento de materiais hidrofilicos no core (QDs por
exemplo) também pode ser feito através desse lipossoma (CSISZAR et al. 2010). Esses lipossomas
fusogénicos podem ser facilmente adaptados para diferentes propdsitos, como por exemplo, ao
direcionamento especifico as células cancerigenas, podendo ser utilizado para fins médicos, visto sua
capacidade de carrear material encapsulado. As possibilidades nanobiotecnoldgicas de aplicagdes sdo bem

variadas, podendo adaptar o lipossoma a cada aplicacio desejada (CSISZAR et al. 2010).

Figura 15 - Variedade de aplica¢des dos lipossomas fusogénicos dependendo de sua composicdo. (A) Visualizacdo da membrana
plasmatica, (B) incorporagdo de proteina transmembrana na membrana celular, (C) funcionalizagdo da superficie celular, e (D)
entrega de material no citoplasma.

*1,2-dioleoil-sn-glicero-3-fosfoetanolamina-N-(lisamina rodamina B sulfonil).

> Vermelho Texas 1,2-dihexadecanoil-sn-glicero-3-fosfoetanolamina.

® 2-(4,4-difluoro-5-metil-4-bora-3a,4a-diazas-indacene-3-dodecanoil)-1-hexadecanoil-sn-glicero-3-fosfocolina.
" 2-(4,4-difluoro-5,7-difenil-4-bora-3a,4adiaza-s-indacene-3-pentanoil)-1-hexadecanoil-sn-glicero-3-
fosfatidilcolina.

& N-(4,4-difluoro-5, 7-dimetil-4-bora-3a,4a-diaza-s-indacene-3-propionil)-1,2-dihexadecanoil sn-glicero-3-
fosfoetanolamina.

° DiOC18(3)3,3'-dioctadeciloxacarbocianina perclorato.

10 N-(6-tetrametilrodaminatiocarbamoil)-1,2-dihexadecanoil-sn-glicero-3-fosfoetanolamina.
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Fonte: Modificado de CSISZAR et al. (2010).

4. ENCAPSULACAO DE QDS EM LIPOSSOMAS

A encapsulacdo de materiais como genes, drogas (antifungicas e citotoxicas) e nanoparticulas em
lipossomas vém sendo bem estudada ao longo dos anos, mostrando que a entrega de nanomateriais
veiculados através de lipossomas tem grande potencial. No entanto, a utilizacdo de QDs para o estudo
intracelular ainda é uma questéo que necessita ser bem elucidada (BREGER, DELEHANTY e MEDINTZ
2014).

Esquematicamente existem duas formas béasicas de entrega de nanomateriais atraveés dos
lipossomas, (1) mediada por endocitose onde ha o confinamento no endossoma e depois uma liberagdo
para o citosol, e (2) a fusdo direta do lipossoma a membrana celular onde ndo ha aprisionamento no
endossoma (PAGANO e WEINSTEIN 1978). Todavia, fusdo e endocitose ndo sdo mutuamente
exclusivas, podendo ocorrer as duas ao mesmo tempo em graus diferentes, dependendo também do tipo
celular estudado e da temperatura de trabalho, pois é conhecido que a baixa temperatura (4-10 °C) a
endocitose é interrompida (MAHATO, ROLLAND, e TOMLINSON 1997).

Os QDs existem em variados tipos, hidrofilicos ou hidrofébicos, positivos ou negativos,
bioconjugados ou ndo, e nos lipossomas, as nanoparticulas hidrofébicas sdo incorporadas na bicamada
lipidica, as hidrofilicas encapsuladas no ndcleo aquoso, e nanoparticulas ligadas na superficie podem ser
conjugadas quimicamente ou fisicamente adsorvidas (Figura 16). Dessa forma, existe uma infinidade de

possibilidades de formulagdes lipossomais contendo QDs.
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Figura 16 - Representacdo esquematica de trés abordagens diferentes para carrear nanoparticulas em lipossomas.

Nanoparticulas Nanoparticulas Hidrofilicas
Hidrofobicas na bicamada Encapsuladas
lipidica

Nanoparticulas ligadas na superficie
(conjugadas ou adsorvidas)

Fonte: Adaptado de AL-JAMAL e KOSTARELOS (2011).

O preparo lipossomal contendo nanoparticulas pode ser feito por diferentes metodologias dentre
elas, a técnica de didlise em detergente, evaporacdo de fase reversa, injecdo de etanol, e a mais
comumente utilizada € a hidratagdo de filme lipidico (WHEELER et al. 1999, TURANEK et al. 2003,
BATZRI e KORN, 1973, WALDE e ICHIKAWA 2001). Até onde sabemos, utilizando a técnica de
injecdo de etanol, foi apenas reportado um trabalho sobre encapsulacdo com QDs hidrofébicos (MUTHU
et al. 2012). Aliado a versatilidade desses sistemas, abre-se o leque para variadas abordagens em
linhagens celulares diversas, onde poderiam ser marcadas estruturas, biomoléculas e rotas intracelulares.

Inicialmente (nos lipossomas) eram mais comumente utilizados os QDs hidrofdbicos, por sua
facilidade de incorporagdo na membrana lipossomal, pelas diversas técnicas de producéo e a possibilidade
de se utilizar varios lipideos diferentes sendo produzidos controladamente em cada técnica escolhida
(GOPALAKRISHNAN et al. 2006). Gopalakrishnan e colaboradores formularam dois lipossomas
diferentes com QDs hidrofébicos (CdSe) e avaliaram o seu comportamento quando incubadas com
ceélulas de rim embriondrio humano (HEK293), interessantemente uma das composicdes era
preferencialmente endocitada (Figura 17 — A) enquanto a outra fundia-se & membrana celular (Figura 17 —
B).

O lipossoma que foi endocitado tinha 25% de DOTAP e 75% de DMPC", e o que fundiu 25% de
DOTAP, 74,5% de DMPC e 0,5% de DPPE-PEG2000". Essa pequena adi¢do ao lipossoma promoveu

111, 2-dimiristoil-sn-glicero-3-fosfatidilcolina.
121,2-dipalmitoil-sn-glicero-3-fosfatidiletanolamine-N-[metoxi(polietileno glicol 2000)].
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um resultado totalmente diferente, onde 0 mecanismo ndo é totalmente compreendido mas acredita-se que
0 PEG atue como uma barreira entre o lipossoma positivo e a membrana celular negativa, prevenindo sua
internalizacdo. Assim, ha uma vulnerabilidade na membrana, onde os lipideos PE e 0 QD disparam a
fusdo entre as membranas (GOPALAKRISHNAN et al. 2006).

Esse trabalho ampliou os horizontes quanto a utilizacdo de QDs e outras nanoparticulas em
lipossomas, 0 que os torna mais biocompativeis e assim menos citotoxicos, todavia ndo libere os QDs
livres no citosol é importante destacar que estd dentre os pioneiros a estudar QDs e lipossomas em
marcacdo de células vivas, apesar de se tratar de QDs hidrofébicos (GOPALAKRISHNAN et al. 2006).

Figura 17 - Interagdo dos lipossomas com células HEK293, (A) internalizagdo dos lipossomas sem PEG, e (B) fusdo dos
lipossomas contendo PEG.

A

Fonte: Adaptado de GOPALAKRISHNAN et al. (2006).

Um dos relatos sobre encapsulamento de QDs em lipossomas para marcar livremente estruturas
presentes no citosol aborda o uso de lipossomas catidnicos contendo QDs comerciais hidrofilicos
bioconjugados a estreptadivina em células progenitoras gliais e de adenocarcinoma cervical humano -
HeLa (DUDU et al. 2008) (Figura 18). Foram utilizados trés lipideos em duas composicoes diferentes, o
lipideo positivo utilizado foi 0 DOPC+"? presente nas duas composicdes, 0 OPPC™ para o catiénico e 0
NDB-PC™ para o lipossoma cationico fluorescente, propor¢do molar de 1:1 nas duas composicoes.

A encapsulacdo foi feita através do método de hidratacdo de filme fino de lipideos com uma
suspensdo de QDs, vortexado por 4 minutos, congelado e descongelado 3 vezes e entdo extrudado em

membranas de policarbonato de didmetro de poro em 200 nm.

Figura 18 - Entrega de QDs através de lipossomas em células progenitoras gliais (A1) e em células HeLa (B1). Barras: 20 pum.

131 2-dioleoil-sn-glicero-3-etilfosfocolina.
14 1-oleoil-2-palmitoil-sn-glicero-3-fosfocolina.
15 1-oleoil-2-[6-[(7-nitro-2-1,3-benzoxadiazol-4-il)amino]hexanoil]-sn-Glicero-3-Fosfocolina.
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Qdot 4

Fonte: DUDU et al. (2008).

A presenca de aglomerados de QDs no interior das células, foi explicada pela concentra¢do dos
mesmos durante o preparo lipossomal, onde € proposta a utilizacdo de uma concentracdo ideal para
diminuir esse efeito. Um ponto chave seria a fusdo de lipossomas com as células, a qual ocorre
rapidamente, onde em 5 minutos ja é possivel visualizar sinal de fluorescéncia do lipideo PC ligado ao
corante NDB (verde), Figura 19. Todavia tenha realizado marcacdo celular com QDs através de
lipossomas catidnicos esta marcacdo foi limitada, pois foi relatado que houve predominantemente
endocitose a fusdo. Em uma marcagdo com células progenitoras gliais utilizando uma formulacéao
catidnica, POPC'® e DOTAP com ou sem colesterol, entdo n&o foi demonstrada e entrega livre de QDs
(DUDU et al. 2008).

Figura 19 - Escala de tempo de fuséo de lipossoma fluorescente com células progenitoras gliais, nenhum sinal em (A) 0 min,(B)
fluorescéncia em 5 min, (C) 15 min e(D) maximo em 60 min. Barras: 20 um.

15 min 60 min

Fonte: DUDU et al. (2008).

Em 2009, Yang e colaboradores encapsularam QDs hidrofilicos de CdTe funcionalizados com
AMP (fluorescentes no amarelo) em lipossomas ndo fusogénicos, contendo ou ndo um receptor de folato
na membrana, e avaliaram seu uso como sondas fluorescentes em células vivas (YANG et al. 2009). Os
lipideos utilizados no lipossoma n&o marcado foram HSPC"’, colesterol, mPEG-DSPE® e no lipossoma
marcado com o receptor de folato HSPC, colesterol, mMPEG-DSPE, Folato-PEG-CHEMS®.

161 -palmitoil-2-oleoilfosfatidilcolina.

7 Fosfatidilcolina de soja hidrogenada.

'8 Monometoxi de polietileno glicol 2000-diestearoil-fosfatidiletanolamina.
19 Folato-PEG-hemissuccinato de colesterilo.
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O preparo dos lipossomas foi feito a partir da hidratacdo de filme lipidico com uma suspenséo de
QDs, e depois extrudado em membranas de policarbonato em 220 nm. Yang propde a hipo6tese que o
encapsulamento de QDs em lipossomas pode aumentar o rendimento quantico e estabilidade, diminuindo
também a citotoxicidade dos QDs. Em seus experimentos ele confirmou que os lipossomas contendo QDs
diminuiram a taxa de apoptose de células HeLa quando comparado aos QDs livres (YANG et al. 2009). A
marcacdo nas células HelL a foi feita através de endocitose mediada pelos receptores de folato.

QDs comerciais hidrofilicos (CdSe/ZnS com emissdo no vermelho) foram direcionados ao
citoplasma de linhagens celulares oncogénicas, mediado por internalizacdo lipossomal, através da ligacdo
especifica do fator de crescimento epidermoéide humano (EGF) presente na bicamada lipidica do
lipossoma, ao seu receptor (EGFR) expresso pelas células oncogénicas (SIGOT, ARNDT-JOVIN e
JOVIN, 2010).

Os lipossomas foram feitos pelo método de dialise de detergente, utilizando os lipideos DOPE,
DOTAP e DSPE? ligado a biotina, 0 que permitiu a utilizacdo de outro QD ancorado & bicamada, este
com emissao no verde e bioconjugado a EGF, através da ligacdo biotina-estreptadivina, dessa forma um
complexo sistema de entrega especifico foi montado (Figura 20) (SIGOT, ARNDT-JOVIN e JOVIN,
2010).

Figura 20 - Esquema dos lipossomas encapsulando QDs (vermelho), e a ligagdo via biotina-estreptadivina aos QDs (verde)
ligados ao EGF.

o — EGF
streptavidin _
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Fonte: Modificado de SIGOT ARNDT-JOVIN e JOVIN (2010).

Sigot e colaboradores utilizaram trés linhagens celulares para provar a marcacao especifica do
lipossoma apenas nas células que expressam o receptor do EGF. Apenas em células do carcinoma
epidermdide humano que expressam o EGFR vemos claramente que somente os lipossomas que possuiam
0 QD verde, e portanto o EGF, foram internalizadas e quase nenhum sinal de fluorescéncia foi observado
quando o lipossoma ndo marcado foi incubado com as células (Figura 21) (SIGOT, ARNDT-JOVIN e
JOVIN, 2010).

Em células de ovario de hamster Chinés e em células de melanoma ndo foi evidenciado nenhuma
marcacdo proveniente dos lipossomas marcados com EGF. A estratégia do uso de uma dupla marcacéo

com QDs nos lipossomas foi uma forma de acompanhar tanto a entrega do QD ao citoplasma e o destino

201 2-diestearoil-sn-glicero-3-fosfatidiletanolamina.

22



do lipossoma, pela localizacdo das fluorescéncias feito através de microscopia confocal (SIGOT,
ARNDT-JOVIN e JOVIN, 2010).

Figura 21 - Marcagéo celular dos lipossomas marcados e ndo marcados.

Marcado Nao marcado

QD525 QDgs55 Overlay Overlay/DIC Overlay Overlay/DIC

Fonte: Modificado de SIGOT, ARNDT-JOVIN e JOVIN (2010).

Diferentemente do esperado, o sinal de co-localizagdo persistiu por 12 horas apos a incubacao,
indicando que ndo houve liberagdo de QDs livres no citosol. 1sso pode ser resultado de uma agregacéo
dos QDs carboxilados no ambiente &cido dos endossomas e que ndo escaparam para o citoplasma,
continuando préximos as membranas lipossomais, gerando o sinal de co-localiza¢do (SIGOT, ARNDT-
JOVIN e JOVIN, 2010).

Esses resultados apresentados apontam que essas formulagdes lipossomais sdo uma grande
promessa para a entrega de QDs e outras nanoparticulas, especialmente a de Csiszar (CSISZAR et al.
2010). Foram encontrados poucos trabalhos referenciando o encapsulamento de QDs em lipossomas para
0 estudo intracelular, + 20 em uma janela de 10 anos, 0 que caracteriza uma lacuna sobre a dindmica de
entrega de QDs em células vivas.

Apesar de todas as investigacOes feitas com lipossomas contendo QDs, sdo poucos 0s métodos
propostos para a entrega homogénea de QDs no interior das células, até onde sabemos ainda ndo foi
evidenciada entrega livre no citosol, nenhuma marcagéo de estruturas intracelulares ou organelas, nem o
acompanhamento da dindmica celular utilizando QDs veiculados por lipossomas. Os lipossomas
fusogénicos estudados por Csiszér e colaboradores em 2010 podem ser uma bem-sucedida via de entrega
(CSISZAR et al. 2010).
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Studies on intracellular delivery of carboxyl-coated CdTe
quantum dots mediated by fusogenic liposomes+
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The use of Quantum Dots (QDs) as fluorescent probes for understanding biologial functions has emerged
a an advantageous alternative over application of conventional fluorescent dyes. Intracellular delivery of
QDs is currently a specific field of research. When QDs are tracking a specific target in live cells, they are
mostly applied for extracellular membrane labeling. In order to study intracellular molecues and
structures it is necessary to deliver free QDs into the cell cytosol. In this work, we adapted the freeze
and thaw method to encapsulate water dispersed carboxyl-coated CdTe QDs into liposomes of different
compositions, including cationic lip with fusogeni properties. We showed that labeled
liposomes were able to fuse with live human stem cells and red blood cells in an endocyticindependent
way. We followed the interactions of liposomes containing QDs with the cdls. The results were minutely
discussed and showed that QDs were delivered, but they were not freely diffused in the cytosol of those
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cells. We believe that this approach has the potential to be applied as a general route for encapsulation

Introduction

The use of Quantum Dots (QDs) as fluorescent probes for
understanding biological functions has emerged as an advan-
tageous alternative over application of conventional fluorescent
dyes.’* QDs have been used for cellular labeling and biomedical
research due to their wide absorption and narrow emission
spectra, bright fluor , high photostability, chemically
active surface and sizetunable emission.® These optical
properties have allowed long term analysis of biological events
and labeling of multiple targets simultaneously for recon-
struction of multicolor images.” However, especially for living
cells, due to their size and physico-chemical properties, QDs
have been mostly applied to label and target structures localized
in the extracellular membrane.* Therefore, it is still challenging
to study intracellular molecules and omganelles using QDs.
These nanometer sized crystals cannot passively cross the lipid
bilayer of plasma membranes and diffuse freely into the cytosol.
QDs are endocytosed and confined in vesicular endosomes,
limiting their application in experiments of intracellular
labeling. Thus, the development of methods to overcome the
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ial into living cells.

plasma membrane and/or escape from endo/lysosomal trap-
ping after endocytosis is required for these fluorophores.

Some methods have been applied to deliver membrane-
impermeant compounds to the cdl interior. They can be clas-
sified as chemical, biological or physical approaches. Chemical
strategies rely basically on the use of nanocarriers chemically
designed to deliver matenals into cells.**® Biological methods
are almost exclusively mediated by viral vectors®** whereas
physical approaches are based mainly on cell membrane
manipulations (ie electroporation and microinjection).***
Some of these strategies have been tested to deliver QDs into
cells and combine their own advantages and disadvantages. For
instance, in the case of physical approaches, while electro-
poration is able to overcome the plasma membrane of many
cells at a time by producing transient pores, it causes damage to
the biological system and delivers QDs as agglomertes.'*** By
microinjection, the material can be intoduced into any
desired cellular compartment in any amount, but this is a
laborious cell-by-cell technique and it also requires specialized
equipment.****

On the other hand, some chemical strategies for delivery of
QDs rely on the use of osmotic lyses such as the “proton-
sponge” effects for lysosome leakage™ or combine the use of
photosensitizers to release the endocytosed cargos after light-
triggered endosome disruption.* Nevertheless, these chemical
approaches have intrinsically the potential to induce adverse
effects after releasing the lysosomal content.

In principle, QDs coated with cell penetrating peptides
(CPPs) or other transporting molecules can also be used, but
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with them it is more difficult to target intracellular structures
specifically since at least two different chemical molecules have
to be conjugated to the QD for delivery and labeling purposes
(which are the CPPs and the targeting molecules).* Moreover, it
is not clear whether the uptake of CPPs or their conjugates is
endocytosis-dependent™* and they may carry the QD particles
to different locations inside cells compared to non-conjugated
CPPs.™

Another common and important approach relies on lip-
ofection, which uses electrostatic interactions between the
external membrane of cationic liposomes and negatively
charged materials (e.g oligonucleotides) to promote charge-
mediated adsorption to cells, endocytic uptake and release of
endocytosed cargo after lysosomal destabilization.***
However, this approach is limited to the use of anionic
cargos and depends on sequential processing steps that vary
according to the cell types. The cytosolic release of the trans-
ported matenal is also subject to many variables, including
endocytic competence and the net charge of the cargo-carrier
wﬂem.l\”.u

In this way, the design of a platform for the delivery of free
nanoparticles into living cells, which does not depend on the
cell uptake ability or the cargo charges, would open up many
possibilities for new applications in biomedical and life
sciences. In this work, we adapted the freeze and thaw method
to encapsulate water synthesized carboxyl-coated CdTe QDs in
liposomes of different compositions. Recently, Csizar et al*
reported direct fusion between non-functionalized cationic
liposomes and the plasma membrmane of different cell lineages.
These liposomes with fusogenic properties are a valuable tool to
investigate membrane fusion mechanisms and could also be
used to design nanocarriers for intracellular delivery of
membrane-impermeant compounds without the need for
further chemical functionalization. Therefore, after confirming
the encapsulation of liposomes with a more simple composi-
tion, we also included QDs in these liposomes with fusogenic
properties and tested their ability to deliver these nanocrystals
into living human-derived umbilical stem cells as well as into
red blood cells (RBCs). The final fate of these nanoparticles is
investigated and minutely discussed based on the physical-
chemical properties of the cargo and the carrier, the QDs and
liposomes, respectively. We believe that the method described
here has the potential to be applied as a general route for
encapsulation and intracellular delivery of any kind of
membrane-impermeant material, including QDs and other
classes of nanoparticles, and further, this work also gives some
insights into the possible charge-mediated interactions
between anionic QDs and cationic lipid bilayers.

Experimental methods

Quantum dot synthesis and characterization

Water dispersed MPA CdTe QDs were synthesized according to
a previously reported method by some of us.* QDs were char-
acterized by electronic UV-Vis absorption and emission spec-
troscopy (using respectively Ocean Optics HR4000 and 1SS K2
equipment).
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Lip encapsulation of quantum dots

The following lipids were used in this study: egg phosphatidyl-
choline (EggPC), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE), 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP)
and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N+liss-
amine rhodamine B sulfonyl) (DPPE-Rh). Three different lipo-
someswere prepared: with EggPC (from nowon referred to as PC),
with PC:DOTAP and with DOPE:DOTAP:DPPE-Rh (the latter
being the fusogenic formulation®). The liposome preparation is
described in detail in the ESL T

For encapsulation, QDs were purified to remove residues
from the synthesis, the pH suspension was adjusted to
approximately 7.5 using a 0.1% (v/v) MPA solution and then
added to previously prepared plain vesicle-liposome suspen-
sion (3:10 QDs : liposomes v/). QDs' encapsulation in lipo-
somes was carried out after applying 6 to 10 freeze and thaw
cycles using liquid nitrogen and a water bath (40 °C) plus vor-
texing sequentially. Alternatively, the lipid film was hydrated in
the presence of the nanoparticles.

Plain and loaded liposomes containing QDs were analyzed
by conventional fluorescence microscopy (Leica DMI4000B) and
transmission electron microscopy (Hitachi H-300 electron
microscope - the preparation of liposomes for this analysis is
described in the ESIf). The systems were also analyzed by
dynamic light scattering and zeta potential measurements
(ZetaSizer Nano ZS90, Malvern). For the acquisition of micro-
graphs by conventional fluorescence microscopy, green QD
emission was excited and collected using band pass filters at
480/40 nm and 527/30 nm, respectively. Red liposome emission
was detected using excitation and emission band pass filters at
560/40 nm and 645/75 nm, respectively. The images were
acquired with a 40 x (NA: 0.75) oil-immersion objective.

Cell incubation with fusogenic liposomes

Confluent stem cell samples, obtained after the third or fourth
passages, were used for the experiment. First, an amount of
50 pL of 2 mM fusogenic plain liposomes was added to the
cellular medium and incubated for 1 h with or without bovine
serum medium for trial tests of liposome-membrane fusion at
37 °C and 4 °C. In these experiments, the cells were fixed for
observation. Stem cells were washed twice with PBS buffer
(137 mM NaCl, 10 mM phosphate, and 2.7 mM KCl) and fixed
with 4% paraformaldehyde. Afterwards, the samples were
washed twice with PBS.

For fusogenic liposome-mediated QDs' delivery, stem cells
were incubated with 50 pL of 2 mM fusogenic loaded-QD lipo-
somes and microscopic observations were performed in real
time with living cells, before and during incubation at room
temperature and analyzed without fixation. These liposomes
were also incubated with red blood cells (RBCs). For the incu-
bation procedure, 50 uL of a 1% (v/&) RBC fraction in saline was
incubated with 20 pL of 2 mM loaded-QD liposomes and
immediately observed on a microscope by around 20 minutes.
As cellular labeling was never observed after incubation with
free MPA QDs, even when the QD concentration was 10 fold
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higher than that used for liposome encapsulation (see ESI -
Fig. S17), we did not use purified liposomes for cell incubation.

Stem cells and RBCs were analyzed by conventional fluo-
rescence microscopy (as described in Section 2.2). Stem cells
were also observed by confocal fluorescence microscopy
(multispectral Leica SPII-AOBS) under 488 nm excitation and
the detection was centered at 530 and 630 nm for green and red
signals, respectively.

Quantum dot-GUV interactions

We also studied the interaction of QDs with cationic Giant
Unilamellar Vesicles (GUVs) using a confocal microscope
(details of GUV preparation is provided in the ESIT). A 405 nm
laser was used to excite QDs through a 60x oil-immersion
objective and the fluorescence spectra were collected in the
region of 500-550 nm (Olympus FV100 multispectral confocal
microscope).

Results

Water synthesized QDs are nanoparticles with sizes ranging
from 2-20 nm depending on their surface coating."* They are
membrane-impermeant especially due to their size and phys-
ical-chemical properties (e.g charge and surface coating).
Therefore, to deliver QDs (or other materials displaying similar
features), one has to surpass the biological plasma membrane
barrier. Among the various methods reported, we choose to
work with the recently developed liposomes with fusogenic
properties to release the encapsulated nanoparticles after lipo-
some fusion with cells.

Quantum dot synthesis and characterization

For the experiments, nanocrystals refluxed for 7 h at 90 °C were
used, which generate green emitting QDs.* The resulting
nanoparticles displayed a bright green emission band with a
maximum centered at 540 nm and Full-Width at Half Maximum
(FWHM) = 51 nm (Fig. 1 - excitation at 365 nm). By the analysis
of the first absorption maximum at 476 nm, using Dagtepe's
curve™ adapted from Rogach's sizing curve,™ the average QD
size (d) was estimated to be d = 2.5 nm. The QD size obtained by

View Article Online

using absorption spectra is in good agreement with TEM and
X-Ray diffraction analysis previously reported by us.*** The
original concentration was estimated to be 40 pM for these
green QDs, using Peng’s and collaborators equations.*

Liposome encapsulation of quantum dots

In order to encapsulate QDs in liposomes, we tested and
adapted the freeze and thaw method, known to efficiently
encapsulate water soluble compounds.** The simplest lipo-
somal system used was composed of PC only. Fig. 2A(A1 and A2)
shows frames of PC liposomes encapsulating fluorescent green
QDs. The average encapsulation efficiency for PC liposomes was
determined to be 35%. To our knowledge, it is a reasonable
encapsulation efficiency for hydrophilic samples.*”

In order to generalize the process of QD encapsulation, we
also tested the freeze and thaw method for a more complex
system, PC : DOTAP (8 :2 molar ratio), containing a cationic
lipid. For this, we usually purified QD suspensions in order to
eliminate contaminants from synthesis. This step helps to
prevent some tendency of nanoparticles in precipitating highly
positive lipid vesicles. Similar to those made with PC, cationic
liposomes have also shown a bright green fluorescence after the
freeze and thaw cycles (Fig. 2B). Interestingly, the more fluo-
rescent the liposomes are, the darker they appear under phase
contrast for all the compositions tested (fluorescent liposomes
are optically denser because they are filled with particles - see
ESI - Fig. S2t), a further indication of the presence of nano-
particles inside the vesicles. Itis worth noting that these images
show larger vesicles, whereas smaller ones were also present in
the samples (Fig. S2t). However, it was harder to resolve them
by optical microscopy due their small dimensions and their
Brownian motion.

In contrast to some reports in the literature,™** simple lipid
film hydration in the presence of nanoparticles was not suffi-
cient for us to observe an efficient encapsulation of QDs into
liposomes, even though several different experimental condi-
tions were tested (lipid and QD concentration, temperature,
vortexing speed, and liposomal composition). It is also worth
mentioning that simple QD incubation with plain liposomes
did not result in fluorescent vesicles, although some very faint
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Fig. 1 CdTe QDs' optical characterization. Normalized absorption (solid line) and
emission (dot line) spectra
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Fig. 2 Fluorescence microscopy images of (dTe QD loaded liposomes. (A)
Encapsulation of green QDs in PC liposomes. (B) Encapsulation of QDs in cationic
DOTAP-containing liposomes (20% DOTAP). Bars: 10 um

J. Mater, Chem, B

31



Published on 27 June 2013, Downloaded by Universidade Fedeml de Pernanbuco on 16072013 18:36:38,

Journal of Materials Chemistry B

fluorescence could be observed. In other words, the high
intensity fluorescence, as seen in Fig. 2, is a result of encapsu-
lation promoted by application of freeze and thaw cycles.

QDs are made of electron dense atoms which allow the
identification of nanoparticles by transmission electron
microscopy. This property, for example, has been used to
localize the traffic and final fate of these nanomaterials into
cells."** We also probed QD encapsulation by transmission
electron microscopy (TEM) of liposomes composed of either
PC or PC:DOTAP lipids. Fig. S3 (ESI¥) shows empty and
QD-containing PC and PC:DOTAP (8 : 2) liposomes. Together
with the fluorescence data, TEM images confirm the encap-
sulation of QDs in liposomes of different composition using
the freeze and thaw method.

In order to predict the interactions of these loaded lipo-
somes with cells, an important factor needs to be addressed: the
surface charge of these QD-loaded liposomes. Surface charges
play a key role in cellular adsorption** that may eventually lead
to internalization of the material, which is highly promoted by
positive charges.* Therefore, the different kinds of liposomes
(loaded and unloaded), including the fusogenic ones, were
characterized by their total surface charges. Fig. 3 shows
representative zeta potential ({) values for the reported lipo-
some-QD systems. Liposomes comprised of only PC lipids are
negative under the experimental conditions (pH around 7.5)
and the { potential is further decreased in the presence of MPA-
coated QDs (since they present negative carboxyl groups on
their surface at the reported pH). In contrast and as expected,
liposomes containing cationic DOTAP lipids are always positive
regardless the use of PC, PE or fluorescent lipids. However,
DOTAP-containing liposomes presented a positive zeta poten-
tial reduction in the presence of QDs for all lipid compositions
tested. Based on the above-mentioned results, one can expect
favorable interactions between the cationic liposomes and cells,
either containing or not containing QDs due to the net positive
charges of the resulting system. Purthermore, the zeta poten-
tials of loaded and unloaded liposomes were also higher than
20 mV (in modulus) indicating thatall liposomal systems tested
here were stable.**
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Fig. 3 Zeta potential of different liposomal systems. Asterisks indicate the
encapsulsted QDs, while their absence indicates empty vesicles A decay in zeta
potentials was observed in the presence of the MPAcoated QDs for all the
liposomal systems.
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The dynamic light scattering (DLS) analysis indicated
average hydrodynamic sizes for the PC unloaded, PC loaded,
fusogenic unloaded and fusogenic loaded systems of 150 nm,
100 nm, 160 nm and 250 nm, respectively. As the liposomes
were analyzed and used after the freeze and thaw method
(without further sonication or extrusion), the average PDI
(polydispersivity index) for the systems was approximately 0.4.
Since there was a reasonable polydispersivity presented in the
liposomes' preparation, some larger vesicles were also observed
and registered by microscopy analysis, when compared to DLS.
With respect to the TEM images, although it was possible to see
some smaller liposomes compatible with DLS analysis in
Fig. S3D of the ESIt we believe that the consecutive centrifu-
gation steps of the TEM protocol help to select the larger ones to
be imaged. Moreover, although very small vesicles could also be
seen by optical microscopy, it was also easier to acquire good
images from larger ones because of the Brownian motion and
the resolution.

Fusogenic liposome encapsulation of quantum dots

In the previous sections we described an efficient method to
encapsulate QDs in liposomes and showed that those liposomes
containing DOTAP could be able to interact with cells due to the
resulting positive surface charges. In the present section, we
discuss the interactions of the fusogenic liposomes with
human-derived umbilical stem cells as well as with RBCs and
the perspectives to deliver membrane-impermeant materials
into cells.

(a) Testing the properties of fusogenic liposomes. Lipid-
based platforms offer an additional advantage (compared to
other carrier systems) for delivery due to their high biocom-
patibility. They are also able to carry hydrophilic and lipophilic
substances and modulate their interactions with the plasma
membrane by choosing specific phospholipids for their
composition. We choose to work with the recently developed
formulations reported by Csiszar et al. because they were able to
fuse with a large variety of cells.” Since the fusogenic activity of
these systems is dependent on the use of fluorescent lipids,
fusion can be followed by the presence of fluorescence in cells.
Fig. 4A shows that the whole stem cell population was labeled
after fusion with these liposomes and Fig. 4B shows that
detailed plasma membrane projections of the cells can be
clearly distinguished (arrows). These results are a strong indi-
cation of liposome-cell membrane fusion rather than inter-
nalization of the vesicles since the cells are homogeneously
labeled, in contrast to what would be observed in the case of
endocytosis, which would yield only intracellular spotted-like
fluorescence.

We could also capture the interaction of fluorescent vesicles
with the plasma membrane followed by fusion. Staining of the
plasma membrane (Fig. 4C), as well as membrane projection
(filopodial-like) structures, can be seen by confocal fluorescence
microscopy after the arrival of vesicles onto the membrane
(arrowhead in Fig. 4 D). However fluorescence from intracel-
lular structures is also observed (Fig. 4C, cells 1 and 2). The
latter finding may indicate either (i) there is also some
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Fig.4 Fusion of liposomes with stem cells observed by fluorescence microscopy
(A) All cells are labeled by fusogenic liposomes. (B) Fluorescence of membrane
projections may be observed (arrows). (Q Different patterns of cellular labeling
during/after fuson. Cells 1 and 2 display intracellular fluorescence rather than on
the surface. (D) Zoom of the region marked in C showing the arrival of the vesicle
followed by membrane fusion. Bars (A): 100 pm; (BX 25 pm; (C-D): 75 pm.

endocytosis of the vesicles (besides liposome-membrane
fusion) or (ii) there is an inward trafficking of the fluorescent
plasma membrane (as will be discussed later).

In order to further charactenze the mechanisms of interac-
tion, we performed some modifications in the experimental
conditions. Incubation at low temperature (4 °C), known to
transiently interrupt an active-dependent process such as
endocytosis, yields fluorescence labeling similar to thatat 37 °C,
in which the cellular contour (plasma membrane) is stained
(Fig. 5A). Moreover, we observed that liposomal fusion is
dependent on the relative amount of fluorescent lipids. A ten-
fold reduction in the concentration of DPPE-Rh significantly
affects the ability of these liposomes to fuse with cells as only
few cells are labeled per field (Fig. 5B). Fig. 5C shows the fluo-
rescence image of the labeled cell shown in 5B to demonstrate
the same labeling features (cellular contour and detailed
membrane projections - arrows). It demonstrates an active role
of the fluorescent lipid to trigger fusion rather than being a
simple marker. The process is also affected by the presence of
bovine serum. For instance, when bovine serum was present in
the medium no labeling was observed (Fig. 5D). These results
highlight the fusion as the main (if not the only) process in the
interaction of these liposomes with cells and the experimental
conditions in which it occurs.

(b) Intracellular delivery of QDs encapsulated in fusogeni
liposomes. Once we have demonstrated the efficiency of the
freeze and thaw method for QD encapsulation in liposomes and
established the conditions of liposome—cell fusion, fusogenic
liposomes containing QDs were incubated with live stem cells
for the observation of QDs' release into cells. Under ideal
conditions, the liposome-QD system will fuse with the plasma
cell membrane releasing free encapsulated particles inside the

>f Chemistry 2013

Fig. 5 Condttions under which fusion does (or does nat) occur. (A) Confocal
image shows that fusion still occurs during incubation at lowtemperature. (B) We
observe the fluorescence of a single cell in the sample when a ten-fold reduction
in the amount of fluorescent lipids is used. (Q Auorescence image of the labeled
cell shown in (B) displaying the same features after fuson. Amows show
membrane details (D) We observe the lack of membrane labeling after incuba-
tion in the presence of serum proteins. Bars (A) 75 pm; (B=D): 25 um.

cytosol, which would be seen as a green diffuse pattern in the
cell interior. Fig. 6 shows typical real time images of the intra-
cellular delivery of QDs by fusogenic liposomes. After a few
minutes of incubation, some cells visualized by differential
interference contrast (DIC) microscopy (Fig. 6A) presented red
fluorescence (comesponding to the Rhodamine-labeled lipo-
somes) followed by a green fluorescence (corresponding to QDs)
- Fig. 6B and C, respectively. Interestingly, merged images
always show co-localized red/green fluorescence (Fig. 6D and E).
It is an indication that liposomes and QDs are in close proximity
and that the QDs are probably not released from the (former
liposome) membranes, that is, into cells. If very closer interac-
tions occur, it is possible that some green fluorescence from
QDs mightbe transferred to red-labeled membranes, leading to
a weaker QD fluorescence intensity. Therefore, under the
expenmental conditions reported here, fusogenic liposomes
containing carboxyl-coated QDs were unable to release freely
diffusing QDs into the cell cytosol.

We further investigated the delivery of QDs by fusogenic
liposomes using RBCs (good cellular models because they do
not perform endocytosis). Upon incubation of fusogenic lipo-
somes containing QDs, the cells almost immediately displayed
red fluorescence (fusion) followed by a green signal from the
QDs (Fig. 7A). As in the case of stem cells, the same pattem was
observed for RBCs: both signals are co-localized and no QDs
were found inside the RBCs (no intracellular release). These
results for a simplified cellular model support the hypothesis of
interaction between the charged species in the membrane
fusion process.

MPA QDs did not exit the liposomes due to their incapacity
to passively cross lipid bilayers, as well documented for most
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Fig. 6 Intracellular delivery of QDs mediated by fusogenic liposomes (A=Q) DIC, red liposome signal and green QD signal after incubation with stem cells (D)
Fluorescence overlay showing co-localized emission. (E) Merged fluorescence and DIC images. Bars: 50 pm.

Fig. 7 (A) Frames of co-localized signals of liposomes (red) and QDs (green) on
the RBC surface after membrane fusion. (B) QD adsorption orto the surface of
PC:DOTAP GUVs (5% of DOTAP lipids) for simulating fusogenic liposomes and
further understanding the co-localzed signal and interactions of negatively
charged QDs and cationic lipids. Bars in (A): 3 um and in (B): 25 pm

water-soluble and charged QDs.* This was further confirmed by
the fact that we observed that bare MPA QDs (even when the QD
concentration was 10 fold higher than that used for liposome
encapsulation) were not able to label either RBCs or stem cells.
Once encapsulated, QDs must stay trapped in the liposomal
core without being released or leaked. QDs should be released
only after fusion with cells and the fusion was a process that
occurred quickly.

In order to further understand the interactions of anionic
QDs with cationic lipids, GUVs were used. As we could not
produce GUVs with the actual fusogenic composition, we
worked with PC doped with 5% of the cationic DOTAP lipids to
yield positive membrane simulating fusogenic vesicles. In this
sense, electrostatic interactions (binding) between negative QDs
and positive GUV membranes have been observed, as shown in
Fig. 7B. This procedure was performed to further explain the co-
localized fluorescence in cells observed using a microscope.
This experiment was different from those shown in Fig. 2, where
we showed QD encapsulation after freeze and thaw cycles. As
can be seen in Fig. 7B, the membranes are homogeneously
labeled by the nanoparticles, with no detectable signal (passage
through) into the lumen of the vesicles. There were some

1 Mater. Chem. B

pattern variations from vesicle to vesicle concerning the
labeling intensity, although the general profile was almost
identical. This result shows the favorable binding of the nega-
tively charged QDs and cationic lipid bilayers, easily observable
using micrometer-scaled GUVs.

Discussion

With the objective of releasing non-permeant QD nanoparticles
into cells, we encapsulated them in liposomes with fusogenic
properties. The observation of co-localized QDs and lipid
signals after fusion with cells indicates that both of them are
present in cell membranes after fusion and are spatially close.
Once the fusion occurs, QDs should have free access to the cell
cytosol. However, we believe that the co-localized fluorescence
is a result of a connection between the carboxyl-coated QDs and
cationic lipids (even after fusion), probably due to charge
attractions that make them capable of interacting electrostati-
cally (evidence also supported by binding of nanoparticles to
cationic GUV membranes). Such attachment can also explain
the changes in the zeta potential observed after QD encapsu-
lation procedures. This hypothesis is supported by the work
described by Zhang et al., where the authors demonstrated that
adsorption between charged QDs and zwitterionic membranes
can be favored by charges, which in turn can be controlled by
the environmental pH and by the membrane and QD compo-
sitions.”” The authors have shown the existence of an “adsorp-
tion window"” that can govern the binding (or not) of QDs to
lipids when these species display opposite charges. In this way,
interactions between the negative carboxyl-coated QDs and
cationic membranes (liposomes or cells) may well explain the
co-localized pattem observed in Fig. 6 and 7.

Based on the above-mentioned scenario, we propose a
possible and simplified mechanism of QD delivery to cells
mediated by these fusogenic liposomes as illustrated in Fig. 8.
Fig. 8A represents the interaction and fusion of liposomes with
the plasma cell membrane. Under ideal conditions, membrane
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Fig. 8 lllustration of the liposome-mediated QD delivery into cells. Under ideal
conditions, after incubation, red fluorescent liposomes interact and fuse with the
cell membrane (A1), releasing encapsulated QDs into the cytasol (A2). However,
after fusion, charge mediated interactions of MPA-QDs and cationic lipids (B1)
impair QD release into the cell, yielding a yellow co-localized signal (B2).

fusion (Fig. 8A1) would lead to cell labeling and release of free
QDs inside the cytosol (Fig. 8A2). However, based on the pattem
observed by microscopy and on the considerations described
above, MPA-coated QDs and cationic lipids are in close contact
due to charge-mediated interactions (Fig. 8B1), yielding a co-
localized yellow signal (Fig. 8B2).

Some attempts on the use of liposomes to deliver QDs to cells
have been described in the literature. Bothun etal have shown a
clear difference between the final fate of neutral zwitterionic and
cationicliposomesin cells: while the formerfail toenterinto cells
and agglomerate on the cell surface, the latter are taken up and
localized in perinuclear areas.** Hydrophobic and hydrophilic
QDs co-encapsulated in liposomes were also taken up by cellsvia
endocytosis,* however all of them failed to release free nano-
particles into the cytosol and end up trapped in endo/lysosomes
instead; or they are trafficked as agglomerates of nanoparticles.*
Sigot et al. reported a sophisticated system, in which dual-color
QDs were encapsulated or attached to biotinylated liposomes
containingeither fusogenic or pH-sensitive lipids, and the traffic
was monitored by fluorescence co-localization images.*
However, they have shown that neither of the liposome-QD
systems was able to fuse with the cell membrane (plasma and/or
endosomal) and release the encapsulated QDs after endocytosis.

In another study, Gopalakrishnan et al. have shown that
hydrophobic QDs embedded in the bilayer of cationic lipo-
somes containing small amounts of pegylated lipids exhibited
fusogenic properties, however, the QDs remained in the plasma
membrane after fusion rather than being delivered to the cell
interior.” In contrast to that work, we used hydrophilic QDs
with the aim of releasing the nanoparticles into cells. By
analyzing our results we believe that the localization in the
membrane is due to adsorption forces rather than being
embedded in it. Moreover, some authors have demonstrated
thatamphiphilic uncharged QDs can translocate the membrane
of GUVs and RBCs.*** Itis important to observe thatany further
QD conjugation would modify their size, surface charge and
physico-chemical properties, and may consequently impact
their membrane translocation behavior.
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These above cited studies and also our studies highlight the
importance of understanding the interactions between nano-
particles and cell membranes since they will ultimately dictate
the pathway(s) of intracellular delivery. Therefore, it is clear that
much effort is worth and has to be applied for the purpose of
intracellular delivery, especially when using liposomes as the
carrier. The development of such a system will help not only to
deliver nanoparticles (and any other brane-imp 1t
compound), but also benefits this field bringing a deeper
understanding of the controlling parameters involved in these
purposes.

We conclude by pointing out some aspects of our reported
system:

(i) These vesicles can modify the (negative) membrane of the
cell incorporating positive lipids. This is, however, a transient
state, where the incorporated material is rapidly trafficked to
the recycling pathway in which the rate and fate are highly
dependent on the lipid composition.* This must be the reason
for the spotted-like fluorescence from cells 1 and 2 in Fig. 4C,
again pointing out the process as fusion rather than
internalization;

(ii) The pathway is endocytosis-independent (although we
cannot ensure a fusion-only process);

(iii) The delivery of QDs into the cells, as reported here, can
be a combination of QDs encapsulated and adsorbed in and/or
on liposomes, with emphasis on the former since only very faint
fluorescence signals were observed for simple QDs incubated
with liposomes while very bright images were observed for
liposomes encapsulating QDs.

(iv) In contrast to lipo/polyplex systems, which bind only to
negative materials, virtually any cargo can be transported after
encapsulation in fusogenic liposomes as long as we take into
account possible charge-mediated interactions.

(v) Intrinsic limitation on the use of multicolored fluo-
rescent cargo is due to the mandatory presence of a fluorescent
lipid-analogue in the liposomal composition. In other words,
there might be an overlay in the emission of the lipid-analogue
(liposomes) and that from fluorescent cargo. Nevertheless,
since the formulation requires only the presence of an electro-
negative radical in the molecule, such fluorescence can be
tuned over the whole spectral range by the correct choice of the
probe. Moreover, the narrow emission of QDs may further
facilitate their detection. Furthermore, the presence of a fluo-
rescent probe in the liposomes allows the observation of the
trafficking pathway itself as in the present study.

(vi) The use of the freeze and thaw method can be harmful to
sensitive materials, such as proteins. The sequential freezing
can cause changes in the matenial properties. Other methods
for encapsulating membrane-impermeant materials can also be
used. However they should yield similar results.

Conclusions

The area of intracellular delivery is a fast emerging field where
much effort needs to be taken to reach the complete goal,
starting from the design and construction of the cargo-carrier
complex up to the intracellular delivery of the material after
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interaction with and processing by cells. A deep understanding
on the factors affecting all of these parameters is paramount to
the development of more efficient and safer delivery systems. In
this work, we showed that freeze and thaw is an efficient
method for encapsulating QDs in liposomes for intracellular
delivery purposes; nevertheless, charge-mediated interactions
seems to play an important role in the delivery of these carboxyl-
coated QDs to live cells mediated by cationic fusogenic
liposomes.
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Fusogenic Liposomes Loaded with Positive Quantum Dots For
Intracellular Delivery in Live Cells
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Abstract: Quantum dots (QDs) are fluorescent nanocrystals, which possess unique optical properties, being the top one
their photostability. However, their use for intracellular study is still limited because their passage through the cell
membrane does not occur passively. QDs usually are internalized by cells and become trapped in endocytic vesicles,
requiring a method to deliver them freely into the cytosol. In this work, we developed and improved an approach using the
ethanol injection method to encapsulate cationic hydrophilic QDs into fusogenic liposomes and deliver them in living
cells. The liposomes were characterized by zeta potential measurements, dynamic light scattering analysis, fluorescence
microscopy and transmission electron microscopy. Throughout the entire study, the red blood cells (RBCs) were
important models to probe the fusion between the liposome and the cellular membrane, since they do not have endocytic
activity. The studies were done with RBC and also HelLa cells, and showed that liposomes prepared by the ethanol
injection method were able to deliver QDs in living cells. Results suggested that there are some QDs in the cytosol,
however, additional studies are needed to prove if the QDs are really free or not inside the cell. This method has potential
for encapsulating QDs bioconjugated to biomolecules because it does not use the freezing process generally applied in
film hydration liposomes approaches. We hope that this study will help the development of effective methods to release
QD:s into the cytosol, allowing the possibility of using the advantages of these fluorescent probes to better understand

intracellular processes.

Keywords: Liposomes encapsulation, Quantum dots, Fluorescence, Red blood cells, HeLa cells.

1. INTRODUCTION

The comprehension of how intracellular processes work,
such as how a healthy cell can change to a tumor cell, and
how it can grow to a tumor tissue, or how can stem cells
perform their roles in therapies, are fundamentals aims in life
sciences. One way to elucidate these processes is using
fluorescence assays. Fluorescence-based techniques have
high sensitivity and specificity, and also allow the
monH]oring of the dynamics of biological events in real
time*.

A class of materials that has emerged as fluorescent probes
for cell labeling and biomedical research are the quantum
dots (QDs). QDs are fluorescent semiconductor nanocrystals
that possess unique optical properties, such as low
photobleaching rates, wide absorption spectrum, narrow
emission spectrum, emission tuned with their size and
chemically active surfacel®.

*Address correspondence to this author at the Department of Biophysics and
Radiobiology, Biology Sciences Center, Federal University of Pernambuco,
P.O. Box: 50670-901, Recife, Brazil; Tel/Fax: +55-81-21268560 and +55-
81-21267818; E-mails: adriana.fontes.biofisica@gmail.com
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To take full advantages of these nanocrystals in intracellular
studies, they have to be deliver freely into the cytosol,
because its passage through the cell membrane does not
occur passively. QDs become trapped in endocytic vesicles.
Among the methods already described for QDs intracellular
delivery, we can highlight the electroporation, the
microinjection and the cell fixation. Nevertheless, these
techniques have some disadvantages, are laborious methods
or can damage the cells. In this context, liposomes appear as
a tool to solve these drawbacks, being vesicles of lipid
bilayers that can fuse with the cells releasing its contents into
the cytosol®!.

Csiszar and co-authorst® described liposome formulations
that were able to fuse with cells. In these liposomes, the
combination of a fluorescent lipid associated with a dye with
two other lipids (DOTAP and DOPE), is capable of
destabilizing the membrane and cause the fusion of the
liposomes with the cells, which is essential to trigger the
process.

In the literature, there are only a few reports of encapsulation
of hydrophilic QDs in liposomes, using thin film hydration
Bl reverse evaporation method® and detergent dialysis™.
However, as far as our knowledge goes, the studies reported

© 2015 Bentham Science Publishers
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show only membrane Iabeling by QDs, none of them deliver
the QDs freely in the cytosol™ .

In our previous work, we encapsulate CdTe QDs
stabilized/functionalized with mercaptopropionic  acid,
negatively charged, in fusogenic liposomes, using the
freezing and thawing method. We were able to deliver QDs
in living cells, but there was no release of free QDs in the
cytosol, probably due to electrostatic interactions between
the cationic lipids and the anionic QDs®!. To overcome this
situation, in this work, we decide to encapsulate positively
charged CdTe QDs, stabilized/functionalized with
cysteamine, into the liposomes to avoid these interactions.
We also resolve to adapt the ethanol injection method to
encapsulate QDs in liposomes to probe their delivery into
living cells. In this work we used red blood cells (RBCs) and
HelLa cells to test these liposomes-cells interactions. To our
knowledge, this is the first report about encapsulation of
hydrophilic QDs by using the ethanol injection method, as
well as is the first one that uses cationic QDs. We hope that
this study will help to expand the use of QDs as fluorescent
probes to label and study biochemical process that occur not
only at membrane level but also inside the living cells.

2. MATERIALS AND METHOD
2.1. Materials

Cysteamine (Cis), cadmium perchlorate (Cd(ClO,),.6H,0),
sodium borohydride (NaBH,), tellurium (Te%) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). The
lipids 1,2-dioleoyl-3-trimethylammonium-propane
(DOTAP), 1,2-dielaidoyl-sn-glycero-3-
phosphoethanolamine (DOPE), 1,2-dipalmitoyl-sn-glycero-
3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl)
(DPPE-Rh) were obtained from Avanti Polar Lipids
(Alabaster, USA), and the soybean phosphatidylcholine (PC)
was obtained from Lipoid (Ludwigshafen, Germany). Lipid
stock solutions were prepared in ethanol. Routine chemicals
were purchased from Vetec (Duque de Caxias, RJ, Brazil).
All the chemicals used were at analytical grade and ultrapure
water (18.2 MQ) was used in all experiments.

2.2.  Quantum Dot CdTe-Cis
Characterization

Synthesis  and

CdTe QDs were synthesized in aqueous colloidal dispersion,
according to the previously method reported by our research
group with modifications . Te? ions in aqueous solution
were added to a Cd(ClOy,), solution at pH 5.8 in the presence
of cysteamine as the stabilizing agent, in a ratio of 10:1:12
for Cd:Te:Cis, respectively. The reaction proceeded under
constant stirring and heating at approximately 90 °C for 1 h.
At the end, the nanocrystals were automatically
functionalized with cysteamine. The Te? aqueous solution
was prepared by reducing metallic tellurium with NaBH, at a
high pH under nitrogen saturated atmosphere and continuous
heating (~ 90 °C).

QDs were characterized by electronic UV-Vis absorbance
spectroscopy (Evolution 600, Thermo Scientific) using ultra-

Matoset al.

pure water as reference, and by emission spectroscopy (LS
55, PerkinElmer), exciting the sample at 365 nm.

The average diameter (d) of the QDs was estimated using the
Dagtepe equation (Eg. 1) and the wavelength at the first
absorption maximum (1),

d = (1.38435-0.00661)/(1-0.0121%) Eq. 1

The molar extinction coefficient (¢) was calculated by using
the Yu’s equation (Eq. 2)™ and by applying the Beer-
Lambert equation it was determined the concentration of the
QD’s suspension.

¢ =10043(d)** Eq. 2

2.3. Liposomes and Liposomes-QDs Preparation and
Characterization

Three different liposomes were prepared: PC and
DOPE:DOTAP as the non-fusogenic systems, and
DOPE:DOTAP:DPPE-Rh as the fusogenic one . Typical
1.3 mM final phospholipid concentration was used to
prepare the vesicles. Molar ratios of 1:0.3 were used for
DOPE:DOTAP. The DOPE:DOTAP:DPPE-Rh liposomes
were prepared using different molar ratios depending on the
experiment, such as 1:0.3:0.05 and 1:0.7:0.05. The two steps
injection method™ was applied to prepare either empty or
QDs loaded liposomes.

First, to obtain 1.5 mL of plain liposomes, the amount of 1.5
mL of NaCl (0.001 M) was added to a test-tube, and then
heated up to 55 °C (£ 5 °C). Simultaneously, in a second vial
glass, the lipid solution was also heated to 55 °C (£ 5 °C).
The lipid mixture was then injected, under vigorous stirring
(vortex), into the NaCl solution and the plain liposomes were
formed in ca. 2 min. Using the injection method, the QDs
loaded liposomes were prepared by mixing an aliquot of 1.5
mL consisted of 70% of NaCl (0.001 M) and 30% of
hydrophilic QDs. The procedure follows the same step used
for plain liposomes, heating the lipid mixture in a vial glass
and injecting them to the NaCIl-QDs’ tube. For preparing the
liposomes, QDs were purified to remove precursor residues
by using Vivaspin concentrator devices of 10 MWCO (GE
Healthcare, Uppsala, Sweden) and centrifuging them for 2
min at 335 x g. This procedure was performed twice. For
removing the non-encapsulated QDs, it was used an
Amicon® 100 MWCO filter device (Merck Millipore,
Darmstadt, Germany) for centrifuging the liposomes for 2
min at 524 x g. This process was also performed twice.

Plain and QDs loaded liposomes (L-QDs) were analyzed by
conventional fluorescence microscopy (Leica DMI 4000B)
and transmission electron microscopy (FEI TECNAI Spirit
BioTwin G2). The systems were also analyzed by dynamic
light scattering (DLS) and zeta potential measurements
(ZetaSizer Nano ZS90, Malvern). For the acquisition of
micrographs by conventional fluorescence microscopy, using
the 480/40 nm band pass filter excited green emitting QDs
and their fluorescence was collected with the 527/30 nm
band pass filter. The red emission of liposomes was excited
and detected using excitation and emission band pass filters
at 560/40 nm and 645/75 nm, respectively. Due to
liposomes Brownian motion, to acquire a better analysis by
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optical microscopy, glass slides were covered with poly--
lysine solution 0.1% w/v in H,O (Sigma-Aldrich). For TEM
analysis ca. 6 pL of the desired liposome was dropped onto
200-mesh holey carbon-coated copper grids, and placed
under Osmium steam for 1 min.

2.4. DOTAP Assays

Highly positively charged liposomes can be harmful to living
cells. Due to the high charge difference between these
vesicles and cell membranes, liposomes can lead to cell
death or homeostasis loss™. To determine the less harmful
DOTAP concentration in the liposomes, which still keeps
their fusogenic ability and the cells homeostasis, we have
performed a study using a flow cytometry assay (Accuri’™
C6, Becton Dickinson). RBCs were used to probe the fusion
process and the homeostasis, since they present a surface
very sensitive to charge variations and do not perform
endocytosis. Only if the liposomes fuse to RBCs, it will be
detected fluorescence signals in the flow cytometry analysis.

Blood was collected in EDTA tubes and then centrifuged at
679 x g for 5 min. The plasma was removed and saline
(0.9%) was added. Then, RBCs were washed twice (679 x ¢
for 2 min) and diluted to 1% (v/v) also in saline to be used.

Four different DOTAP concentrations were used: 0.3, 0.5,
0.8 and 1 mM. DOPE and DPPE-Rh concentrations were set
in 1 and 0.1 mM, respectively. Liposomes were prepared by
the same methodology described in the later section.

RBCs were incubated with liposomes in microtubes using
the volume of 15% of liposomes for the total volume of
cells, for example 42.5 puL of RBCs at 1% and 6.5 pL of
fusogenic liposomes. Cells were analyzed after 1 min of
incubation.

For flow cytometry analysis around 20,000 events/gate were
acquired under excitation at 488 nm. The red emission was
detected with the band pass filter FL2 (585/20 nm) and the
data were processed by Accuri C6 software — Becton
Dickinson. The homeostasis was evaluated by the SSC (side
scatter) in function of FSC (forward scatter) analysis.

2.5. Cells Fluorescence Microscopy Analysis

RBCs and HeLa cells were incubated with liposomes and
analyzed by conventional fluorescence microscopy (Leica
DMI 4000B). As the fusion process occur quickly™, the
cells were not incubated with the liposomes for more than 5
min. Green emitting QDs were excited using the band pass
filter 480/40 nm and the fluorescence was detected by the
527/30 nm band pass filter. The red emission of liposomes
was excited and acquired by the band pass filters 560/40 nm
and 645/75 nm, respectively. Blue fluorescence of DAPI was
excited using UV band pass filter at 360/40 nm and the
emission was acquired using the band pass 470/40 filter.

RBCs were prepared as described before. To fluorescence
microscopy analysis, 20 pL of RBCs at 1% (v/v) were
incubated with 3 or 6 pL of fusogenic or cationic liposomes.
For the fusogenic liposomes, it was tested different lipid

ratios, 1:0.7:0.05 and 1:0.3:0.05, for DOPE, DOTAP and
DPPE-Rh respectively. For the cationic liposomes, it was
used the DOPE:DOTAP at 1:0.3 molar ratio. RBCs were
used to visualize the delivery of QDs, since these cells do not
perform endocytosis.

HeLa 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™* streptomycin and 100 units/mL*
penicillin  (Sigma Aldrich) at 37 °C in a humidified
atmosphere with 5% CO,. When Hela cells covered the
whole bottom of the culture bottle, they were digested with
0.25% of trypsin-EDTA Dissociation Buffer (Gibco). Then,
cells were seeded into a 6-well plate (1.5 x 10° cells/well)
and incubated for 24 h. After this time, we obtained cells
suspension using 0.25% of trypsin-EDTA and the cells were
2 times washed in PBS using 1200 x g (MiniSpin -
Eppendorf). The amount of 20 pL of cells (10* cells/mL) in
PBS was placed in contact with 3 or 6 puL of the same
fusogenic liposomes (loaded and unloaded with QDs) used
with RBCs.

3. RESULTS AND DISCUSSIONS:
3.1. Quantum Dot CdTe-Cis Characterization

Optical characterizations were used to evaluate the QDs
quality, estimate their average size and concentration. CdTe-
Cis QDs displayed a bright green emission, with a maximum
at 563 nm (39.5 nm of Full-Width at Half Maximum -
FWHM) and a first absorption maximum at 495 nm (Fig. 1).
Applying the Dagtepe’ equation, the average QDs size was
estimated as 2.6 nm diameter. Using the Beer-Lambert
equation, the concentration was estimated as 25.5 uM.
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Fig. 1: CdTe-Cis QDs optical characterization. Absorption (dashed line) and
emission (line) spectra.

3.2. Liposomes and Liposomes-QDs Characterization

In our previous work™® we were able to encapsulate
hydrophilic and anionic QDs, CdTe stabilized/functionalized
with MPA (mercaptopropionic acid), in fusogenic liposomes
(DOPE:DOTAP:DPPE-Rh 1:1:0.1 molar ratio), using a film
hydration, followed by freezing and thawing, methodology.
Although, we confirmed the encapsulation of the MPA QDs
in fusogenic liposomes and their fusion with cell

41



Current Nanoscience, 2015, Vol. 0, No. 0

membranes, the liposomes were not able to deliver QDs
freely into cytosol. Images of stem cells or RBCs always
showed co-localized red/green fluorescence, for fusogenic
liposomes and MPA QDs, respectively. This co-localization
showed us that the QDs were always near to membranes,
possibly caused by an electrostatic interaction between them,
as MPA QDs are negatively charged while the fusogenic
liposomes are positive (due to DOTAP).

Thus, with the aim to deliver free QDs into cells, we decided
to encapsulate positively charged QDs (CdTe-Cis) to avoid
QDs-liposomes electrostatic interactions. Other disadvantage
of our previous methodology is that it cannot be used to
encapsulate QDs conjugated to biomolecules, since the
freezing and thawing cycles, that are required to
encapsulation, can be harmful to biomolecules. The
sequential freezing can cause denaturation of proteins and
QDs bioconjugates will possibly lose their activity during
those cycles. Therefore, we decided to test and adapt the
ethanol injection method for QDs encapsulation. Results
showed that we encapsulated successfully CdTe-MPA and
CdTe-MSA (negatively charged QDs) in PC liposomes (data
not shown). Based on those results, we proceed with the
experiments and also encapsulated positively charged QDs,
CdTe-Cis in PC liposomes, as it can be observed in Figure 2.

Fig. 2B shows that PC L-QDs are darker than the empty
liposomes, which indicates encapsulation because they are
filled with nanocrystals becoming optically dense. The
encapsulation for these liposomes was also confirmed by
fluorescence microscopy (Fig. 2A). The same pattern was
observed for DOPE:DOTAP and fusogenic liposomes (data
not shown).

A B 0 pum 10

Fig. 2: QDs loaded PC liposomes fluorescence, fluorescence microscopy
(A) and phase contrast (B). Bars: 10 pm.

TEM images also show that QDs were encapsulated into
fusogenic liposomes (Fig. 3), as can be observed by darker
liposomes (Fig. 3B), due to electron density of QDs, in
contrast to the lighter plain liposomes (Fig. 3A).

“ B;-.
]
&

Fig. 3: Plain fusogenic liposomes (A) and loaded QD (B) TEM images.
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Results showed us that the injection method was successfully
applied to all tested compositions and to different amounts of
QDs, such as 30 or 50% of the total volume used for
liposomes preparation. Thus, this method presents potential
to be a good alternative to accomplish encapsulation of
bioconjugated QDs. To our knowledge, there is none report
about the encapsulation of hydrophilic QDs in liposomes
using the ethanol injection method. In the literature there are
only few reports about encapsulation of hydrophilic QDs
using thin film hydration ©!, reverse evaporation method [
and detergent dialysis "\

The injection method produces practically only small
unilamellar vesicles (SUVs) 2, which it was confirmed by
DLS results. Plain liposomes showed an average
hydrodynamic size of 32 nm for PC, 45 nm for
DOPE:DOTAP and approximately 180 nm  for
DOPE:DOTAP:DPPE-Rh systems. After encapsulation, QDs
loaded liposomes presented a higher average hydrodynamic
size of 141 nm for PC, 98 nm for DOPE:DOTAP and around
340 nm for fusogenic liposome systems.

The positive charges of the liposomes play an important role
for a fusion be well succeed, because they will be attracted
by the cells’ membranes negatively charged ™. Thus, to
know the surface charges of liposomes is a relevant factor to
predict the cells-liposomes interactions. Our results showed
that unloaded PC liposomes presented a zeta potential
around —(28 = 6) mV, while the liposomes encapsulating
positively charged QDs turns to +(47 + 6) mV, which means
that the positively charged QDs can be interacting with the
surface of these negative liposomes resulting in a final
positive total charge. The DOPE:DOTAP liposomes when
empty have a zeta potential of +(47 £ 13) mV (caused by the
cationic lipid DOTAP) and when loaded with QDs presented
a value of +(53 + 13) mV, which shows that there was not
significative difference in zeta potential measurements, as
expected. The fusogenic plain liposomes presented a zeta
potential around +(50 = 5) mV and the DPPE-Rh liposomes
encapsulating QDs a zeta potential of +(45 + 10) mV, values
for which it also was not significative difference when
compared one to each other. These zeta potential values were
obtained for the smaller DOTAP concentration used in the
fusogenic liposomes preparation.

3.3. DOTAP Assays

Flow cytometry results showed us that all tested liposomes
were able to fuse with RBCs, but when increasing DOTAP
concentration it was found that there was more lysis, as
shown in Table I. Fig. 4-A shows control RBCs to define the
parameters, and Fig. 4-B representative analysis used for
characterizing the fusion and the homeostasis. We found that
0.3 mM of DOTAP could be a good ratio for cell delivery
QDs tests, as they were able to fuse without considerable
damages to the cells. Thus, from now on, it was set the
DOTAP ratio of 0.3 mM to the following analysis with cells.
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Table I: Different DOTAP ratios and its influence on RBC, in 1 minute of
incubation.

DOTAP ratio  Healthy cells (%) Signal (%)
0.3 99.2 92.7
0.5 98.0 100
0.8 90.4 100
1 88.2 100
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Fig 4: Control RBCs homeostasis (Al) and no fluorescence signal (A2).
Representative analysis (B) used for characterizing the homeostasis by the
SSC x FSC plot (B1) and the fluorescence signal caused by fusion of DPPE-
Rh liposomes with RBCs (B2).

3.4. Cells Fluorescence Microscopy Analysis

To probe the ability of liposomes to fuse, we incubated plain
fusogenic liposomes with RBCs (Fig. 5). The results show
that the vesicles prepared by the ethanol injection method
were able to fuse with the cells and are in agreement to
previous works 8.

After validation of the fusion effectiveness, we tested the
interaction of QDs loaded liposomes with RBCs. The
DOPE:DOTAP liposomes analysis showed that these
vesicles were not able to label the cells with QDs, since the

aromatic group presented in the DPPE-Rh is an important
factor to trigger the fusion, and consequently the labeling .
However, this experiment was also relevant to prove that
bare QDs, which could be not removed by the purification
process, are not able to label the RBCs.

Fig. 5: Plain fusogenic liposomes labeling RBCs, contrast phase (A) and its
fluorescence (B). Bar: 10 pm.

On the other hand, fusogenic liposomes were able to fuse
and label not only the RBCs, but also the HeLa cells. From
Fig. 6 and Fig. 7, it is possible to observe the fluorescence
patterns of QDs and liposomes in green and red,
respectively. These results show that the signal of QDs and
lipids are not always co-localized, although some yellow
fluorescence can also be seen. In ideal conditions, we would
expected that the red emission of the DPPE-Rh lipid could
be only observed at the cell” membrane and the green signal,
due to QDs, preferentially inside the cell, at the cytosol.
However, the weak green signal observed without co-
localization suggest that they are some free QDs into the
cell. Further studies are needed to confirm this suggestion.
These results were different from those ones obtained by us
in our previous work ® and show that cationic QDs can be a
promising probe for intracellular labeling by using
liposomes. As far as we know, this is the first work related to
QDs delivery that has used positively charged nanocrystals.
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Fig. 6: QDs loaded fusogenic liposomes labeling RBCs, red lipid
fluorescence (A), green emitting QDs fluorescence (B) and the overlay (C).
Bar: 10 um.

In HeLa cells (Fig. 7), the signs of intracellular release of
QDs were more pronounced. It was possible to differentiate
the liposome labeling at the membrane and the QDs labeling
inside the cell. In these images we also can see that the
liposomes were not endocyted, once there is no considerable
fluorescence from the liposomes inside the cells. QDs
exhibit a weak fluorescence probably because there are few
and sparse nanocrystals inside the cells. Confocal images
and TEM analysis of the cells after L-QDs incubation should
be done in order to better confirm these results. To our
knowledge, until now, the studies reported in the literature
show only membrane labeling by QDs 8 31,

To Dbetter observe the QDs fluorescence, in these
experiments, we took advantage of the photobleaching of the
rhodamine. We also used a smaller concentration of the
DPPE-RNh lipid to highlight the QDs emission due to possible
energy transfer between the nanocrystals and the fluorescent
lipids.

Fig. 7: QDs loaded fusogenic liposomes labeling HelLa cells. The blue
fluorescence is from DAPI. The arrow and the asterisks indicate the green
QDs fluorescence.

These results are promising because they suggest
intracellular delivery. In order to get better scores, some
approaches could be tested: (1) use other lipids ratios, (2)
change the QDs amount, (3) separate loaded from unloaded
liposomes to have more L-QDs interacting with the cells (4)
use green lipids and red QDs to avoid possible energy
transfer from nanocrystals to liposomes and (5) encapsulate
conjugated QDs to target a specific region of the cytosol to
enhance and localize their fluorescent signal.

CONCLUSION

We showed that the ethanol injection method was successfully
applied to encapsulate hydrophilic QDs independent of the
liposome composition. The ethanol injection method presents
potential to deliver QDs bioconjugated to biomolecules, because
it can be used with proteins without denaturation, increasing the
possibilities of performing intracellular studies. The DOTAP
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flow cytometry assays showed that it is possible to use lower
concentrations of this lipid keeping the fusogenic liposomes’s
ability and cell homeostasis.

Through the fluorescence microscopy images of RBCs and
HelLa cells, it was possible confirm the fusion, evidencing
intracellular release of QDs. In some images, we did not
observe signs of co-localization while other cells seem to have
co-localization. Deeper studies and some improvements on the
systems are needed in order to confirm these results.

To our knowledge, there is still none report, which shows free
delivery of QDs to cytosol or labeling of organelles by QDs. We
hope that this study will help to develop effective improvements
in the ethanol injection method for encapsulating and releasing
free QDs into cytosol, allowing intracellular labeling of living
cells. These improved approaches would help the researches to
enjoy of the full potential of QDs as fluorescent probes for
better comprehension of intracellular processes.
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VIl — CONCLUSAO

e Pelo método de hidratacdo de filme lipidico seguido pelo freeze-and-thaw foi possivel
encapsular com sucesso QDs de CdTe-AMP em lipossomas de PC, PC:DOTAP e a
composicdo fusogénica.

e Os lipossomas fusogénicos contendo QDs foram capazes de marcar as hemécias e
células tronco através da fusdo. Utilizando a microscopia de fluorescéncia, a fusdo dos
lipossomas foi evidenciada pela marcacdo vermelha da membrana das células e pela
fluorescéncia verde dos QDs.

e A co-localizagdo dos sinais de fluorescéncia observada nas hemécias e células tronco,
formada pela emissdo vermelha dos lipideos e verde dos QDs, indica que tanto os
lipideos quanto os QDs estdo espacialmente préximos, provavelmente associados por
interacdo eletrostatica.

e Encapsulamos QDs positivos, CdTe-Cis, em trés composic¢Oes lipossomais diferentes,
PC, DOPE:DOTAP e DOPE:DOTAP:DPPE-Rh e QDs negativos em PC, através de
adaptacoes realizadas no método de injecdo em etanol.

e No estudo da influéncia do DOTAP na fusdo dos lipossomas com as hemécias e na sua
homeostase, feito através de citometria de fluxo, pudemos encontrar que a concentracéo
de 0,3 mM foi efetiva na fusdo e ndo foi tdo toxica a célula.

e Através das imagens de microscopia de fluorescéncia das hemécias e das células HelLa
confirmamos a fusdo, havendo indicios de liberacdo intracelular dos QDs. Em algumas
microscopias ndo observamos sinais de co-localizacéo.

e Nesta dissertacdo, foram utilizados dois métodos distintos de encapsulamento de QDs
em lipossomas, 0 método freeze-and-thaw e o de inje¢cdo em etanol. Ambos 0s métodos
se mostraram capazes de encapsular QDs hidrofilicos anidnicos, 0 método de injecao
em etanol foi também capaz de encapsular os QDs catidnicos.

e O método de preparo de injecdo em etanol permitiu a preparacdo de lipossomas
contendo QDs de forma mais rapida e pratica que a metodologia anteriormente utilizada

(hidratac&o de filme lipidico seguido de freeze-and-thaw.
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VIIl - PERSPECTIVAS

Para confirmar se realmente houve entrega livre dos QDs no citosol podem ser feitas
outras andlises, por exemplo: (1) imagens por microscopia confocal observando nas se¢des
Opticas a fusdo e a liberagdo dos QDs e (2) imagens por microscopia eletrénica de transmissao
das células incubadas, onde poderiamos ver os QDs por serem eletro densos.

Talvez, as nanoparticulas que entram na célula possam ser mais facilmente evidenciadas
se estivessem conjugadas a uma biomolécula e marcassem uma estrutura intracelular, ao invés
de estarem dispersas no citosol, aumentando assim o sinal fluorescente do QD em uma regiéo.

Uma outra opcéo seria realizar uma separacdo dos lipossomas que encapsularam QDs,
dos que ndo encapsularam, pois garantindo que apenas lipossomas encapsulando QDs possam
se fundir as células, teriamos um menor dano pelos lipossomas sem QDs e um aumento na
eficiéncia de entrega das nanoparticulas.

O método de injecdo em etanol poderd permitir também a encapsulacdo de QDs
conjugados a proteinas sem perda da atividade, o que ndo era possivel anteriormente pelo
método de encapsulamento freeze-and-thaw, pois no congelamento as proteinas perderiam sua
atividade o gque deixaria o bioconjugado sem funcdo bioldgica.

Com o estabelecimento de uma metodologia eficaz para a entrega intracelular de QDs,
novas possibilidades de estudo sdo abertas para usar todo o potencial dos QDs no melhor

entendimento de processos intracelulares.
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IX - ANEXOS

Normas da revista Current Nanoscience
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