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RESUMO

Capsulas peptidicas anfifilicas ramificadas ou do inglés, “Branched Amphiphilic Peptide
Capsules” (BAPCs), sao nanocapsulas formadas pela organizacdo de dois peptideos de
diferentes tamanhos (Ac-FLIVI),-K-K4-CO-NH; e (Ac-FLIVIGSII),-K-K4-CO-NH, capazes
de encapsular um grande nimero de diferentes moléculas. O atual trabalho teve como ponto
de partida um estudo no campo do estado da arte, comparando e contrastando os diferentes
nanocarreadores de Ultima geracdo com os estudos até entdo publicados sobre as BAPCs,
resultando na publicacdo: “A review of solute encapsulating nanoparticles used as delivery
systems  with emphasis on branched amphipathic peptide capsules”, DOI:
10.1016/j.abb.2016.02.027. Posteriormente, a pesquisa se voltou para a caracterizacdo das
BAPCs a partir da variacdo das proporcdes de seus peptideos constituintes (1:0, 0.8:0.2,
0.5:0.5, 0.2:0.8 e 0:1) no intuito de avaliar a viabilidade de formacéo das nanocapsulas e suas
propriedades fisico-quimicas caracteristicas. Os testes de encapsulamento realizados por
supressao de fluorescéncia do corante eosina Y revelaram a formacédo das capsulas em todas as
proporgdes utilizadas e que as mesmas permanecem estaveis na faixa de temperatura de 4 °C -
95 °C, a0 mesmo tempo em que as BAPCs preparadas a 4 °C evidenciaram uma maior
eficiéncia de encapsulamento quando comparadas aquelas preparadas a 25 °C e 37 °C. A
analise da estrutura secundaria por dicroismo circular (DC) mostrou que os peptideos em
diferentes propor¢des resultam em céapsulas com estruturas secundarias caracteristicas,
indicando que (FLIVI),-K-K4 é responsavel pela conformacdo aleat6ria, enquanto que
(FLIVIGSII),-K-K4 mostra ser responsavel pelos arranjos em folha beta. Paralelamente, os
tamanhos determinados por espalhamento de luz dindmico (DLS) revelaram a formacdo de
BAPCs com um valor médio de 10 - 45 nm de didmetro. Ja os dados de voltametria (VC)
ciclica sugerem que as BAPCs formadas por (FLIVIGSII),-K-K, apresentam a bicamada de
menor espessura. Esta mesma sequéncia mostrou ainda o menor valor de citotoxicidade nos
testes de citometria de fluxo (CF) e a maior taxa de transfeccdo quando utilizadas na entrega
de um plasmideo de 4.7 kb usado para a expressdo de EGFP in vitro. Tais resultados destacam
a habilidade de formar capsulas estaveis de tamanhos desejados e estruturas variadas tornando
as BAPCs atraentes candidatas para o transporte de acidos nucleicos e potencialmente Uteis
para a entrega de compostos farmacologicos. Os resultados foram publicados por meio do
artigo: “Branched amphipathic peptide capsules: different ratios of the two constituent
peptides direct distinct bilayer structures, sizes, and DNA transfection efficiency”, DOI.
10.1021/acs.langmuir.7b00912.

Palavras-chave: BAPCs. Capsulas peptidicas. Nanocarreadores. Entrega de farmacos.
Entrega de DNA.



ABSTRACT

Branched Amphipathic Peptide Capsules (BAPCs) are nano-capsules formed from the
spontaneous assembly of two different sized peptides (Ac-FLIVI),-K-K4-CO-NH, and (Ac-
FLIVIGSII),-K-K4-CO-NH, able to encapsulate different solute molecules. This work initially
focused on comparing and contrasting different state of the art nano-carriers with an emphasis
on earlier BAPCs studies. This resulted in a publication: “A review of solute encapsulating
nanoparticles used as delivery systems with emphasis on branched amphipathic peptide
capsules”, DOI: 10.1016/j.abb.2016.02.027. Subsequently, the research focused on BAPCs
characterization studies varying the ratios of the two peptides (1:0, 0.8:0.2, 0.5:0.5, 0.2:0.8,
and 0:1) aiming to evaluate the viability of the capsules formation and their physical-chemical
properties. The encapsulation efficiency tests using the self-quenching fluorescent dye eosin Y
revealed all the ratios produced capsules that remain thermally stable in a range of 4°C - 95
°C, at the same time that the 4 °C showed the highest encapsulation efficiency when compared
to the ones prepared at 25 °C and 37 °C. The secondary structures analyses made by circular
dichroism (CD) showed that the different peptide ratios produce capsules with specific
secondary structures indicating that the (FLIV1),-K-K4 is responsible to lead the random coil
conformation, while the (FLIVIGSII),-K-K,; seems to be responsible for the beta-sheet
arranges. In parallel, the sizes were determined by dynamic light scattering (DLS) and
revealed that the different ratios yielded BAPCs that varied in size ranging from 10 - 45 nm in
diameter. In addition, results obtained using Cyclic Voltammetry (CV) revealed that BAPCs
formed from just (FLIVIGSII),-K-K,; have the thinnest bilayer. The same sequence also
displayed the lowest cytotoxicity at the Flow Cytometry (FC) analyses and the highest
transfection efficiency when used to deliver a plasmid of a 4.7 kb responsible for the
expression of EGFP in vitro. These results highlight the ability to prepare stable capsules of
desired sizes and varied structures making the BAPCs currently attractive as a delivery vehicle
for nucleic acids and encapsulated pharmacological compounds. The results were published:
“Branched amphipathic peptide capsules: different ratios of the two constituent peptides
direct distinct bilayer structures, sizes, and DNA transfection efficiency”, DOI:
10.1021/acs.langmuir.7b00912.

Key-words: BAPCs. Peptide Capsules. Nanocarriers. Drug delivery. DNA delivery.
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1 INTRODUCAO

Embora ndo exista ainda um real consenso quanto a definicdo de tecnologia e
termos afins, a Portaria n° 3 de Maio de 2015, emitida pelo Ministério da Ciéncia e
Tecnologia define a Nanociéncia e Nanotecnologia, respectivamente, como sendo a
compreensdo e controle da matéria e dos processos na escala nanomeétrica, geralmente, mas
ndo exclusivamente, abaixo de 100 nandmetros.

Quando voltada para o estudo ou desenvolvimento de sistemas que envolvem
material biologico (DNA, lipidios, enzimas, peptideos, proteinas etc.) a nanotecnologia
passa a ser chamada de “bionanotecnologia”, tendo dentre as suas muitas aplicagdes, a
pesquisa de dispositivos de diagndsticos, o desenvolvimento de vacinas e sistemas de
liberacdo de farmacos, sendo alguns dos mais comumente estudados as micelas,
lipossomas, niossomas, dendrimeros, vetores virais e nanocapsulas poliméricas (HILL,
1993; THOMAS et al., 2001; BOAS; HEEGAARD, 2004; PARVEEN et al., 2012;
PABST etal., 2014; YASAM et al., 2014).

Estruturas transportadoras a base de lipidios, tais como micelas e lipossomas tém
sido tradicionalmente propostas como preferenciais para a entrega de compostos bioativos
em sistemas vivos (ALLEN, 2004). Tal escolha se deve principalmente ao fato de serem
qguimicamente semelhantes as membranas celulares e, portanto, biocompativeis, além de
sua versatilidade de tamanho devido a possibilidade de manipula¢do do nimero de lamelas
e composicdo lipidica a depender das propriedades fisico-quimicas do farmaco
(TORCHILIN, 2005; EDWARDS; BAEUMNER, 2006).

Apesar de suas vantagens, no entanto, as vesiculas lipidicas ainda possuem
limitacGes quanto a estabilidade, solubilidade e variabilidade estrutural (TORCHILIN et
al., 2003).

Em se tratando da entrega de material genético, os vetores virais constituem-se em
um dos mais utilizados devido principalmente a sua alta eficiéncia de transferéncia do
material genético para células-alvo. Sua utilizacdo como vetor é viabilizada em funcdo da
delecdo de genes indispensaveis para a proliferacdo viral no intuito de bloquear a
replicacdo do virus e a continuidade do ciclo infeccioso, a0 mesmo tempo em que promove

a substituicdo destes por genes de interesse terapéutico (ROMANO et al., 2000).
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Apesar disso, a entrega de material genético mediada por virus apresenta efeitos
indesejados como imunogenicidade (KAFRI et al., 1998; THOMAS et al., 2001),
inespecificidade e mutagénese insercional (BAUM, 2003).

Nesse cenério, nanocapsulas formadas a partir de arranjos peptidicos tém se
mostrado ferramentas promissoras para o desenvolvimento de sistemas de liberacdo de
farmacos potencialmente seguros, uma vez que prometem superar problemas comumente
encontrados em sistemas de entrega viral ou vesiculas lipidicas (DISCHER; AHMED,
2006; GUDLUR, 2012).

Gudlur e cols. (2012) descreveram, pela primeira vez, um sistema de entrega de
farmacos formado por vesiculas similares a lipossomas, mas constituido inteiramente por
peptideos, capazes de armazenar solucdes aquosas em seu interior. Tais vesiculas,
chamadas também de BAPCs, do inglés “Branched Anphiphilic Peptide Capsules”, séo
delimitadas por uma bicamada formada a partir de uma organizagdo espontanea em meio
aquoso de dois peptideos curtos ramificados e anfifilicos.

Estudos realizados nos ultimos anos tém demonstrado que esse tipo de nanocapsula
apresenta vantagens consideraveis quando comparada aos sistemas lipidicos tradicionais
tais como facilidade de sintese, estabilidade, resisténcia a altas temperaturas, a digestdo
proteolitica e dissolucdo. Podem, também, ser internalizadas por células de diferentes
linhagens por meio de vias endociticas em questdo de horas e sdo capazes de escapar da via
endossdmica, resistindo a maquinaria de degradacdo celular (GUDLUR, 2012;
SUKTHANKAR et al. 2013; SUKTHANKAR et al. 2015 ).

No trabalho atual foram ampliados os estudos de caracterizacdo das BAPCs
avaliando-se a viabilidade de formacdo das nanocéapsulas ante a variadas proporcdes dos
peptideos constituintes, variabilidade de tamanho, carater citotoxico e habilidade de
entrega de plasmideos de DNA, no intuito de viabilizar sua utilizacdo, de forma segura e
eficiente, como mecanismo de entrega de farmacos e produtos bioativos, bem como na

veiculacdo de material genético destinado a processos de terapia génica.
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2 FUNDAMENTACAO TEORICA

2.1 NANOTECNOLOGIA: CONCEITO E DESENVOLVIMENTO

Embora a concepcao de que a matéria seja formada por a&tomos seja conhecida ha
mais de 2 mil anos, a nocdo do potencial de manipulacdo de compostos numa escala
atdbmica é algo consideravelmente recente (TANIGUCHI, 1974; GOMES et al., 2015).

De fato, foi somente no ano de 1959, que se iniciaram as discussdes em torno dos
conceitos nanotecnolégicos, quando em uma das conferéncias realizadas na reunido da
Sociedade Americana de Fisica, no Instituto de Tecnologia da Califérnia, o fisico norte
americano Richard Phillips Feynman afirmou: “... os principios da fisica nao falam contra
a possibilidade de se manipular substancias atomo por atomo...”, levantando a
possibilidade de manipulacdo direta da matéria na escala atbmica e molecular e
estabelecendo-se assim, as bases iniciais para 0s estudos na area da nanotecnologia
(FEYNMAN, 1960).

O prefixo “nano” em nanotecnologia é derivado da palavra grega ‘vavog’ que
significa ando e faz correspondéncia com a medida em nandmetro (nm), que por sua vez
corresponde a bilionésima parte de um metro. Talvez a definicdo mais restrita do termo
seja.a do “National Nanotechnology Initiative” (NNI, Iniciativa  Nacional de
Nanotecnologia) que sugere a nanotecnologia como sendo a ciéncia, engenharia e
tecnologia conduzida em nanoescala (FIGURA 1), com tamanho médio de suas estruturas
variando entre 1-100 nm (SILVA, 2004; NIKALJE, 2015).

Mais comumente, a nanotecnologia tem sido utilizada para se referir ao conjunto de
estruturas projetadas a partir de estratégias do tipo “top-down”, onde um material
macroscopico é reduzido até atingir o nivel de particulas nanométricas ou pelo método
“bottom-up” que busca obter o mesmo resultado, porém utilizando atomos e moléculas
como blocos de construcdo até se chegar a estruturas com algumas centenas de nandmetros
de didmetro (FAROKHZAD, 2009).
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FIGURA 1. Escala nanométrica para fins comparativos das dimensdes de dispositivos

tecnolégicos.

Agua Glicose Anticorpo Virus Bactéria Célula Ponto ortografico Bola de ténis

»v8E& O

10 1 10 10° 10° 10* 105 10 100 10°
| | | | | | | |
| | | l | | |

|
|
Qg Nanodispositivos:

Nanémetros
gﬁ' Dendrimeros
Nanoporos

Nanotubos
I} Nanocapsulas
Nanovesiculas

Fonte: Adaptado de YOUNG, 2007. Escala de comprimento variando de 10" nm a 10® nm,
exibindo em seus extremos as dimensGes de uma molécula dgua e de uma bola de ténis. Na
definicdo mais restrita (1-100 nm) os dispositivos manométricos se localizam na faixa que vai do
tamanho médio de proteinas como os anticorpos (10 nm) a particulas virais (10° nm). Quando
considerada a definicdo mais ampla (1-1000 nm) tais estruturas podem chegar ao tamanho médio

de uma bactéria (10° nm).

Por se tratar, porém, de um campo multidisciplinar com producdo de materiais de
aplicacdes diversas, existe uma grande divergéncia quanto a uma defini¢cdo precisa da
nanotecnologia (PEREZ, 2012; NIKALJE, 2015).

Em 2014, o “Food and Drug Administration” (FDA), orgdo governamental
responsavel pela regulacdo de farmacos e alimentos nos Estados Unidos, langou um novo
guia de avaliacdo utilizado na regulamentacdo de produtos de aplicacGes nanotecnoldgicas.

Nesse documento, o FDA deixe claro que ndo é de seu interesse estabelecer
definicbes regulamentares de "nanotecnologia” ou termos afins. Em vez disso, a
organizacdo defende que baseado em sua compreensdo técnica e cientifica do que seja
nanomateriais e suas caracteristicas, 0 FDA acredita que a seguranca, eficacia, impacto na
salde publica ou o estado regulamentar dos produtos da nanotecnologia deve considerar
todas as propriedades U(nicas e comportamentos que envolvam a aplicacdo da

nanotecnologia e ndo apenas suas dimensdes (FDA, 2014).
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Dessa forma, o guia publicado identifica dois pontos a serem considerados nas
etapas de avaliacdo da regulacdo de tais produtos, sendo considerados como critérios nessa

avaliacéo:

(1) Se o material ou produto foi ou ndo projetado para ter, pelo menos, uma dimenséo
externa, ou uma estrutura ou superficie interna, na faixa da nanoescala (aproximadamente

1 nm a 100 nm);

(2) Se o material ou produto foi ou ndo projetado para apresentar propriedades ou
fendmenos, inclusive propriedades fisico-quimicas ou efeitos biologicos, que possam ser
atribuidos as dimensbGes nanométricas, ainda que estas fiquem de fora da faixa da

nanoescala de até um micrémetro (1.000 nm).

Sob o ponto de vista do FDA, portanto, tanto um produto que se enquadre
precisamente na escala de 1 a 100 nm, quanto um segundo que tenha uma dimensao
superior a essa escala, mas que possua pelo menos uma de suas dimensdes na escala
nanométrica pode ser considerado um dispositivo nanotecnoldgico. Além disso, o
documento emitido pelo FDA cita ainda o posicionamento da Organizagéo Internacional
de Normalizagdo (I1SO, do inglés “International Organization for Standardization”) que
propbe que as consideracdes de saude e seguranca envolvendo nanomateriais ndo podem
ser interrompidas a medida que simplesmente um produto atinge uma escala de dimenséo
de 100 nm. Segundo a ISO, como a producdo de conhecimento é um processo de expansdo
constante, a defini¢cdo de uma terminologia para a hanotecnologia precisa se adequar ao seu
carater amplo e multidisciplinar de aplicac6es, levando em conta fatores que consigam ir
além de aspectos essenciais como forma e tamanho dos materiais nanoestruturados (ISO,
2010).

2.2 NANOTECNOLOGIA APLICADA A AREA DA SAUDE

Devido ao seu carater multidisciplinar, a nanotecnologia apresenta a possibilidade
de aplicacbes em diversas areas da ciéncia (MU; SPRANDO, 2010; NIKALJE, 2015),
possibilitando a criagdo de materiais com caracteristicas variadas. Sua utilizagdo, porém,

sO e possivel apdés uma avaliagdo especifica de cada modelo criado na forma
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nanoestruturada, de modo a permitir a disponibilidade de materiais seguros e de qualidade
(DURAN et al., 2006; SUH et al., 2009).

Nos ultimos anos, inUmeras pesquisas tém se voltado para a compreensdo de
processos bioldgicos e seus detalhados mecanismos de acdo, a traducao desses achados em
ferramentas terapéuticas eficientes, no entanto, é algo que ainda continua a desafiar a
comunidade cientifica (DUNCAN, 2005; ALENCAR et al., 2013).

Dentre os muitos fatores a serem considerados no desenvolvimento de ferramentas
tecnoldgicas de aplicacdo na area da saude, encontram-se a preocupa¢do com o tamanho,
composi¢do quimica e solubilidade, uma vez que tais caracteristicas constituem-se em
fatores decisivos nos processos de interacdes bioldgicas, bem como de seus subprodutos
com o meio ambiente (MASSINI et al., 2014).

A razdo pela qual a nanotecnologia é considerada uma ciéncia multidisciplinar se
deve principalmente a sua complexidade e abrangéncia (CADIOLI; SALLA, 2006). Uma
de suas muitas aplicacdes envolve o campo da nanobiotecnologia, que consiste em aplicar
a nanotecnologia a manipulacdo de seres vivos ou de seus derivados biolégicos, em geral
no intuito de desenvolvimento de novos farmacos e ferramentas de diagndstico e terapia de
doengas, dando origem a chamada nanomedicina (DURAN; DE AZEVEDO, 2002).

A nanomedicina pode ser definida como sendo a aplicacdo de recursos
nanotenoldgicos no diagnostico, tratamento e prevencdo de doencas com a finalidade de
promover e preservar a saude humana (European Science Foundation’s, 2005).

Dentre os muitos produtos desenvolvidos pela nanomedicina encontram-se o0s
sistemas de liberacdo de farmacos, dos quais podemos destacar entre muitos, as micelas,
lipossomas, niossomas, dendrimeros e nanoparticulas poliméricas (polimersomas). Tais
sistemas trazem consigo vantagens como a capacidade de reduzir o potencial toxico e
aumentar a eficiéncia terapéutica de muitas substancias, principalmente devido ao aumento
da estabilidade e solubilidade dos farmacos incorporados ao mesmo tempo em que podem
viabilizar seu direcionamento ao sitio alvo da acdo farmacoldgica (DUNCAN, 2005;
TORCHILIN, 2006; CORTESI et al., 2007). Além disso, 0 tamanho bastante reduzido
destes produtos Ihes permite ultrapassar com menos dificuldade certas barreiras biologicas,
facilitando a terapéutica de muitas patologias (FAHMY et al., 2005).

Nesse contexto, as pesquisas tecnoldgicas voltadas para o setor farmacoldgico

enfrentam o grande desafio de desenvolvimento de métodos efetivos no que diz respeito a
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liberacdo controlada de farmacos e sua aplicabilidade de um modo seguro e reproduzivel
(VASIR; LABHASETWAR, 2005; SHI et al., 2010).

Modelos convencionais de administracdo tais como: em gota, intravenosa, pilulas,
pomadas, inalagdo etc., embora produzam bons resultados, a depender do local de agéo e
composi¢cdo do farmaco podem apresentar uma eficacia reduzida, uma vez que podem
culminar em uma metabolizacdo antecipada da droga, além de gerar efeitos colaterais
indesejados devido a acdo inespecifica do medicamento (KIM et al., 2014). A via oral, por
exemplo, comumente escolhida por ser menos invasiva, torna-se ineficiente em se tratando
de medicamentos de natureza proteica ou peptidica, tendo em vista sua consequente
degradacdo quando em contato com o ambiente &cido do estomago e rotas proteoliticas do
trato digestivo (PAWAR et al., 2004; HAMMAN et al., 2005).

Durante a terapia sistémica, os farmacos apresentam eficicia satisfatoria, porém,
frequentemente exibem inimeros efeitos adversos (KINGSLEY et al., 2006).

Os sistemas de liberacdo controlada de farmacos sdo desenvolvidos no intuito de
promover uma concentracdo plasmatica ou tecidual do farmaco a uma velocidade
controlada, de modo a se atingir o efeito terapéutico a medida que busca eliminar os riscos
de inatividade farmacoldgica causada por dosagens inferiores (subterapéutica) ou ainda a
superdosagem, responsavel por causar efeitos tdxicos ao organismo (FIGURA 2)
(TORCHILIN, 2005; PIMENTEL et al., 2007; CAMPOS, 2012).

FIGURA 2. Farmacocinética comparativa dos sistemas convencionais e sistemas de liberacdo
controlada.
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Fonte: Adaptado de CAMPOS, 2012.
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Assim, embora tenhamos atualmente uma enorme gama de dispositivos e sistemas
de carreamento de farmacos, a habilidade de alcance do sitio de acdo especifica do
medicamento aliado a maximizacdo do efeito terapéutico e reducdo dos efeitos colaterais
ainda continua sendo um dos grandes desafios da indUstria farmacéutica e comunidade
cientifica atual (KINGSLEY et al., 2006).

2.3 NANOCARREADORES

2.3.1 Micelas

As micelas sdo estruturas formadas pela reunido de moléculas anfifilicas, cujas
estruturas moleculares caracterizam-se por apresentar, no minimo, duas regides distintas,
uma parte hidrofilica (polar) que tem afinidade com a &gua e uma outra hidrofobica
(apolar), com afinidade por lipidios (FIGURA 3). Sua funcionalidade se deve a
organizacdo de suas cadeias, que se agrupam de modo a gerar um nucleo hidrofobico,
capaz de aprisionar moléculas igualmente hidrofébicas em seu interior (DRUMMOND;
FONG, 1999; LETCHFORD; BURT, 2007; XU et al., 2013).

FIGURA 3. Estrutura micelar resultante do arranjo de moléculas anfifilicas.

MICELA -
5

W
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Fonte: Adaptado de BITOUNIS et al., 2012. Destaque na figura para a organizacdo das moléculas
anfifilicas, que se projetam de modo a exibir as caudas apolares (representadas em amarelo) unidas
por meio de interacbes hidrofébicas no centro, a medida que expdem as cabecas polares
(representadas em branco) voltadas para a superficie onde interagem com o solvente hidrofilico na

porgéo externa da micela.
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Micelas naturais ocorrem de modo abundante na natureza e desempenham
importantes papéis nos sistemas vivos, sendo as moléculas mais comuns a se organizarem
seguindo esse padrdo, os lipidios simples (constituidos apenas por ésteres de acidos
carboxilicos), lipidios complexos (fosfolipidios, esfingolipidios, etc.), acidos biliares e
derivados do colesterol (JOST et al., 1988).

Moléculas de surfactantes, como é o caso do detergente dodecil sulfato de sodio
(SDS, do inglés “sodium dodecyl sulfate”) podem se organizar formando uma variedade de
diferentes nanoestruturas, dependendo da composi¢cdo molecular e do sistema em que se
encontram inseridas, sendo a organizagdo micelar uma das mais comumente observadas
(LIMA, 1998).

A transicdo da disposicdo das cadeias da forma monomérica para o estado de
agrupamento é uma caracteristica de micelas idnicas tanto de surfactantes aniénicos como
catibnicos. Este fendmeno se deve principalmente a elevada organizacdo das moléculas de
agua que induzem a associacdo das caudas hidrofébicas, por sua vez, mantidas unidas por
forcas de Van der Walls a medida que tentam escapar da interacdo com as moléculas de
agua, na busca por conformac6es termodinamicamente estaveis (MARCONI, 1995; LIMA,
1998).

Quando, porém, dissolvidas em um ambiente apolar, a organizacdo molecular
ocorre no sentido de promover a minimizagdo energética a partir de arranjos invertidos, ou
seja, as caudas hidrofobicas se voltam para o ambiente externo, consequentemente
direcionando as cabecas polares para o interior e assim resultando nas chamadas “micelas
reversas” (SANTOS, 2008).

Os primeiros estudos envolvendo sistemas micelares se voltaram basicamente para
a industria de detergentes e desinfetantes, bem como de agentes de flotacdo de minérios,
estendendo-se posteriormente para a industria metalUrgica e petroquimica, elaboragdo de
aditivos alimentares, compostos farmacéuticos e cosméticos entre muitos outros
(FENDLER, 1982; HILL, 1993).

As micelas lipidicas de um modo geral adotam um formato esférico e possuem um
diametro médio de 1-100 nm, com um nucleo interno capaz de aprisionar farmacos
lipofilicos em seu interior (LETCHFORD; BURT, 2007). O formato e o tamanho destas
estruturas, porém, podem variar de acordo com a geometria molecular dos lipidios ou
componente anfipatico, bem como devido a fatores como concentracéo,

temperatura, pH do meio e forca ionica da solugdo, resultando em organizacgdes
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moleculares em forma de lamela, vesicula, ou tubo (cilindro) como demonstrado na
FIGURA 4 (SHEN et al., 1999; CHOUCAIR; EISENBERG, 2003; HSIAO et al., 2014).

FIGURA 4. Relacdo entre a geometria molecular do surfactante e suas respectivas estruturas de

agregacao.
Geometria . .,..“....‘.
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Fonte: Adaptado de RAMANATHAN et al., 2013.

E a partir do aumento da concentragdo, que as moléculas anfifilicas tendem a se
agregar de uma forma mais organizada dando origem a bicamadas, micelas ou vesiculas.
Por se auto-organizarem de modo a gerar estruturas de carater micelar, tal concentracao é
conhecida como concentracdo micelar critica (CMC) e reflete, portanto, a concentracdo
minima em que as moléculas anfifilicas se organizam para formar micelas, sendo tal
caracteristica extremamente peculiar e dependente da constituicdo e propriedade de cada
molécula (KATAOKA et al., 2001).

Quando em solucdo, os surfactantes idnicos atuam como eletrdlitos fortes, a
medida, porém que atingem a concentracdo micelar critica, 0s monémeros se rearranjam
espontaneamente de tal forma que adquirem uma conformacdo termodinamica estavel e
soltvel ao mesmo tempo em que se observa uma série de mudancas nas propriedades
fisicas da solucdo. Desse modo, a formagdo de micelas pode ser detectada através de
medidas da variacdo de propriedades fisicas em fungdo da concentra¢do do surfactante,

sendo as mais utilizadas: tensdo superficial, condutividade elétrica, espalhamento de luz,
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pH, pressdo osmatica e solubilidade (FENDLER, 1982; SHAW, 1992; MANIASSO,
2001).

Micelas ndo poliméricas como as formadas por lipidios ja sdo bem conhecidas e
caracterizadas, as micelas poliméricas, por outro lado, sdo organizacBes micelares
relativamente novas na area da pesquisa. Estruturalmente, seguem 0s mesmos parametros
de agregacdo das micelas ndo poliméricas, diferindo apenas na incorporacdo de
copolimeros em bloco de carater biodegradavel (LI; KWON, 2000; CHOUCAIR, 2003).
Os copolimeros em bloco, por sua vez, sdo unidades de repeticdo linear de residuos
hidrofébicos e hidrofilicos ligados covalentemente de modo a conferir um carater anfifilico
a molécula formada.

KeoL2o € um exemplo de um copolimero dibloco, onde um polipeptidio composto
por 60 residuos de lisina € ligado covalentemente a um polipeptidio composto por 20
residuos de leucina (HOLOWKA,; POCHAN, 2005). Desse modo, o bloco de residuos de
leucina forma o segmento hidrofébico do copolimero, enquanto os residuos de lisina de
carga positiva fornecem a molécula uma regido de carater mais hidrofilico.

Esta regido da coroa hidrofilica externa tende a interagir com a camada de agua ao
redor, resultando numa aparéncia mais aberta das cadeias poliméricas de modo similar as
cerdas de uma escova (FIGURA 5) (VONARBOURG et al., 2006). Tal organizagdo
confere as micelas uma aparéncia que Ihes permite escapar do ataque fagocitico e possivel
destruicdo por parte do sistema reticuloendotelial (SRE). A finalidade do uso de micelas
formadas por copolimeros em bloco surge, portanto, como uma forma de tentar minimizar
problemas relacionados a solubilidade de farmacos hidrofébicos, toxicidade e
farmacocinética inapropriada (MIEDERER, 2008).
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FIGURA 5. Modelo de uma micela polimérica.
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Fonte: Adaptado de RIOS-DORIA et al., 2012. O modelo descreve uma micela formada por um
tribloco polimérico exibindo o ndcleo hidrofébico (em amarelo), uma regido de estabilizacdo
micelar, formada por uma rede de polimeros intercruzados (em verde) e a regido da coroa
hidrofilica (em cinza).

Sem duvida, um dos avancos mais significativos se deu com o desenvolvimento
dessas estruturas acopladas a agentes anticancerigenos, seja a nivel da composicdo das
cadeias poliméricas constituintes da coroa ou mesmo por meio de moléculas sinalizadoras
de superficie. Tal adaptacdo resulta em uma alteracdo positiva na biodistribuicdo e a
farmacocinética de muitos compostos, o que significa um aumento do tempo de meia vida
circulatéria e da concentracdo do farmaco na regido tumoral (BAE et al., 2005; Ml et al.,
2011).

Embora diversos copolimeros possam ser utilizados na formacdo de micelas,
somente polimeros biodegradaveis e biocompativeis encontram-se elegiveis para a
producdo de sistemas de aplicacao terapéutica (ALLEN; CULLIS, 2004).

Existe atualmente uma grande variedade de polimeros utilizados para esse fim,
sendo alguns dos mais empregados o Poli(etilenoglicol) (PEG), Poli(L-aminoacidos),
poli(acido latico) (PLA), poli(acido glicolico) (PGA) e poli(e-caprolactona) (PCL)
(ADAMS; KWON, 2003; SINHA et al., 2004).

Sabe-se ainda, que micelas PEGuiladas apresentam o valor de CMC mais baixo que

os surfactantes tradicionais resultando em baixa toxicidade celular e aumentam o tempo de
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meia vida circulatéria. Além disso, a elevada hidratacdo da regido da coroa aliada a
presenca do ndcleo hidrofébico gera um gradiente de polaridade que auxilia na
solubilizacdo de uma variedade de compostos hidrofébicos por mera associacéo fisica, sem

que haja a necessidade de qualquer modificacdo na estrutura do composto farmacoldgico
(LASIC etal., 1991; MOSES et al., 2003).

2.3.2 Lipossomas

Lipossomas sdo vesiculas lipidicas esféricas formadas pela unido de moléculas
anfifilicas, em geral fosfolipidios, que se auto-organizam em agua de modo a originar uma
ou varias bicamadas lipidicas que se curvam sobre si (FIGURA 6), acomodando as
cabecas polares da camada lipidica interna de modo a gerar um compartimento aquoso no
interior da estrutura esférica (DEMICHELI et al., 2005; SAMAD et al., 2007; XU et al.,
2013). Os lipossomas sdo, possivelmente, o sistema de entrega de farmacos mais antigo e
largamente utilizado, tendo sido estudado desde os anos 60 (SESSA; WEISSMANN,
1968) com a primeira administracdo topica na década de 80 a partir do trabalho de Mezei e
Gulasekharam (1980).

FIGURA 6. Estrutura esquematica de um lipossoma formado por fosfolipidios.
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Fonte: Adaptado de BITOUNIS et al., 2012. De modo similar ao observado nas micelas, os
lipossomas se formam a partir da organizacdo das cabecgas apolares dos lipidios (em branco)

voltados para a superficie e em contato com o solvente hidrofilico, enquanto as caudas apolares



28

(em amarelo) se agrupam na porg¢éo interna, na tentativa de fugir da interacdo com o solvente,
formando uma bicamada que se curva sobre si mesma e culmina com a formacdo de uma esfera

com um nucleo hidrofilico em seu interior.

Lipossomas podem ser preparados com o emprego de uma grande variedade de
fosfolipidios diacilicos incluindo: 1,2-dimiristoil-sn-glicero-3-fosfocolina (DMPC), 1,2-
dipalmitoil-sn-glicero-3-fosfocolina (DPPC) e 1-palmitoil-2-oleoil-sn-glicero-3-
fosfocolina POPC (ANDERSON; OMRI, 2004; SABINA et al., 2010; MIJAJLOVIC et al.,
2013).

Dentre os varios aspectos considerados na classificacdo dos lipossomas, uma das
mais tradicionais ocorre em funcdo do tamanho e nimero de suas bicamadas constituintes.
As SUV “small unilamellar vesicles”, sdo vesiculas que possuem apenas uma bicamada,
com diametro variando de 25 a 100 nm; enquanto que as LUV, “Large unilamellar
vesicles” ¢ MLV, “multilamellar vesicles” possuem diametro maior que 100 nm, sendo as
LUV formadas por uma Unica bicamada lipidica enquanto que as MLV possuem multiplas
camadas (ANDREO-FILHO et al., 1999).

Em funcdo de suas cadeias anfifilicas, os lipossomas podem armazenar o farmaco
na camada lipidica ou em sua regido hidrofilica, dependendo da afinidade da substéancia
encapsulada (VEMURI; RHODES, 1995).

No interior da cavidade lipossomal ficam encapsulados os farmacos hidrossoluveis,
onde sdo mantidos isolados do meio externo, a0 mesmo tempo em que permanecem
protegidos de reacdes com compostos do fluido orgéanico, evitando degradacao ou perca da
atividade farmacoldgica. J& os farmacos de carater lipofilico sdo aprisionados junto as
cadeias apolares, agregando-se aos componentes estruturais da bicamada (ANDRADE et
al., 2004).

Lipossomas possuem varias aplicacGes bioldgicas, cosméticas e farmacéuticas,
sendo geralmente empregados em estudos relacionados a fisiologia celular, servindo como
modelos de membranas celulares e veiculos de entrega de farmacos (PABST et al., 2014).

Uma das grandes vantagens do uso de lipossomas como carreadores em sistemas
bioldgicos diz respeito a sua capacidade de fusdo com bicamadas lipidicas das membranas
celulares bem como sua habilidade de penetracéo tecidual por meio de endocitose mediada
por clatrinas (EWERT et al., 2005; HART, 2005; POLLOCK et al., 2010).
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As vesiculas do tipo lipossdmica tém sido amplamente estudadas e moduladas para
apresentar uma grande variacao de caracteristicas gerais, sendo as mais comuns, variacoes
de tamanho, composicao lipidica e carga superficial (SETHI, 2005).

Muitos desses estudos tém focado na modificagdo da superficie dos lipossomas
classicos como o objetivo de aumentar o tempo de meia-vida circulatéria e sua capacidade
de atingir alvos especificos. Tais modificacbes incluem a incorporacdo de polimeros
dextranos lineares (NING et al., 2011), gangliosidios contendo &cido sidlico (ALLEN;
CHONN, 1987), polimeros hidroéfilos como alcool polivinilico (PVA), (TAKEUCHI et al.,
2001) polietileno glicol (PEG) (TORCHILIN, 2005) e poli-N-vinylpyrrolidona (PVP)
(TORCHILIN et al., 2001), no intuito de estabilizar o sistema e proteger contra a
degradacéo por parte do sistema mononuclear fagocitario (SMF).

Alguns desses estudos envolvem ainda a terapia alvo direcionada, tendo como
exemplo a producdo de lipossomas conjugados a anticorpos monoclonais por meio de
moléculas de PEG e lipossomas a base de polimeros ligantes de proteases. Estes ultimos
podem ser enviados para o tecido alvo e ao entrar em contato com proteases associadas ao
cancer sofrem desestabilizacdo, permitindo a liberacdo do composto farmacoldgico no
local do tumor (ZHANG, 2003; BASEL, 2011).

A entrega do contetdo encapsulado pode seguir caminhos variados, dependendo do
mecanismo ativado a partir da interacdo do lipossoma com a estrutura celular (FIGURA
7). O contato pode se dar tanto por meio de interacéo especifica onde o lipossoma se liga a
célula através de ligantes de superficie, quanto pela simples fusdo dos lipossémicos a
membrana celular. Outras possibilidades sdo: I) a de que ambas as membranas sofram
desestabilizacdo devido a algum componente membranar, resultando na liberacdo do
contetido seguida da reestruturacdo da membrana ou Il) a de que o farmaco entre na célula
por micropinocitose, ou ainda por endocitose especifica ou inespecifica. Uma vez dentro
da célula, os lipossomas podem ser endocitados por lisossomas que ao liberar enzimas
digestivas atuam rompendo a membrana do lipossoma permitindo assim a liberacédo de seu
conteildo no ambiente citoplasmatico (TORCHILIN, 2005).
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FIGURA 7. Representacdo esquematica da interagdo lipossoma-célula.
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Fonte: Adaptado de TORCHILIN, 2005. Representacdo esquematica da interacéo lipossoma-
célula. Interagdo de superficie a) de forma especifica b) de forma inespecifica c) liberagdo do
contetdo encapsulado ap6s desestabilizacdo membranar d) liberagdo via micropinocitose e)
endocitose especifica f) material endossémico englobado no lisossoma g) desestabilizagdo do
endossomo seguida da liberacdo do farmaco no citoplasma.

Apesar da biocompatibilidade e ampla gama de aplicagdo dos liposomas, tem sido
demonstrado que o transporte farmacoldgico por meio dessas vesiculas pode levar a
alteracdes nas propriedades farmacocinéticas e possiveis vazamentos da membrana com
liberacdo do farmaco em areas indesejadas do organismo. Por estes e outros motivos,
novos estudos tém sido propostos no intuito de aprimorar o transporte por meio de
vesiculas lipidicas, bem como na elaboracdo de novos sistemas de carreamento capazes de

promover a entrega segura e eficiente do contetudo encapsulado (GABIZON et al., 2006).

2.3.3 Niossomas

Niossomas ou do inglés “non-ionic surfactant vesicles” (NSVs), sdo vesiculas
formadas por tensoativos ndo-iénicos de natureza natural ou sintética, capazes de originar
estruturas lamelares nanoscopicas similares a lipossomas podendo, no entanto, apresentar
ou ndo moléculas de lipidio em sua composicdio (UCHEGBU; VYAS, 1998;
PARDAKHTY et al., 2007).

As primeiras vesiculas formadas por niossomas foram desenvolvidas e patenteadas

pela L'Oreal em meados da década de 70 e seus produtos introduzidos no mercado em



31

1987 por meio da Lacome (VANLERBERGHE et al., 1978). Por se mostrarem mais
estaveis que as vesiculas formadas por fosfolipidios e apresentarem um baixo custo de
producdo aliado a facilidade de preparacdo e armazenamento, sdo candidatas bastante
atraentes tanto para a industria de cosméticos quanto farmacéutica, se mostrando como
uma atraente alternativa para uso na liberacdo controlada de farmacos (KEMPS et al.,
1988; UCHEGBU; VYAS, 1998; GIRIGOSWAM I et al., 2006).

As vesiculas formadas por niossomas sdo capazes de armazenar tanto moléculas
hidrofilicas quanto hidrofdbicas, podendo ser unilamelares ou multilamelares a depender
dos compostos e métodos utilizados para a sua preparagdo (NASSERI, 2005).

Os niossomas sao considerados vesiculas elasticas capazes de sofrer deformacéo,
fato que possibilita sua aplicacdo como carreador de farmacos para aplicacéo transdérmica,
devido a sua habilidade de atravessar a camada cornea da pele (MISHRA et al., 2007). Ja a
inclusdo de moléculas de colesterol na formulacdo, assim como é feita nos sistemas
lipidicos, é capaz de fornecer uma maior rigidez & membrana ao mesmo tempo em que
confere uma maior estabilidade ao sistema vesicular (NASSERI, 2005).

Os trabalhos publicados envolvem testes de diferentes tipos de tensoativos nao-
ibnicos estando entre eles os éteres alquilicos de polioxietileno (PARDAKHTY et al.,
2007), polissorbatos e ésteres de sorbitano (GIRIGOSWAMI et al., 2006).

De um modo geral, os niossomas possuem uma grande similaridade com os
lipossomas, até mesmo no quis diz respeito a sua preparacao, seguindo etapas de sonicacdo
e aumento de pressdo e temperatura, em uma metodologia bastante similar a aplicada na
sintese lipossdmica (KAZI et al., 2010).

Considerando, porém, que os surfactantes ndo-idnico sdo mais estaveis, e mais
resistentes a oxidacdo do que os compostos a de base fosfolipidios, a preparagdo de
niossomas € geralmente considerada mais barata e menos trabalhosa do que a dos seus
homologos lipossomais (MARIANECCI et al., 2013).

Os surfactantes ndo-idnicos secos podem ser usados na confeccdo de uma pelicula
fina para o revestimento de biomoléculas de carreadores sollveis em agua constituindo os
chamados “proniossomas”. Os proniossomas apresentam-Se COMo um pé seco, que pode
ser facilmente aplicado na confecgdo de comprimidos, capsulas ou drégeas para
admninistracdo unitaria conveniente, a0 mesmo tempo em que aumenta a eficiéncia de
aprisionamento do farmaco e reduz a agregacdo e vazamento dos compostos armazenados
(MARIANECCI et al., 2013; YASAM et al., 2014).
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2.3.4 Dendrimeros

O termo “dendrimero” ¢é derivado das palavras gregas dendron (arvore) e meros
(por¢do). De um modo geral, os dendrimeros (FIGURA 8) podem ser definidos como
estruturas polimeéricas altamente ramificadas que se organizam em torno de um nucleo
central, com forma, tamanho e comprimento das ramificacdes controladas e bem definidas
(VOGTLE et al., 2000; NAAHIDI et al., 2013).

A sintese do dendrimero é feita a partir de um nucleo polifuncionalizado, que
permite a adicdo de camadas crescentes de ramificacbes conhecidas como geracoes (G),
através de reacdes repetitivas que multiplicam a cada etapa o nimero de grupamentos
funcionais da superficie (MAJORQOS, 2008; SVENSON, 2009).

FIGURA 8. Modelo de um dendrimero de terceira geragéo.

G3
G2

G1

Fonte: Adaptado de ROSEN et al., 2009. O esquema exemplifica um dendrimero de terceira
geragdo com destaque para o nucleo em verde e as sucessivas geragdes (G1, G2 e G3) formadas a
partir dos pontos de ramificacéo.

Dependendo do nucleo, sua estrutura tende a se organizar de modo a formar uma
esfera com cavidades internas, dando origem a estruturas formadas por trés partes
constituintes: a) uma superficie multivalente, composta por um elevado nimero de sitios

reativos, b) um extenso conjunto de ramificacdes localizado entre a superficie multivalente
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e 0 nucleo e c) o nacleo central que serve como suporte para as ramificacdes poliméricas
(HAWKER et al., 1993).

As estratégias de sintese usualmente empregadas envolvem o0s métodos de
convergéncia ou divergéncia (FIGURA 9). No método divergente (9A), desenvolvido por
Tomalia (TOMALIA et al., 1986), os dendrimeros sdo sintetizados a partir do nucleo e
aumentam pelo acréscimo sucessivo de novas geracdes. O elevado numero de reaches
realizadas por moléculas individuais em cada ponto de ramificacdo, no entanto, resulta em
modificagdes moleculares que por sua vez acabam por gerar deformacéo na estrutura final
do dendrimero (BOAS; HEEGAARD, 2004). A fim de contornar tal problema foi
desenvolvida uma técnica que segue o caminho inverso, ou seja, 0 método convergente
(9B), sugerido por Hawker e Fretchét (HAWKER; FRETCHET, 1990) no qual o
dendrimero é sintetizado a partir das extremidades em direcdo ao ndcleo e

consequentemente com um menor namero de sitios reativos expostos.

FIGURA 9. Estratégias de sintese de dendrimeros.
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Fonte: Adaptado de BOAS; HEEGAARD, 2004. Os modelos descrevem em etapas, 0s métodos de
sintese dendrimérica, ilustrando em A) O método divergente, no qual o dendrimero cresce a partir
do centro em direcdo as extremidades e em B) O método convergente, onde o0 crescimento ocorre
das extremidades para o centro da estrutura.

As cargas positivas presentes nas ligacdes de poliaminas e/ou poliamidas usadas
para a construgdo dos dendrimeros indicam potencial para toxicidade celular e
imunogenicidade. No entanto, a propagagdo parcial da superficie do dendrimero com

moléculas de Polietileno Glicol (PEG) ou &cidos graxos exibe uma reducéo significativa na
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toxicidade, protegendo as cargas positivas superficiais (JEVPRASESPHANT et al., 2003;
NIGAVEKAR et al., 2004).

Foi somente a partir da década de 70 que se passou a ter a sintese laboratorial
controlada de dendrimeros a fim de tornar possivel a sua comercializacdo por empresas
especializadas (TOMALIA, 1995). O primeiro tipo a ser produzido foram os dendrimeros a
base de poliamidoamina, conhecidos como PAMAM e que passou a ser comercializado
pela empresa Dendritech a partir da década de 80 (TOMALIA et al., 1985).
Posteriormente novos polimeros passaram a ser testados, dando origem a marcas
igualmente conhecidas no mercado como é o caso dos dendrimeros a base de
poli(propilenoimina) ou  PPI, também chamados de Astramol ou DAB-Am-X,
comercializados pela SyMO, bem como os distribuidos pela POLYMER FACTORY,
feitos a base de poliéster (BAREFIELD et al., 1980; ABHAY et al., 2003).

Entre os exemplos de estudos mais recentes demonstrando a eficiéncia de
dendrimeros como sistemas carreadores, podemos citar os estudos que avaliam essas
estruturas como mecanismos de transporte de fluorouracil (TRIPATHI et al., 2002) e
indometacina (CHAUHAN et al., 2004).

2.3.5 Nanocapsulas poliméricas

De um modo cada vez mais frequente, nanocarreadores formadas a partir de
arranjos de polimeros biodegradaveis tém sido propostos como promissores modelos de
substituicdo de lipossomas e outros sistemas de entrega baseados em lipidios, como um
meio para alcancar células ou tecidos alvos (DISCHER; AHMED, 2006; GUDLUR, 2012).
Estas estruturas tém exibido maior estabilidade e especificidade quando comparadas
aquelas baseadas em moléculas lipidicas (MENG et al., 2009) mostrando-se como
atraentes candidatas para a liberacdo de farmacos.

De acordo com o método de preparacdo, 0s arranjos poliméricos podem dar origem
a nanocapsulas ou nanoesferas (FIGURA 10). As nanocépsulas constituem estruturas
circulares, variando entre 10 a 1000 nm de diametro (SCHAFFAZICK et al., 2003) que
atuam como reservatdrio membranar para substancias em seu interior, isolando o nucleo do
meio externo e criando, assim, um uma cavidade central preenchida com meio lipidico ou
aquoso, dependendo da solubilidade da substancia a ser encapsulada. J& as nanoesferas sao

bastante semelhantes, diferindo pela presenga de uma matriz polimérica que preenche
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totalmente a esfera e onde o farmaco encontra-se disperso (WATNASIRICHAIKUL et al.,
2000; PARVEEN et al., 2012).

FIGURA 10. Representacdo esquematica de nanocapsulas e nanoesferas poliméricas.
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Fonte: Adaptado de VASHIST et al., 2014. Destaque para a diferenca morfoldgica com as
nanoesferas formadas por uma matriz polimérica solida, diferentemente das nanocapsulas que
formam um reservatorio central de encapsulamento.

As nanocépsulas poliméricas, também chamadas de polimersomas se assemelham
em constituicdo as micelas poliméricas, uma vez que também sdo formadas por
copolimeros em bloco, porém, sem a presenca de componentes lipidicos agregados. Os
arranjos das cadeias do polimero, por sua vez se ddao de modo semelhante aos dos
lipossomas, com a formacé&o de um involucro membranar envolvendo a cavidade central de
encapsulamento (PARVEEN et al., 2012).

A maior parte dos polimersomas e peptideos anfifilicos apresentam um baixo valor
de concentragdo critica de agregacdo (CAC), do inglés “critical assembly concentration”,
uma medida similar ao da concentracdo critica micelar (CMC). A média de valores para
CAC desses compostos gira em torno de 10° — 107 M, o que corresponde a um valor cerca
de 1000 vezes menor que 0 CMC da maioria dos surfactantes (10°— 10 M) (MOGHIMI;
SZEBEN, 2003; WANG et al., 2009).

Por apresentarem maior peso molecular que as cadeias lipidicas, os blocos
poliméricos exibem cadeias mais espessas e de maior resisténcia, o que acaba por conferir
aos polimersomas, uma maior estabilidade e variabilidade do que as das convencionais
estruturas lipossémicas (MENG et al., 2009). Estudos demonstram ainda, que as

membranas polimersdmicas possuem uma resisténcia dilatacional membranar numa faixa
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de 40-50 % enquanto que para as membranas lipidicas esse é valor corresponde a no
méaximo 5% (NEEDHAM et al., 2000).

Em um artigo de revisdo publicado em 2008 por Levine e colaboradores, hd um
sumario geral do uso de vesiculas poliméricas relacionadas ao diagndstico e terapia do
cancer.

Cada vez mais comum, esse tipo de nanocarreador tem sido empregado no
transporte in vitro e in vivo de diversas drogas anticancerigenas como é o caso de
Doxorubicina e Paclitaxil, proteinas como mioglobina, hemoglobina e albumina, moléculas
fluorescentes, plasmideos e siRNA (SHARMA et al., 1995; BEREZOV et al., 2001).

Ao serem injetadas, as nanovesiculas sdo distribuidas pelo organismo de modo a
permitir o monitoramento do contetido encapsulado por meio de métodos dpticos nao
invasiveis, eliminando assim a necessidade de sacrificar o animal (TANISAKA et al.,
2008).

As nanocapsulas ou vesiculas poliméricas podem ser obtidas a partir da
estruturacdo de uma variedade de moléculas, dentre as quais, aquelas formadas a partir de
copolimeros anfifilicos sdo até o momento as mais estudadas e em geral, apresentam
diferentes segmentos hidrofébicos e hidrofilicos, podendo ser obtidas tanto a partir de
compostos naturais quanto sintéticos. Nos casos em que o polimero em questdo € um
polipeptideo, as estruturas vesiculares formadas sdo denominadas “vesiculas peptidicas ou
peptossomos” (DISHER; EISENBERG, 2002).

2.3.5.1 Nanocapsulas Peptidicas

Embora j& exista um numero consideravel de estudos envolvendo a preparagdo e
caracterizacdo de nanomateriais baseados em polipeptideos, a quantidade de trabalhos
abordando o uso de peptideos formadores de vesiculas € ainda relativamente pequena
quando comparada com os diversos artigos publicados sobre o0 uso de outros arranjos
poliméricos. Devido a isso, 0 campo de pesquisa envolvendo nanocéapsulas peptidicas pode
ser visto como em seu estagio inicial de desenvolvimento, mas ainda assim, detentor de um
acelerado ritmo de crescimento (VANDERMEULEN et al., 2004; BARROS et al., 2015).

A caracteristica estrutural comum a maioria dos materiais formados por

polipeptidio sintético € a sequéncia de copolimeros em bloco de carater anfifilico,
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organizados de modo em que um ou mais dos dominios poliméricos seja peptidico
(SCHLAAD; ANTONETTI, 2003).

VAUTHEY et al. (2002) foram os primeiros a demonstrar que residuos peptidicos
anfifilicos formados por 7 e 8 monémeros (AsD, VeD, VeD,, LsD,) formavam agregados
capazes de originar nanotubos e nanovesiculas peptidicas. Devido a sua caracteristica
estrutural e comportamento em solucdo, tais peptideos foram a principio chamados de
"Surfactant-Like Peptides”. Logo em seguida, um grupo formado por Santoso e
colaboradores (2002), utilizou a ideia dos "Surfactant-Like Peptides” para testar a
eficiéncia de sequéncias formadas por residuos de 4 a 10 mondmeros de glicina ligados a
moléculas de acido aspartico na formacdo de nanotubos e nanovesiculas em agua e pH
neutro, sugerindo a aplicacdo dessas estruturas na confec¢do de “scaffolds” para diferentes
aplicacdes, bem como para o encapsulamento enzimatico.

Os peptideos anfifilicos capazes de dar origem a nanovesiculas podem constituir
desde uma simples sequéncia polipeptidica até uma molécula mais complexa, desde que
apresente uma estrutura caracterizada pela presenca de uma cadeia hidrocarbbnica
hidrofobica ligada a uma porcéo hidrofilica de propriedades semelhantes as moléculas
comumente empregadas na formacdo de micelas e vesiculas anfifilicas (TSONCHEV et
al., 2004).

As forcas de associacdo e estabilizacdo que dirigem a formacdo de vesiculas
lipidicas também se aplicam a outras vesiculas poliméricas, incluindo as formadas por
peptideos anfifilicos. Além das ja citadas, sdo exemplos de algumas dessas sequéncias
formadoras de vesiculas (VmKn, GmDn, VeD, KAs AsK, 13K, AsKz, AV,L3WE; e
GAVILRR) (SANTOSO et al., 2002; ZHAO et al., 2010; JEONG et al., 2014).

O comprimento da cadeia hidrofébica desses peptideos desempenha um papel
crucial na definicdo do arranjo final e definicdo da espessura da camada de revestimento.
Tipicamente, o tamanho dessas cadeias corresponde a cerca de 3-9 residuos hidrofébicos.
Tendo em vista que longas cadeias diminuem a solubilidade e que por outro lado, cadeias
muito curtas embora mais solGveis apresentem o inconveniente de ter o potencial de
agregacao reduzido, faz-se de extrema importancia o alcance de um equilibrio adequado
reduzindo ou aumentando a cadeia peptidica de acordo com as propriedades e objetivos
almejados para cada sequéncia utilizada (ZHAO et al., 2010).

O comprimento das cadeias influencia ainda no diametro das estruturas formadas e

como consequéncia da solubilidade, o que pode levar a diferentes graus de interacdo
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resultando em valores diferenciados de concentracgdo critica de agregacdo ou CAC. De um
modo geral, os estudos abordam sequéncias com tamanhos que védo de 2 a 9 monémeros
peptidicos resultando em tamanhos entre de 60-250 nm de didmetro e valores de CAC de
12 a 50 uM (VAN HELL etal., 2007; VAN HELL et al., 2010; JIAO et al., 2012).

2.3.5.1.1 Capsulas peptidicas anfifilicas ramificadas (BAPCs)

As capsulas peptidicas anfifilicas ramificadas ou do inglés, “Branched Amphiphilic
Peptide Capsules” (BAPCs) representam uma nova classe de nanocarreadores formados
por vesiculas similares a lipossomas, mas constituidos inteiramente por peptideos, capazes
de armazenar solugdes aquosas em seu interior.

Descritas pela primeira vez por Gudlur et al. (2012), sdo estruturas de auto-
montagem onde uma cavidade hidrofilica (aquosa) encontra-se rodeada por uma bicamada
peptidica anfifilica ramificada. Trata-se de nanocarreadores essencialmente estaveis,
biocompativeis e biodegradaveis, com estrutura e propriedades semelhantes aos lipossomas
e polimersomas.

O sistema descrito por Gudlur e colaboradores refere-se a estruturas vesiculares
formadas a partir da organizacdo em meio aquoso, de duas sequéncias peptidicas formadas
por 15 e 23 aminoacidos — (FLIVI),-K-K4 e (FLIVIGSII),-K-K4 — comumente referidos
como (hs)2-K-Kj e (hg)2-K-k4 0u simplesmente hs e hg (FIGURA 11).

FIGURA 11. Sequéncia de peptideos ramificados constituintes das BAPCs.

+ 4+ o+ o+

- FLIVIKKKKK-con (hs),-K-K,
. FLIV[J MW: 1912.29

= + & B

- FLIVIGSIIKKKKK-con (ho),-K-K,
«FLIVIGSIF M 265273

Fonte: GUDLUR et al., 2012.
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Um estudo realizado por Gebhardt et al. (2008) descreve os detalhes de transicéo
estrutural a-helix para folhas B observados em arranjos peptidicos formados por residuos
de poli(L-lisina) associados a moléculas de polibutadieno. No caso das micelas e vesiculas
formadas por essa sequéncia, a transicdo acontece em pH acima do pKa das cadeias
laterais da lisina (ph=10) diminuindo a curvatura interfacial e resultando em uma interface
mais plana e em um dicreto aumento no raio hidrodindmico das vesiculas, porém, sem
afetar a agregacdo molecular. Desse modo, as particulas permaneceram intactas apds a
mudanga como demonstrado por experimentos de espalhamento dindmico de luz (DLS, do
inglés “Dynamic Light Scattering”) e espalhamento de luz estatico (SLS, do inglés “Static
Light Scattering”) (FETTERLY; STRAUBINGER, 2003; PERCEC et al., 2010).

No caso das BAPCs, sabe-se que os residuos de lisina carregados positivamente
encontram-se nas duas fases aquosas, com 0s grupos polares expostos em ambos os lados
da membrana em contacto com agua, enquanto que as cadeias laterais aromaticas de
residuos de fenilalanina e outros aminoacidos anfipaticos encontram-se voltados para o
interior da bicamada, mantendo-se unidos por meio de interacdes hidrofébicas (FIGURA
12).

Além disso, experimentos de Dicroismo circular (DC) e espectroscopia no
infravermelho por transformada de Fourier (FT-IR) indicaram a presenca de folhas
paralelas sugerindo a presenca redes de pontes de hidrogénio que ajudam manter a
estrutura organizada estdvel mesmo em concentragdes muito baixas (sub-micromolar),
conforme avaliado por estudos de diluicdo definidas por calorimetria de titulagédo
isotérmica (ITC, do inglés “Isothermal titration calorimetry”), condi¢cbes essas em que
praticamente todos os agrupamentos de fosfolipidios de um sistema lipidico seriam
totalmente dissociados (GUDLUR et al., 2012).

Com base em simulacGes computacionais, estes peptideos se comportam de forma
analoga a fosfolipidios em solucdo aquosa, de modo que as regides hidrofobicas destas
moléculas sendo pouco sollveis em agua buscam se proteger-se da interacdo com a agua
por formacdo de bicamadas com um valor aproximado de 4 nm de espessura (GUDLUR et
al., 2012).
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FIGURA 12. Modelo da formacdo das BAPCs obtido por meio de modelagem computacional do
tipo Dindmica Molecular (MD).

Fonte: GUDLUR et al., 2012. Os atomos expostos no modelo bastdo e bola mostram os residuos
de lisina (verde) interagindo com a agua, engquanto que as cadeias laterais aromaticas dos residuos
de fenilalanina (azul escuro) e os demais residuos apolares (azul claro) se voltam para a face
interna da bicamada. Os intervalos de agregacdo exemplificam o estado de organizagdo a 0 ns, 2 ns,
4 ns, 10 ns e 40 ns onde a bicamada se dobra para formar a nanocapsula, mostrada a direita.

2.3.5.1.1.1 Origem da sequéncia peptidica das BAPCs

A sequéncia utilizada na formacgdo das BAPCs ocorre na natureza como uma
porcdo de um dos segmentos transmembrana do canal de célcio tipo L sensivel a
dihidropiridina CAIVS3 (DPWNVFDELIVIGSIIDVILSE) (GROVE et al., 1993;
IWAMOTO et al., 1994). Os estudos iniciais envolvendo tal sequéncia se voltavam, no
entanto, para a avaliacdo de propriedades adesivas desse peptideo e suas variantes (SHEN
et al., 2006; VELICHKO et al., 2008).

Observou-se a principio, que a liofilizacdo da  sequéncia
DPWNVFDELIVIGSIIDVILSE quando produzida por sintese em fase sélida resultava
em aglomerados insollveis resistentes ao rompimento por agitacdo mecéanica. Tal
propriedade sugeria a presenca de intensas forcas de coesdo que estariam dirigindo a
associacao. Nesse ponto, sugeriu-se que uma transi¢do das cadeias da conformacdo a para
B poderia ser controlada de modo previsivel por meio da adicdo de um aminodcido
carregado positivamente as duas extremidades da sequéncia marcada (hg) e controle do pH
(GROVE et al., 1993; Mo et al., 2008).

Os experimentos envolviam medidas da forga de cisalhamento necessaria para
separar duas tiras de madeira de cerejeira coladas pelo tratamento com solugéo do peptideo

em agua a 4% m /v. Ao longo do experimento, foi observado que ao se manter o nucleo
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hidrofébico com as sequéncias FLIVI (hs) e FLIVIGSII (hy) adicionando as suas
extremidades residuos de lisina, as imagens geradas por microscopia eletrénica de
transmissdo (MET) exibiam a formacdo de estruturas organizadas formando uma rede de
nanofibras (FIGURA 13) (Mo et al., 2008).

FIGURA 13. Nanofibras peptidicas formadas por cadeias de hy em solugéo.

Fonte: GUDLUR et al., 2012. Imagens geradas por microscopia eletrdnica de transmissdo (MET).

Ao se perceber que as estruturas originadas se assemelhavam aquelas formadas por
moléculas de surfactantes micelares, surgiu a ideia da sintese de uma sequéncia ramificada
que se assemelhasse em estrutura e polaridade aos fosfolipidios constituintes dos
lipossomas, originando assim os peptideos ramificados anfipaticos responsaveis pela

formacéo das nanocapulas peptidicas em meio aquoso (BAPCs) (GUDLUR et al., 2012).

2.3.5.1.1.2 Estudos iniciais caracteriza¢do das BAPCs

A fim de formar vesiculas delimitadas por uma bicamada peptidica, a sequéncia
utilizada incluia 5 residuos de lisina ligados entre si, com o quinto residuo gerando um
ponto de ramificacdo na porcdo N-terminal, a partir da adicdo de dois segmentos
hidrofobicos simultaneos (hs e hg) por meio da técnica de Fmoc (FIGURA 14), cujo
principio geral consiste em ciclos repetitivos de acoplamento de aminodcidos ligados a
uma resina ou suporte sélido polimérico. Para isso, a resina é inicialmente ativada, a fim de
promover a exposicdo dos ligantes amino terminal livres e a retirada do grupo protetor
Fmoc, facilmente removidos pela presenga de uma base como a peperidina (etapa 1a).
Vaérias técnicas de ativacdo sdo encontradas na literatura (CHAN; WHITE, 2000). Nesse

ponto, procede-se entdo a ativacdo do primeiro aminoacido (etapa 1b) e entdo seu
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acoplamento a resina por meio de sua extremidade C-terminal (etapa 2), enquanto seu
grupamento amino permanece protegido pelo grupo Fmoc e suas cadeias laterais por
grupos t-butila, garantindo sua integridade durante toda a sintese da cadeia peptidica. Apds
a ligacdo do primeiro aminoécido, o grupo amino deste é entdo desprotegido (etapa 3a) e
um segundo Fmoc aminodcido ativado (etapa 3b) e acoplado (etapa 4), gerando assim um
novo grupo amino N-Terminal, que ficara disponivel para uma nova ligacdo. As etapas de
acoplamento e desprotecdo do grupamento N-Terrminal sdo repetidas alternadamente
(etapa 5), até que o peptideo seja obtido, obedecendo a sequéncia desejada. Na etapa final,
0 peptideo é liberado de seu suporte sélido e os grupos protetores das cadeias laterais
também sdo removidos. Enquanto o grupo Fmoc é removido facilmente em meio basico,
0s demais grupos protetores (Etapas 6a e 6b) sdo removidos em meio acido, geralmente
por meio do TFA (MERRIFIELD, 1963; FIELDS; NOBLE, 1990; CHAN; WHITE, 2000;
AMBLARD et al., 2006).



FIGURA 14. Esquema de sintese peptidica segundo a estratégia F-moc
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Nos estudos iniciais, se decidiu utilizar uma mistura dos dois peptideos de
tamanhos diferentes (hs e hg) de modo que a sequéncia mais curta poderia compensar
qualquer tensdo de curvatura durante a formacdo da nanocépsula, resultando em
nanocapsulas com dimensdes na faixa de 50-150 nm de diametro (FIGURA 15)
(GUDLUR et al., 2012).

FIGURA 15. Nanocépsulas peptidicas formadas em meio aquoso.

Fonte: GUDLUR et al., 2012. BAPCs (1.5 mM) formadas apds um periodo incubacdo de 2h.
Imagens geradas por meio de microscopia eletrdnica de transmissdo (MET). Barra de escala de
200 nm.

A fim de se obter uma maior compreensdo do sistema, SUKTHANKAR et al.
(2013) acompanhou as etapas do processo de formagdo das BAPCs (FIGURA 16),
demonstrando que apos a hidratacdo dos peptideos, as cadeias comegam se organizar de
modo a formar uma rede de nanofibrilas, que gradualmente se agrupam dando origem a

nanocapsulas com tamanho medio de 20 nm. O mais interessante foi que se observou que
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por volta de 60 minutos apds a hidratacdo, as nanocépsulas formadas a 25 °C comegcam a

se fundir, chegando a formar capsulas de dimensGes micrométricas.

FIGURA 16. Etapas de formacao das BAPCs.

Fonte: SUKTHANKAR et al., 2013. Imagens geradas por meio de microscopia eletrdnica de
varredura e transmissdo (MEVT). As imagens destacam o inicio da agregacdo peptidica de uma
solugdo a (0.1 mM) no tempo 0O, a formacdo de uma rede de nanofibrilas ap6s o intervalo de 5
minutos, o inicio de formagéo das nanocapsulas por volta de 30 minutos, as BAPCs formadas apds
60 minutos e o processo de fusdo que culmina com BAPCs de dimenses variadas na faixa dos 120
minutos. As barras de escala sdo de 200 nm, 500 nm, 200 nm, 100 nm, 200 nm and 500 nm,
para os correspondentes intervalos de tempo de 0, 5, 10, 30, 60, and 120 min.

Quando, porém, preparadas a 4 °C ou quando apds a fusdo sdo redimensionadas por
meio de extrusdo e entdo submetidas a submetidas 4 °C por pelo menos 1h, as BAPCs
interrompem o processo de fusdo e ndo apresentam mais tal propriedade, ainda que sejam
levadas novamente a temperatura de 25 °C (FIGURA 17 B).

Além disso, ao promover a mistura de duas populacdes de BAPCs, com o primeiro
grupo contendo o corante Eosina Y e o segundo contendo apenas agua, as BAPCs se

fundem levando a uma diluicdo do corante que pode ser registrado como um aumentando
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da intensidade da fluorescéncia (FIGURA 17 A), devido ao quenching carcteristico de
Eosina Y (SUKTHANKAR et al., 2013).

FIGURA 17. Processo de fusdo das BAPCs registrado por meio de espectroscopia de

fluorescéncia.
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Fonte: SUKTHANKAR et al., 2013. A) Registros de intensidade de fluorescéncia da mistura de
BAPCs contendo agua e BAPCs encapsulando o corante Eosina Y (2,2 Mm) a 25 °C, com scans
realizados a cada 5 minutos durante um intervalo de tempo de 235 minutos. Em B) o registro da
fluorescéncia de uma amostra da mesma mistura de BAPCs mantida a 4 °C por 6.5 h, mostra o pico
de intensidade na faixa registrada para a amostra inicial, antes do processo de fusdo, evidenciando
gue quando mantidas a essa temperatura o processo de fusdo das BAPCs pode ser interrompido.

Como demontrado por Sukthankar e colaboradores (2013), as BAPCs formadas
possuem um diametro médio de 20-30 nm com um volume interno de 4.000 nm?®, fato que
as torna possiveis candidatas para o encapsulamento de um grande nimero de diferentes
moléculas, incluindo proteinas. Em 2015, Sukthankar e colaboradores demonstraram tal
habilidade ao utilizar as BAPCs no encapsulamento de RNase A e citococromo c. Os
resultados ndo apenas demonstraram um encapsulamento bem sucedido quanto uma
eficiente distribuigcdo para o interior de células HeLa (FIGURA 18). Além disso, embora o
citocromo ¢ e RNase A sejam conhecidos por sua acdo apoptotica (KIM et al., 1995;
ZHIVOTOVSKY et al., 1998), nos experimentos com as BAPCs como carreador, nenhum
sinal de apoptose foi registrado.
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FIGURA 18. Internalizacdo celular de BAPCs encapsulando TRNase e Tcytc.

Tcyt + BAPCs Tcyt+ Pep-1 TRNase + BAPCs TRNase + Pep-1

Fonte: SUKTHANKAR et al., 2014. Imagens geradas por microscopia de fluorescéncia de células
HelLa apds 3 h de incubacdo, com BAPCs encapsulando RNase e citococromo marcados com a
sonda fluorescente TAMRA (TRNase A, 13.7 kDa e Tcytc, 12 kDa): A) Tcytc B) Teytc e Pep-1
C) TRNAse e D) TRNase e Pep-1.

O estudo mostrou ainda, a habilidade das BAPCs em se manter intactas no interior
das células HelLa por um longo periodo de tempo. Imagens geradas com o auxilio de
microscopia confocal mostraram que mesmo apds 14 dias, as BAPCs marcadas com
rodamina B eram transferidas para novas células durante a divisdo mitdtica sem que

houvesse degradacao das estruturas de encapsulamento (FIGURA 19).
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FIGURA 19. Internalizacdo das BAPCs por células HeLa.

Fonte: SUKTHANKAR et al., 2014. Imagens geradas por microscopia confocal, obtidas duas
semanas apos a internalizacdo celular das BAPCs.

A estabilidade térmica das BAPCs foi também avaliada por Gudlur et al. (2012),
utilizando calorimetria diferencial de varredura (DSC, do inglés “Differential Scanning
Calorimetry”) numa escala de temperatura entre 20-95 °C. Este experimento foi
confirmado em uma varredura por meio de espectroscopia de fluorescéncia na mesma faixa
de temperatura com BAPCs contendo o corante eosina Y a 2.1 mM, sem que houvesse
nenhum aumento de intensidade de fluorescéncia, indicando que as BAPCs ndo se rompem
liberando seu conteddo armazenado.

A inexisténcia de uma temperatura de transi¢do indica a manutencdo da estrutura
membranar e integridade funcional. Essa informacdo é importante porque vesiculas
formadas por fosfolipidios exibem uma temperatura de transicdo entre 35-45 °C
(BILTONEN; LICHTENBERG, 1993). A essa temperatura, as vesiculas lipidicas tendem a
se tornar permeavel e tal propriedade pode ser vista como uma desvantagem devido a
impossibilidade de retengdo do conteddo internalizado quando exposto a elevadas
temperaturas.

A medicina nuclear molecular desempenha um papel importante no diagnéstico e
tratamento de cancer. Dependendo das propriedades do radioisétopo eles podem ser
utilizados tanto propdsitos de diagnostico quanto de terapia. Nessa perspectiva, particulas
alfa alvo direcionadas tém uma vantagem significativa na radioterapia sitio especifica por
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conta da sua elevada energia, especificidade, bem como habilidade de matar células ndo
proliferativas e ndo precisar de oxigenacdo (ELGQVIST et al., 2014).

Em muitos casos, a radioimunoterapia alvo direcionada se beneficia da
especificidade de anticorpos conjugados a radionuclideos para entregar radiagdo biocida
para células cancerosas (COUTURIER et al., 2005).

Radionuclideos emissores de particulas alfa como Ac ?* (Actinio-225) e Bi %
(Bismuto-213) sdo comumente utilizados para esse proposito. Esse método, no entanto,
possui alguns inconvenientes como o de que a alta energia proveniente das particulas alfa
podem colidir e destruir as ligacbes covalentes entre a molécula ligante e o anticorpo.
Além disso, a liberacdo de radionuclideos livres pode levar ao acimulo em é&reas
indesejadas do organismo resultando em potenciais danos biol6dgicos (SOFOU et al.,
2007).

Célculos tedricos feitos por Sofou et al. (2007) sugerem uma retengdo desprezivel
(<0.001%) para is6topos de Ac®*® em lipossomas de 100 nm de diametro e 50% de
retencdo para lipossomas com tamanho maior que 650 nm.

Até mesmo liposomas gigantes (1 um de diametro) possuem valores de retengdo <
65% e de fato as medidas de retencdo por parte de lipossomas de 650 nm tem se mostrado
substancialmente mais baixa (11%) do que o valor predito (KEMPE & BARANY, 1996).

Enquanto isso, o encapsulamento de Ac*®

225

por meio das BAPCs demonstrou uma
absorcdo nédo letal de Ac
95% ao longo de 7 dias (FIGURA 20).

por parte das células em cultura, com retencéo estavel de >
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FIGURA 20. Retencéo de Ac*® encapsulado.
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Fonte: SUKTHANKAR et al., 2014. A) Retencdo de Ac* encapsulado nas BAPCs durante 7 dias
B) Internalizacio das BAPCs encapsulando Ac**®em células CasK1 em cultura ao longo de 24 h.

Quando avaliados nos experimentos in vivo, os niveis de Ac*® livre e encapsulado

nas BAPCs foram monitorados a nivel dos 0ssos, figado e rins durante um periodo de 24h.

225

Apbs 1h como ambos, Ac*® livre e Ac*® encapsulado nas BAPCs, encontram-se

ainda saindo da cavidade peritoneal ndo havia nenhuma diferenca significativa na

integracdo desses componentes nos 6rgdo avaliados, exceto no osso onde Ac®® livre tende

213

a se acumular. O nico 6rgdo onde havia mais Bi** presente comparado com Ac®*® foram

os rins, responsavel pela elimina¢do de componentes resultantes do metabolismo.

Apbs o perfodo de 24h, os resultados demonstraram um maior acimulo de Ac?®

livre no figado e nos 0ssos quando comparado ao Ac??®

225

encapsulado pelas BAPCs.

quanto o seu produto Bi**® estavam presente juntos

Uma vez que tanto o Ac
indicando retencdo do Bi**® formado no interior das BAPCs, os resultados preliminares
apontam para a habilidade das BAPCs de incorporar e reter estes elementos, indicando a
possibilidade de desenvolvimento de BAPCs alvo direcionadas capazes de encapsular
isétopos radioativos para o tratamento de cancer, com um aumento da eficacia terapéutica

e consequente reducédo da dose letal tumoral.
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2.3.5.1.1.3 Utilizacdo das BAPCs no transporte de material genético

A habilidade de transferéncia de material genético para o interior celular com o
objetivo de ativacdo, silenciamento ou introdugdo de genes especificos em alvos celulares
apropriados para fins terapéuticos, constitui a esséncia da terapia génica atual
(ELSABAHY etal., 2011).

A terapia génica tem sido proposta como uma eficiente alternativa de substituicdo
de farmacos para o tratamento de diversas doencas (AZEVEDO, 2009).

Diferentes estratégias tém sido propostas como possiveis alternativas para a
administracdo ou entrega celular do material genético com veiculos que véo desde os
conhecidos vetores virais até uma gama de novos materiais nanoestruturados tais como
lipossomos, lipoplexos (DNA complexado a vesiculas lipidicas), poliplexos (DNA
complexado a polimeros biodegradaveis), microesferas, nanocapsulas e outros, tém a
capacidade de associar-se com 4&cidos nucleicos, possibilitando a liberacdo mais
prolongada do que o uso de DNA livre e a redugdo da toxicidade em relagdo ao uso de
vetores virais. A adi¢do de outras moléculas, como polietilenoglicol ou anticorpos, pode
ainda auxiliar no direcionamento e controle da liberacdo do material genético (WU; WU,
1988; DAVIDSEN et al., 2003; PARDRIDGE, 2003; VAN ZANTEN et al., 2004;
WASUNGU; HOEKSTRA, 2006; ZHOU et al., 2013).

Recentemente, Avila e colaboradores (2016) utilizaram as sequéncias peptidicas de
(Ac-FLIVI),-K-K4-CO-NH; e (Ac-FLIVIGSII),-K-K4-CO-NH, na confeccdo de BAPCs
contendo pDNA (DNA plasmidial) aderidos a superficie catibnica das nanocapsulas a fim
de testar a sua viabilidade na transfeccdo da célula HelLa. Tal estudo demonstrou a
capacidade das BAPCs de atuar no transporte de plasmideos de diferentes tamanhos para o
interior das células em cultura, com uma elevada eficiéncia de transfeccdo e minima
citotoxicidade. Além disso, testes in vivo evidenciaram o potencial do sistema no
desenvolvimento de vacinas de DNA capazes de ativar respostas imunes responsaveis pelo
controle de tumores induzidos pelo papilomavirus humano 16 (HPV-16), indicando mais
uma das potencialidades de adaptagdo e uso das nanocapsulas peptidicas anfifilicas

ramificadas.
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3 OBJETIVOS

3.1 GERAL
Avaliar a viabilidade de nanocépsulas formadas por diferentes propor¢des dos

peptideos hs e hg para sua aplicacdo como sistema de nanocarreamento.

3.2 OBJETIVOS ESPECIFICOS:

¢+ Utilizar a técnica de F-moc para a sintese em fase sélida dos peptideos (hs)-K-K, e
(ho)-K-Ka;

«+ Utilizar os peptideos (hs)-K-K4 e (hg)-K-K4 nas proporcdes de 1:0, 0.2:0.8, 0.8:0.2 e
0:1 no intuito de avaliar a viabilidade de formacdo de nanocpapsulas comparando
os resultados aos das BAPCs formadas 0.5:0.5 de ambos os peptideos previamente
caracterizadas;

¢+ Avaliar a resisténcia térmica das BAPCs na faixa de 4 °C - 95 °C por meio da
analise de ruptura das BAPCs seguida do quenching do corante Eosina Y registrado
pela técnica de espectroscopia de fluorescéncia;

« Analisar a intensidade de fuorescéncia do corante encapsulado nas BAPCs
formadas a 4 °C, 25 °C e 37 °C no intuito de valiar a melhor temperatura de
encapsulamento;

« Avaliar a eficiéncia de encapsulamento das BAPCs formadas por diferentes
proporcdes peptidicas através do quenching de Eosina Y utilizando espectroscopia
de fluorescéncia;

¢+ Promover a caracterizacdo das BAPCs formadas por meio de Dicroismo circular, a
fim de identificar os diferentes tipos de estruturas secundarias presentes;

¢ Utilizar espalhamento de luz dindmico a fim de avaliar o tamanho da nanocépsulas
formadas nas diferentes propor¢oes de (hs)-K-K, e (hg)-K-Kj.

+« Auvaliar o potencial oxido-redutor das membranas constituintes das BAPCs por
meio de técnica de voltametria ciclica;

+« Avaliar e eficiéncia de transfeccdo e efeitos de citotoxicidade durante a entrega de

pPDNA-BAPCs para células da linhagem HEK-293 em cultura.
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Various strategies are being developed to improve delivery and increase the biological half-lives of
pharmacological agents. To address these issues, drug delivery technologies rely on different nano-sized
molecules including: lipid vesicles, viral capsids and nano-particles. Peptides are a constituent of many of
these nanomaterials and overcome some limitations associated with lipid-based or viral delivery sys-
tems, such as tune-ability, stability, specificity, inflammation, and antigenicity. This review focuses on the
evolution of bio-based drug delivery nanomaterials that self-assemble forming vesicles/capsules. While
lipid vesicles are preeminent among the structures; peptide-based constructs are emerging, in particular
peptide bilayer delimited capsules.

The novel biomaterial—Branched Amphiphilic Peptide Capsules (BAPCs) display many desirable
properties. These nano-spheres are comprised of two branched peptides—bis(FLIVI)-K-KKKK and
bis(FLIVIGSII)-K-KKKK, designed to mimic diacyl-phosphoglycerides in molecular architecture. They
undergo supramolecular self-assembly and form solvent-filled, bilayer delineated capsules with sizes
ranging from 20 nm to 2 um depending on annealing temperatures and time. They are able to encap-
sulate different fluorescent dyes, therapeutic drugs, radionuclides and even small proteins. While sharing
many properties with lipid vesicles, the BAPCs are much more robust. They have been analyzed for
stability, size, cellular uptake and localization, intra-cellular retention and, bio-distribution both in
culture and in vivo.
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1. Introduction

A goal of pharmaceutical research is to deliver drugs at appro-
priate dosages to target cells or tissues in a safe and reproducible
manner | 1]. While tremendous progress has been made in defining
fundamental biological processes and discovering compounds that
interact with these molecules, translation of these findings into
advanced therapies has lagged behind. Limitations in delivering
therapeutic moieties to selective tissues with minimal off-target
damage are often cited for this lapse [1,2]. Novel molecular phar-
macological agents with proven biological activities but limited
aqueous solubilities or short circulating half-lives in vivo will face
substantive barriers. These delivery impediments limit or reduce
therapeutic activity and disfavor potential pharmaceutically inter-
esting compounds from entering clinical drug trials [1]. Conven-
tional modes of drug administration such as pills, eye drops,
intravenous solutions, ointments, inhalers etc., fall short in meeting
these expectations. The oral route for example is one of the most
commonly employed and preferred modes for drug administration
due to its minimally invasive nature. However the adequate de-
livery of peptide and protein drug candidates fuelled by the recent
advances in recombinant biotechnology [2], are ineffective via this
route [3,4]. Overcoming numerous barriers including—the acid
environment of the human stomach, proteolytic degradation,
limited intestinal uptake and first pass effects of the liver is
essential. All of these factors reduce, alter and block absorption of
almost all biomacromolecular therapeutics [5,6].

Self-assembling nano-carriers (Fig. 1) show promise as delivery
vehicles that overcome many of the poor absorption issues that
plague certain classes of drugs. Both hydrophobic and hydrophilic
small molecules, proteins, and nucleic acids can be bound to or
encapsulated within the compartments of these nanomaterials and
delivered in vitro or in vivo. The self-assembling carriers can be
classified into a number of categories depending on whether they
are solid or hollow and the materials that comprise them. They can
be further categorized depending on whether they contain natural
or synthetic polymers. Polymeric vesicles offer advantages over
their natural counterparts (Liposomes) in terms of stability, storage
and tune-ability. Drug delivery through polymeric vesicles in-
creases the stability of the drug, extends the circulating time in the
bloodstream and can be designed for controlled release. Most
polymersomes and peptide amphiphiles have low “critical assem-
bly concentrations” (CAC), a value similar to the critical micelle

concentration (CMC), used to describe the minimum concentration
needed to form lipid vesicles. Their CAC's fall in the range of 10 ¢ —
10~7 M, which is 1000 times lower than most surfactants (10> —
104 M) [7,8]. This allows for the retention of payloads for longer
periods as well as improved delivery to distal areas of the body. A
review of the literature reveals a plethora of compounds encap-
sulated and successfully delivered in vitro and in vivo using poly-
meric vesicles. These include various anti-cancer drugs like
Doxorubicin and Paclitaxel, proteins like myoglobin, hemoglobin
and albumin, fluorescent molecules, plasmids and siRNA. The re-
view by Levine et al. (2008) [9] summarizes the literature on pol-
ymersome research related to cancer diagnosis and therapeutics,
giving a more detailed account of the types of polymersomes and
cargo that have been developed to that point.

Polymeric vesicles are also useful as diagnostic tools and in
optical imaging when they encapsulate fluorescent agents. One
example is the encapsulation of a porphyrin-based near infrared
(NIR) fluorophore that is able to generate a signal even through a
1 cm solid tumor [10]. When such nanovesicles are injected into an
animal, their biodistribution can be monitored using non-invasive
NIR optical methods eliminating the need to sacrifice the animal.

The surface of these nanovesicles can be functionalized with
various ligand molecules specific for up-regulated surface receptors
on diseased cells. Such site-specific delivery reduces potential
systemic side-effects observed using traditional delivery routes.
Some of the ligand molecules attempted include various anti-
bodies, transactivator of transcription (TAT) peptide and anti-HER-
2/neu peptide mimetic (AHNP) peptides.

Nano-vectors have been shown to improve the pharmacological
characteristics of these drug moieties. The utilization of nano-
technology for drug delivery has been shown to enhance the de-
livery of poorly soluble drugs, facilitate drug targeting in a cell/
tissue-specific manner and enabled the co-delivery of two or
more drugs as well the intracellular delivery of larger macromo-
lecular drugs. By enhancing the efficacy of these drugs, new
candidate drugs are advancing in clinical trials with improved
safety and effectiveness [11]. The application of nanotechnology to
drug delivery is expected to alter the landscape of pharmaceutical
and biotechnology industries in the foreseeable future [11—14]. As
of 2013, almost 250 nanotechnology based medicines had been
approved or were in various stages of clinical investigation [15—17].

Nanoparticulates are colloidal macromolecular nanocarrier
systems ranging from 10 to 200 nm and deemed as potentially
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STRUCTURES OF SELF-ASSEMBLING
NANOPARTICLES

NAN
I
"\ ) s )
MONOMERICMICELLES | | COPOLYMERIC MICELLES . A?;r.m LIPID AMPHIPHILIC e rou.\"{gg«_: N.L\'OCAPS’SL'!IS
J J - _4
|
N\
| . ~ 1 Polysaccharide vesicles
. Micelles composed of mixture J
PEGylated Micelles o ol calfonle/m il o L
: surfactants
v v . .
| | Branched amphiphikic peptide
NIOSOMES o (BAPCY
\ 7

Fig. 1. Classification of nanocarrier systems for drug delivery.

attractive candidates for the entrapment and encapsulation of hy-
drophobic drugs. Solid nanoparticulates can either be defined as
nanocapsules - where the active drug molecule is encapsulated
within the carrier; or matrix based nanospheres - where the drug
molecules are adsorbed and dispersed throughout the nano-
material [ 18]. Nanoparticulates can be engineered using ‘top down’
or ‘bottom up’ methods [19]. In the former, a larger material is
broken down into smaller particles whereas the bottom up
approach involves the thermodynamically regulated, multi-step
synthesis of the nanomaterial in a controlled reaction [20].

A competent nano-carrier functions safely, selectively, reliably
delivering a therapeutic at the required dosage to the target site in
the appropriate time frame [3,13,20,21]. Ideal nano-carriers possess
several desirable attributes: they should reduce the concentrations
of the active compound needed since the drugs are no longer sys-
temically distributed [22] and the pharmacokinetics of bio-
distribution are enhanced due to improved tissues and organ
targeting [12,23—25]. This preferential delivery along with the
particle's ability to release drugs in a sustained or stimuli triggered
manner will reduce off-target effects and decrease cytotoxicity.
Utilization of nano-carriers has the added advantage of improving
the delivery of hydrophobic drugs in water; thus enhancing their
delivery through parenteral administration. Nano-carrier based
delivery systems have also been shown to improve the half-lives of
a wide variety of hydrophobic moieties and peptide drugs [26—28].
Moreover, nanotechnology based delivery vehicles composed of
biocompatible molecules [29—-32] are projected as safer alterna-
tives to existing vehicles that have been known to cause peripheral
neuropathy and hypersensitivity [33,34].

The search for nano-delivery systems involves numerous design
elements. The large repertoire of available nano-carriers, apart the
ones that are in development, present nano-systems with a variety
of structural, functional and physiochemical characteristics that
translate into case specific advantages and/or limitations. These
include (i) biocompatibility of constituent material(s); (ii) simple
and robust assembly processes; (iii) functionalization/pre-
functionalization capability; (iv) intracellular stability and biode-
gradability; (v) long circulating half-life; (vi) a size compatible with
facile cellular uptake, charge density, surface hydrophilicity and
flexibility; and (vii) negligible immunogenicity.

It has been indicated that the complexity involved in nano-
particle fabrication and functionalization causes batch to batch
variations leading to quality and purity concerns [3]. The devel-
opment of targeted nano-carriers via a single step synthesis
mediated by the self-assembly of pre-functionalized biomaterials
would serve to alleviate these concerns by simplifying the opti-
mization and the scalable manufacture of these systems [35—38].

Despite recent advancements in nano-medicine, several chal-
lenges remain — 1) over-coming physicochemical and biological
hurdles such as low stability, low permeability, short half-life,
enzymatic susceptibility, targeting and 2) immunogenicity [5].
Although a majority of these nano-therapeutic products have
improved the pharmaceutical efficacy of clinically approved drugs,
nanotechnology as a whole has not yet generated entirely new
therapies [11].

2. Structures of self-assembling nanoparticles

The phenomenon of bio-molecular self-assembly is a common
in nature. Assembled multi-protein complexes are required for a
number of cellular functions. Diacylglycerol-phospholipid assem-
bly is responsible for the structure of the various cell membranes. In
the context of lipids and peptides, the self-assembling molecules
are amphiphilic and are comprised of both hydrophobic and hy-
drophilic domains. These domains can be spatially separated either
along the length of the molecule or along a defined face of the
folded molecule [39]. The hydrophilic segments can either be un-
charged (polar) or charged (cationic, anionic or zwitterionic) [40].
While such segments are spatially segregated in lipids, in amphi-
pathic peptides the primary sequences contain alternating or
random segments of hydrophobic and hydrophilic residues. Upon
folding into either helices or B-sheets, the final functional struc-
tures have continuous faces of hydrophobic or hydrophilic residues
that allow them to interact with solvent, a membrane, a ligand or
an adjacent molecule.

Self-assembly in bio-macromolecules is usually facilitated by
weak non-covalent interactions that can be any one or a mixture of
hydrogen bonding, Van der Waal forces, ionic, and electrostatic
interactions. When such amphiphilic molecules are introduced into
an aqueous environment, the hydrophobic segments anneal to
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exclude water thereby providing the driving force for assembly
aided by inter- and intra-molecular associations. The hydrophilic
segments of the molecule remain exposed to the aqueous solvent.
Much of our understanding of self-assembly of amphiphiles comes
from studies with lipids. Attempts to mimic lipid amphiphiles have
led to the design and development of many different types of
molecules that retain the amphiphilic character with relatively
short acyl-chains [41,42].

Lipid and peptide amphiphiles assemble into a number of nano-
and micro-sized structures such as micelles, vesicles or molecular
gels [43] composed of rods and tubules [44], fibrils and fibers [45]
with ordered structures. Micelles adopt spherical, worm like or disk
shaped structures [46-51]. Vesicles when composed entirely of
lipids are called liposomes, but other non-lipid vesicle types exist:
niosomes, proniosomes, polyhedral niosomes, polymersomes and
vesicles formed by the self-assembly of peptide amphiphiles
(peptosomes) [52]. Finally, structures that do not fall into either of
these common categories can be as diverse as, bipyramids, lamellar,
hexagonal phase, cubic phase, icosahedral, cage like, high axial ratio
microstructures (HARM) [53—55] and myelin fibrils [40]. The en-
ergetics, geometric constraints and strengths of the intra- and
inter-interacting forces of the individual molecules determine the
final architecture of the assembly. Other factors influencing the
final assembly are pH, temperature, ionic strength of the solvent, as
well as the concentration of the monomer. Using the packing
parameter of the monomer one can predict the favored structure of
the assembly [56]. The packing parameter depends on the area of
the head group ap, molal volume of the hydrocarbon chain or
chains », and the extended chain length [, of the monomer:

Packing number = —2

While the head group of the amphiphiles plays a critical role in
predicting the overall shape and size of the assemblies, the tail
region directs the formation of spherical micelles, rod like micelles
and spherical bilayer vesicles [43]. While there are numerous re-
view articles focused on the different morphologies adopted by
self-assembling molecules, this review is concerned with studies
on spherical aggregates, namely micelles and vesicles.

2.1. Micellar assemblies

2.1.1. Monomeric micelles

Micelles are the simplest amphiphilic assembly. They are useful
in encapsulating hydrophobic molecules within their hydrophobic
core (Fig. 2).

Detergent micelles comprised of sulfated acyl chains (i.e. so-
dium dodecyl sulfate, SDS) adopt this structure. At concentrations
below their CMC, the amphiphiles exist as monomers but as the
monomer concentration exceeds the CMC, they begin to assemble

] Hydrophilic head group

Hydrophobic tail group

*

Fig. 2. Illustration of a micelle.

into stable spherical structures. These structures are in a dynamic
equilibrium with the monomers present in solution. The CMC is
affected by further increases in concentration of the amphiphile
that can lead to a change in the overall shape (discoidal, rod like or
liquid crystalline phase), thus allowing one to tune the overall
shape and size of the final assembly. Lipid micelles range from 10 to
100 nm in diameter and exhibit a core-shell architecture, in which
the interior, being hydrophobic, entraps lipophilic drugs [57]. The
CMC and structural features exhibited by micelles are a function of
the nature of their hydrophilic and hydrophobic block constituents.
Yu and Eisenberg |58] generated a variety of micellar conformers
such as, spheres, rods, vesicles, tubules and lamellae depending on
solvent conditions and the relative size of hydrophobic and hy-
drophilic segments. These different structures when tested for their
ability to deliver drugs displayed varied pharmacokinetic proper-
ties. [59—63].

2.1.2. Copolymeric micelles
Copolymeric micelles are relatively new constructs that incor-
porate biodegradable polymers prepared from block copolymers.
Block copolymers are linear repeating units of hydrophobic and
hydrophilic residues covalently linked to impart amphilicity to the
molecule. KggLag is one such example of a diblock copolymer where
a polypeptide comprised of sixty lysine residues is covalently linked
to a polypeptide composed of twenty leucine residues. The block of
leucine residues form the hydrophobic segment of the block
copolymer while the positively charged lysine residues form the
more hydrophilic segment [64]. Triblock copolymers are similar to
diblock copolymers but differ in having an extra hydrophobic or
hydrophilic segment that can be fused to either of the existing
segments. In general, a polymeric micelle consists of two parts: a
outer corona composed of the soluble hydrophilic segments (Fig. 3). »
While simple spherical micelles with a core particle and corona are
common, more complex multi-lamellar structures have been
recently reported that resemble onion-like micelles [65], shell
cross-linked micelles [66], star shaped Janus micelles that allow for
two different types of chemical interactions in the same molecule
[67—69] schizophrenic diblock copolymer micelles [70], multi-
compartmental hamburger micelles [71].

2.12.1. PEGylated micelles. Numerous copolymers have been used
to produce micelles, but biocompatibility and biodegradability is-
sues have limited their use in therapeutic applications [72]. Usually,
the preferred choice for the hydrophilic block has been poly-
ethylene glycol (PEG). In most micellar assemblies, the molecular
weight of PEG tends to exceed that of the hydrophobic core-
forming block [73]. This outer hydrophilic corona region tends to

Fig. 3. Polymeric micelle. Self-assembly and polymerization of a block copolymers
yielda shell cross-linked knedel polymer assemblies, where the cross-linked outer
shell can be decorated with biologically relevant ligands. [Reprinted from Adv Drug
Deliv. Rev, 56(11), Tu and Tirrell, Bottom-up design of biomimetic assemblies,
1537-1563 (2004) [42] with permission from Elsevier].
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become hydrated resulting in a splayed appearance, giving rise to
various structures, such as polymer brushes [74]. These confor-
mations imbue the micelles with new properties that suppress
binding of serum proteins and phagocytic attack in blood thereby
decreasing clearance by the reticuloendothelial system (RES) [75].
PEGylated co-polymer micelles also have lower CAC's than tradi-
tional surfactants resulting in reduced cytotoxicity | 76]. The highly
hydrated corona and the hydrophobic core generate a dielectric
gradient that aids in the solubilization of a range of non-polar
compounds of varied hydrophobicities [77]. Micellar delivery sys-
tems, like many other ones, positively affect the biodistribution and
pharmacokinetics of drugs by means of increased circulating half-
lives and increased tumor accumulation [78].

2.1.2.2. Poly(i-amino acid) micelles. Poly(L.-amino acid) micelles are
formed from poly(.-Histidine)-PEG block co-polymers combined
with poly(i-lactic acid)-PEG (PLLA-PEG). These micelles have been
investigated as pH sensitive drug carriers for cancer therapy
|79—81]. Cancerous cells - due to a higher rate of metabolism -
tends to have intracellular pH values < 7.2 [82—84]. The imidazole
side-chain of histidine has a pKa in this range; which leads to an
increase in histidine hydrophobicity, destabilization of the micelle
and subsequent drug release. The pH sensitivity of Poly(.-amino
acid) micelles can be modulated by varying the %wt. of the poly(i-
lactic acid)-PEG composition. Moreover, Poly(i-histidine) (PLHS)
appears to have fusogenic activity with endosomes facilitating
cytosolic drug release in cancer cells. More complex systems that
incorporate phenylalanine ([poly(His-co-Phe)]-PEG) and 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-polyethylene
glycol-2000(DSPE-PEG) have recently been formulated to decrease
the pH sensitivity of the pure poly 1-histidine and also act as pH
sensitive nanocarriers for cytosolic drug delivery [85]. Drugs have
been conjugated to these poly(amino acid) copolymers via chemi-
cal modifications of the drugs, but not without concerns relating to
drug decoupling at the target site [86—88]. Also, immunogenicity is
a potential concern with these systems upon the increase in the
number and diversity of amino acids used [71].

2.1.2.3. Micelles composed of mixtures of cationic and anionic sur-
factants. The preparation of micelles using two surfactants of
opposite net charge is well established [89—91]. Charge repulsion
of the head groups decreases the free energy of assembly [92]. The
size and net charge of the detergent pair determines the CMC as
well as the size of the resulting micelles [93]. In a single report the
mixing of certain oppositely charged surfactants can lead to the
spontaneous formation of single walled vesicles [94]. The size,
charge and permeability of such vesicles was controlled by
adjusting the molar ratios of the two surfactants. One example of
such a charge balancing mixture is cetyl trimethylammonium
tosylate (CTAT) and sodium dodecylbenzene sulfonate (SDBS).

2.2. Nanoparticulate assemblies

2.2.1. Solid lipid nanoparticles

Solid Lipid Nanoparticles (SLNs) are members of a class of nano-
scale carriers consisting of a central solid hydrophobic core
comprised of physiological lipids emulsified with an aqueous sur-
factant [95]. Hydrophobic drugs are dissolved in the solid hydro-
phobic core [96]. These nanoparticles due to their narrow size
range (100-200 nm) evade the RES and cross the blood-brain
barrier [97]. The biodegradable properties of these lipids mini-
mize their cytotoxicity. SLNs also demonstrate stable drug entrap-
ment, especially in case of very hydrophobic drugs and provide
controlled release lasting several weeks. SLN can be conjugated to
hydrophilic polymers and/or surfactants to minimize their hepatic

uptake and improve bioavailability [58]. SLNs can be stabilized with
stearic acid - PEG 2000, however cytotoxic effects have been
observed upon the release of free stearic acid [98]. By choosing
lipids with varying chain lengths and degrees of unsaturation the
loading capacity of SLNs can be controlled. Overall, SLNs appear to
be safe delivery systems for hydrophobic drugs especially to the
brain and production is scalable with excellent reproducibility
[99,100].

2.22. Amphiphilic dendrimers

Dendrimers are 1-10 nm sized hyper-branched synthetic
polymers comprised of well-defined branched oligomers attached
to a central core [101-103]. Dendrimers are synthesized using
convergent or divergent approaches [103]. The former approach
capitalizes on the symmetric nature of the dendrimer with syn-
thesis commencing at the periphery and terminating at the core;
while the divergent approaches builds out from the core [104].
Dendrimers display low poly-dispersity despite their large molec-
ular mass. The branching of the dendrimers generates semi-
globular/globular structures that are easily functionalized [103].
Glycol-, peptide- and silicon-capped dendrimers have been syn-
thesized using carbohydrates, peptides and silicon [39,105]. Drugs
can associate with dendrimers through physical entrapment within
the void spaces or by attachment of the pro-drug to functional
groups positioned on the dendrimer surface [94].

Amphiphilic dendrimers (Janus dendrimers) are capable of self-
assembling into stable bilayer vesicles, referred to as den-
drimersomes [106]. A Janus dendrimer is formed by covalently
linking two distinct dendritic building blocks. They can be made
amphiphilic by attaching a non-polar block (e.g. alkoxy gallate
ether to a polar block such as aliphatic arborol) [107]. A review by
Rosen et al. (2009) [ 108] details the self-assembly and disassembly

Divergent Convergent
1 o | 4
6 Reactions 2 Reactions
12 Reactions 2 Reactions
6 Reactioné:>
24 Reactions
42 Reactions 10 Reactions

Fig. 4. Convergent and divergent synthesis of dendrimers and dendrons. Reprinted
(adapted) with permission from Rosen et al. (2009) [108], Chem Rev., 109(11),
6275—6540. Copyright 2009 American Chemical Society.
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of dendrons. Fig. 4, is an illustration reproduced from the above
review.

Dendrimers have been studied for the delivery of fluorouracil
[109] and indomethacin [110]. Dendrimer size has been exponen-
tially correlated with the duration of extravasation across the
endothelium, with larger dendrimers indicating faster extravasa-
tions [111]. The positive charges on the polyamine and/or poly-
amide linkages used in some dendrimers pose a potential risk for
cellular toxicity and immune activation. Partial derivatization of the
dendrimer surface with PEG and/or fatty acids is known to mitigate
these concerns by shielding the positive charges on the surface
[112,113].

2.3. Vesicular assemblies

In contrast to the different micellar constructs discussed above
where drugs are trapped within the micellar matrix, the ability of
vesicles to encapsulate solutes offers increased versatility. Their
hollow interiors permit encapsulation of higher concentrations of
cargo, thus making them potentially better drug delivering vehi-
cles. Vesicles are colloidal aggregates that are most often spherical.
In biology, lipid vesicles are bilayer-delimited chambers that entrap
solvent during the self-assembly process. The solvent is water
containing dissolved solutes. In terms of drug delivery, solutes
including peptides, proteins, genetic material, or bioactive com-
pounds like anticancer drugs can be encapsulated. It can also trap
non-polar or hydrophobic substances within their membrane,
thereby increasing their utility. Such versatility has made them the
most attractive choice for use in biology. Apart from its biological/
medical uses, vesicles can be used as micro-chemical reactors and
have found application in the cosmetic and food industries [114].
Lipid based vesicles are the most extensively studied drug carriers
used today. Until recently, lipids were the only choice for gener-
ating artificial vesicles. However with the introduction of many
new self-assembling molecules, one can choose from a variety of
molecules. Figure 1, classifies the various polymeric vesicles
described to date. It is difficult to precisely classify all of the various
polymeric vesicles due to the issue of multi-functionality. This is
particularly true with the introduction of hybrid polymers, where
two or more different materials are used to make an amphiphile
such as combining the synthetic polymer polyethylene oxide (PEO)
to either a polypeptide or a diacylglycerol phospholipid. These
hybrid polymers can improve solubility, increase circulating half-
lives in the bloodstream and allow for the surface functionalizing
with desired targeting ligands. Such a molecule could be classified
as a block.

Copolymer, lipid vesicle or peptide vesicle depending on the
proportions of the individual components and/or which compo-
nent is driving the assembly [103]. Employing natural biopolymer
vesicles as drug carriers over synthetic and semi-synthetic polymer
vesicles improves their biocompatible and biodegradable. Lipids,
polysaccharides and peptides are all capable of self-assembling into
vesicles and other nano- and micro-sized structures [115].

2.3.1. Liposomes

Liposomes or lipid vesicles are possibly the oldest and most
widely studied drug delivery systems and have been in use since
the 1960s [116,117]. These artificially produced vesicles range from
30 nm to several micrometers in size and consist of an aqueous core
surrounded by uni- or multi-lamellar membranes formed from the
supramolecular-assembly of primarily phospholipids (Fig. 5) and
cholesterol. Numerous studies have promoted the use of these
structures [118—120].

Liposomes can be prepared from a variety of diacyl phospho-
lipids including: 1,2-Dimyristoyl-sn-glycero-3-phosphocholine

© 2007 Encyclopadia Britannica, Inc.

Fig. 5. Illustration of a Liposome. By courtesy of Encyclopaedia Britannica, Inc., copy-
right 2007; used with permission. [http://www.britannica.com/EBchecked/media/
92244/Phospholipids-can-be-used-to-form-artificial-structures-called-liposomes).

(DMPC), 1,2 Dipalmitoyl-sn-glycero-3-choline (DPPC), and 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), palmi-
toyl-2-oleoylphosphatidylethanolamine (POPE) among others. As
an example we show POPC:POPE vesicles generated in our labo-
ratory as well as their resizing after extrusion (Fig.6). Most of our
knowledge on vesicle assembly, dynamics and physical properties
come from studies on these assemblies. Since then, many different
and diverse vesicles have been designed and developed. Unlike
polypeptides and polysaccharides, lipids are not polymers. Lipo-
somes have found uses in many biological, pharmaceutical and
cosmetic applications. They are employed in studies related to cell
physiology, as model cell membranes and drug delivery vehicles.

Their utility lies in their ability to fuse with cellular membranes
[121] and lipid bilayers membranes or enter cells through clathrin-
mediated endocytosis [122,123]. The properties of liposomes have
been modulated to produce variation in size, lipid composition,
surface charge and other characteristics [77]. The aqueous core of
the liposomes is known to encapsulate large payloads of hydro-
philic and moderately hydrophobic drugs; and their ability to
naturally associate with tumors and the EPR effect has led to the
development of numerous FDA approved drugs based on the
liposome platform [72,100,124].

Numerous studies have been conducted to surface modify
classical liposomes in an effort to increase their targeting capabil-
ities and circulating half-lives. These include the introduction of
linear dextrans [125], gangliosides containing sialic acid [126], lipid
derivatives of hydrophilic polymers such as polyvinyl alcohol [127],
polyethylene glycol [128,129] and poly-N-vinylpyrrolidones [130].
These modifications stabilize and protect them from uptake by the
mononuclear phagocytic system (MPS). Targeted therapy has also
been demonstrated using liposomes conjugated to monoclonal
antibodies via a PEG linker [131], and protease-sensitive polymer-
caged liposomes have been developed to enable selective targeting
and drug release at the cancerous site by exploiting the natural
tendency of affected cells to produce cancer associated proteases to
destabilize the liposome [132].

Liposomes also appear to be the preferred carriers for purposes
of radionuclide based targeting for cancer therapy. A variety of li-
posomes such as multi-vesicular liposomes (MUVEL) - small



72

28 S.M. Barros et al. / Archives of Biochemistry and Biophysics 596 (2016) 22—42

Fig. 6. Electron microscopy pictures of POPC:POPE (6:4) liposomes made using extrusion. Seabra, M.B. (2006) Studies of a Channel-Forming Peptide Inserted into Liposomes formed

by POPC:POPS and POPC:POPE, (M.S. Thesis Kansas State University).

vesicles containing radionuclides trapped into large liposomes,
polymer coated long circulating liposomes - with low bilayer
permeability and low lipid exchange, sterically stabilized liposomes
(SSL) - with high load capacity and tumor affinity, etc. have been
developed exclusively for this purpose [75,133—135]. The thera-
peutic efficacy of targeted radiotherapy is due to the tumor's ab-
sorption of alpha (o) or beta (p) radiation emitted by the
radionuclide. p-emitters such as 20y, 32p, 895y, 186Re 153gm 1771y,
and ' are by far the most widely utilized radionuclides as ther-
apeutics and alleviation of bone pain [136]. B-electrons have low
linear energy transfer (LET) values and long path-lengths. They can
pass through tissue, and interact with atoms via energy loss causing
ionization, generating free radicals thus causing DNA damage by
inducing single strand breaks. On the other hand a-particles have
high LET values and shorter path lengths, and are used to generate
more localized cellular effects with high chromosomal damage
during mitosis and irreparable double strand DNA breaks. Short
half-life a-particles emitters such as 225Ac, 2"'At and ?"Bi are
commonly employed for targeted alpha particle therapy (TAT)
[137,138]. Naturally varying considerations exist in the selection of
liposomal carriers based on whether they are employed for beta- or
alpha-radiation therapy. For instance studies relating to the effect
of surface charge of the liposomes on the radionuclide delivery
demonstrated that the use of neutral lipids such as DMPC-
Cholesterol in liposomal preparation substantially increased the
effective maximum absorbed dosage of beta emitters such as 3P,
§7¢y, and "I at the tumor site as opposed to cationic DC-
cholesterol lipids. On the other hand a study performed on
cholesterol stabilized PEGylated liposomes with 2?°Ac and 2VBi
showed high retention of the radionuclide and daughter isotopes
only where larger cationic liposomes were involved [139].
Generally speaking, due to the low LET values exhibited by beta
electrons, considerations of liposomal rupture due to beta-
emissions are not as critical as in the case of alpha emitters
where the high LET values of alpha particles coupled with the high
energy recoil generated during the formation of daughter nuclides
can damage and rupture the liposomal membrane. Moreover, the
greater availability of beta-emitters for radiotherapy enables a

greater choice in the selection of radionuclides as opposed to those
employed in alpha-particle therapy. The 22°Ac used in most alpha
particle therapies has a chemistry that is not well understood; and
that precludes the effective utilization of these emitters in chelate
complexes and from integration in larger compounds for the pur-
poses of liposomal encapsulation. Time is yet another factor to be
considered in case of radiotherapy. Unlike conventional drugs,
radioactive moieties can rapidly decay over time, thus losing
therapeutic potency. This is especially true in cases of radionuclides
such as 2*Bi (tij2 = 45.7 min), where the long times taken for
liposomal preparation come at the expense of decreasing thera-
peutic dosage.

Despite their versatility, biocompatibility, relative non-toxicity
and wide application platform, liposome preparation is lengthy
and tedious, and preparation steps have to be very carefully
monitored to ensure reproducibility in size and entrapment effi-
ciency [128]. Moreover, liposomes have been demonstrated to alter
the pharmacokinetic properties of the drugs and are prone to
systemic leakage [140]. All of these parameters must be factored in
while selecting liposomes as candidates for therapeutic delivery.

2.3.1.1. Polysaccharide vesicles. This class of vesicles is less com-
mon. Dextran, chitin, chitosan and their derivatives have been
investigated for their use as drug carriers. Most of the vesicles in
this category are modified polysaccharides adducted with either
small (trimethyl-) [141,142] or larger (3-pentadecylphenol-)
[143,144] hydrophobic groups to render them amphipathic. Chi-
tosan derived polymer vesicles are the most studied in this cate-
gory. Due to their membrane-penetrating ability, these vesicles,
palmitoyl glycol chitosan vesicles, are a good choice for intranasal,
or oral administration of gut-labile molecules [145,146].

2.3.2. Niosomes

Niosomes or Non-ionic surfactant vesicles (NSVs) are nano-
scopic lamellar structures that self-assemble into closed bilayers
upon hydrating a preparation of non-ionic surfactants such as alkyl
or dialkyl polyglycerol ethers; cholesterol and a charge-inducing
agent [147]. They were first reported in the 1970s by researchers
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in the cosmetic industry [148,149]. Niosomes were developed and
patented by L'Oreal in the 1970s and 1980s and introduced in 1987
by Lancome [150,151]. Examples of non-ionic surfactants used to
generate niosomes include, C;5 monoalkyl glycerol ether, sorbitan
esters, and others.

Niosomes are capable of entrapping hydrophobic and hydro-
philic solutes [152]. They can be unilamellar or multilamellar
depending on the method of preparation. In many ways Niosomes
are liposome analogs and are prepared much like liposomes
through non-spontaneous processes involving the input of energy
in the form of heat, ultrasound, physical agitation, application of
pressure or a combination thereof [153]. Consequently, just like
liposomes, most NSV preparation methods involve some hydration
of the non-ionic surfactant at an elevated temperature followed by
an optional size reduction to obtain the colloidal suspension [154].
Negatively charged molecules such as dicetyl phosphate (DCP) and
phosphatidic acid, or positively charged molecules such as cetyl-
pyridinium chloride and stearylamine (SA) can be added
(2.5—5 mol%) to prevent aggregation and stabilize the niosomal
bilayer [152,153].

There are some fundamental distinctions. While liposomes are
made up of neutral or charged double chained phospholipids;
niosomes are made up of uncharged single chain surfactants. And
since non-ionic surfactants are more stable to enzymatic attack and
resistant to air-oxidation than phospholipids, preparing quality
niosomes is quite simple [148]. Liposome preparations are expen-
sive owing to their need for special storage and handling due to
their predisposition to breakdown when exposed to air.

When water-soluble carrier biomolecules such as sorbitol, su-
crose stearate, maltodextrin, etc. are coated with a thin film of dry
non-ionic surfactant, the resulting preparation is termed ‘pronio-
somes’ [155]. These proniosomes when hydrated generate nio-
somes. Since proniosomes are obtained as a dry powder; they can
be formulated to make beads, capsules or tablets with convenient
unit dosing and demonstrate reduced aggregation, fusion, leakage
and increased drug entrapment efficiency [150,156].

Niosomes, due to the presence of lipophilic and hydrophilic
domains can incorporate drugs with a wide range of solubilities,
and indicate potential applications for the delivery of numerous
pharmacological agents [150]. Niosome preparations have been
investigated for the purposes of drug, gene and vaccine delivery
through parenteral, oral, ocular, pulmonary and transdermal
routes. The breadth of these studies precludes them from comment
in this thesis. Marianecci et al. [154] provides an excellent and
comprehensive review on the numerous potential applications of
niosomes. Another interesting property of niosomes is their ability
to deliver drugs via topical application. Dermal/transdermal drug
delivery is a less invasive route for the localized delivery of high
concentrations of drugs, by passing the limitations associated with
systemic circulation and/or gastrointestinal degradation. The stra-
tum corneum of the epidermis works as a barrier for permeation
and consequently severely restricts the administration of most
drugs through transdermal routes [156]. Niosomes loaded with
drugs demonstrate enhanced permeation characteristics and nio-
somes formulations demonstrated greater skin permeation of
enoxacin and higher stability of tretinoin when compared to their
respective liposomal counterparts [157,158]. Acid sensitive nio-
somes generated with Span 60, cholesterol and cholesteryl hemi-
succinate (CHEMS) were proposed for the topical delivery of
ibuprofen and demonstrated a significant increase in drug pene-
tration through skin [159]. Despite the numerous advantages nio-
somes have over liposomes, niosomal preparation is generally
exhaustive, utilizes numerous moieties, involves the application of
non-spontaneous energy consuming processes and takes consid-
erable time.

2.3.3. Polymeric nanocapsules (polymersomes)

Block copolymers are synthetically linked segments of hy-
drophobic and hydrophilic polymeric units to generate the
amphipathic molecule. The segments of block copolymers can be
entirely synthetic, semi-synthetic or composed of biopolymers
like polypeptides. Like phospholipids, these amphiphiles self-
assemble into various ordered structures [58,160,161]. Vesicles
formed from block copolymers are commonly referred to as
polymersomes and are among the best characterized of the
polymeric vesicles. By controlling the formula weight of the
blocks, polymersomes with different properties are generated,
including ones that vary in-elasticity, permeability and me-
chanical stability. By their very nature, polymeric building blocks
allow for greater chemical diversity than lipids [162]. Due to their
higher molecular weights, polymersomes are inherently thicker,
tougher and more stable than conventional liposomes. It has
been shown that polymersome membranes sustain dilatational
strains up to 40—50% when compared with ~5% or less for lipid
membranes [163]. A coarse grain molecular dynamics simulation
supports the experimental observation that while lipid mem-
branes require only about ~5% strain rate for rupture, while it
takes 20% or more to rupture copolymer membranes [164]. Also
polymersomes (Fig. 7) can be designed to be responsive to
environmental factors such as pH, temperature, redox potential,
magnetic field, light and ultrasound [162]. There are a number of
comprehensive reviews on this topic [165,166]. Numerous vari-
ants of the block polymers have been tested in vitro for their
ability to encapsulate and deliver cargo.

2.3.3.1. Peptide containing vesicles. Peptides derivatives linked to
synthetic molecules form many different nanostructures: tubes,
fibers, rods, micelles, vesicles, doughnuts, bilayers and others
[167—173].

Vesicular structures, composed entirely of pure peptides, are
relatively rare. Block copolymer monomers composed entirely of
polypeptides (i.e. Ac-VinKn-NH3, Ac-GDp-OH, Ac-VgD-OH, or Ac-
KAg-OH) have been reported to form vesicles [140,174,175]. Upon
surveying the published works describing peptides that form
vesicles, few were found compared to the many synthetic poly-
mers capable of self-assembling into vesicles. The field of peptide
vesicles is still in its infancy but growing at a rapid pace. Vauthey
et al. (2002) [172] were the first to show that a simple 7—8 res-
idue amphiphilic peptide is capable of self-assembling into
nanotubes and nanovesicles. They called these peptides, “Sur-
factant-Like Peptide”. Santoso et al. (2002) [174], designed similar
peptides as the ones by Vauthey et al. (2002) [172] with glycine
and aspartic acid capable of self-assembling into nanotubes and
nanovesicles.

Peptide amphiphiles capable of self-assembling into nano-
vesicles can be a simple polypeptide sequence, or a more complex
molecule, characterized by the addition of an alkyl chain or with a
hydrophobic amino acid segment joined to a hydrophilic sequence
(Fig. 8). The associating and stabilizing forces that direct lipid
vesicle formation also apply to other polymeric vesicles comprised
of long acyl chains attached to peptide amphiphiles. Some exam-
ples of designer peptide amphiphiles that form nano structures
include GnDa, AgD, VgD, VgD3, AgK, 13K, AgKz, GAVILRR, A2V2L3WE(2
or 7y and similar peptides. In addition, amphiphilic block
macrocyclic-copolypeptides have been used to generate bioactive
nanovesicles that incorporate the arginine rich human immuno-
deficiency virus type-1 Rev protein to target the assembled vesicles.
The macrocyclic protein sequence also includes tryptophan resi-
dues that add stability potentially through Pi-Pi stacking in-
teractions [176]. The Sherman group employed a host-guest
approach to drive seif assembly using the macrocycie Cucurbit{8]
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Fig. 7. Polymersomes derived from asymmetric block copolymers. Reprinted (adapted) with permission from Meng et al. (2009) Biomacromolecules, 10(2), 197—209. Copyright 2009

American Chemical Society [156].

2

S .

N

TS 4 )4 \L I Lo

HO—P=0

sH Y
\ } NH o8
" o e
1 ~

3

Fig. 8. Peptide amphiphile structure. The basic structural components of peptide nanoparticle components: (1) a hydrophobic tail, (2) lower, rigid part, including 4 cysteine residues
(3) upper, flexible part, including 3 glycines, a phosphoserine group and an integrin-binding motif, RGD. "Reprinted (adapted) with permission from Tsonchev et al. (2004) [173].

uril (CB[8]). The ternary host complex formed by CB[8] bound two

guest pyrene ligands yielding a tight binding constant with a CAC of
12 pM. This assembly generated larger vesicles ~150—250 nm in
diameter [177]. Subsequently the same group was able to load the
vesicles with basic fibroblast growth factor, retain it and subse-
quently release it for uptake by fibroblasts [178]. A third group was
able to prepare bilayer-delimited vesicles in the 60 nm size range
using a simple peptide Ac-Ala-Ala-Val-Val-Leu-Leu-Leu-Trp-Glu;-
COOH under acidic conditions [179]. The SA2 peptide has a CAC of
around 50 pM and was able to entrap calcein [180]. These vesicles
not only carry the advantage of being more biocompatible and
biodegradable than other synthetic and semi-synthetic polymer
vesicles and they where shown to be more stable than lipid and
polysaccharide vesicles [179]. Recently another group studied the
same SA2 assemblies using biophysical and computational tools to
produce a visual model of the vesicles [181].

Reviews by Zhao et al. (2010) [175] and Zhang, S (2002) [182]
summarize the various peptide amphiphiles that form nano
structures and discuss a more exhaustive list of the various peptide
amphiphiles. Some studies reported the use of oligo valines to
promote inter-digitation, the mixing of oppositely charged peptides
to reduce the critical aggregation concentration (CACs), and hy-
drophobic sequences containing complimenting small and large
amino acids [183]. The hydrophobic chain length plays a critical
role in the final assembly. Typically, the size of the hydrophobic tail
in such peptide amphiphiles is about 3—9 hydrophobic residues.
The length of the hydrophobic tail can determine the thickness of
the outer layer of such nano structures but with longer chain
lengths comes the issue of solubility and conversely, shorter chain
lengths decrease the propensity of aggregation. Hence a balance of
chain length is required for the desired property. This is achieved by
increasing or decreasing the length of the hydrophilic segments of
the molecule.

2.3.3.1.1. Branched amphiphilic peptide capsules (BAPCs).

These structures represent a novel class of nanocarriers. First
described by Gudlur et al. [184] in 2012, they are self-assembling
structures where a water filled cavity is surrounded by an amphi-
philic branched peptide bilayer. They are stable, biocompatible
nanocarriers that are structurally similar to liposomes and poly-
mersomes. The properties, applications and biophysical character-
ization of these carrier systems will be discussed at length in
section 4.

3. Peptide vesicles stabilized by beta-sheet secondary
structures

Most self-assembling peptide based polymeric vesicles either
lack a defined secondary structure or adopt helical conformations
in their assembled structures. Recently, however, vesicular
[185-187] and micellar [160,188,189] assemblies stabilized by B-
sheets have been reported. Gebhardt et al. studying poly(-
butadiene) -poly(1-lysine) co-block polymers elucidated the effects
of secondary structure on the morphology of vesicles [187]. In the
case of poly(butadiene)qg7-poly(i-lysine),; coblock polymers, the
transition from a-helix to f-sheet takes place at a pH above the pKa
(>10.5) of the lysine side chains. This transition resulted in a slight
increase in the hydrodynamic radii of the vesicles and the overall
assembly remained intact as determined by dynamic light scat-
tering (DLS) and static light scattering (SLS). The formation of
parallel B-sheets between the corona chains at the vesicular
interface served to release interfacial curvature by creating a flatter
interface. A molecular dynamics simulation study on the self-
assembly of peptide amphiphiles [190] showed an interplay be-
tween hydrophobic interaction between the alkyl chains and
hydrogen bonding between the peptide blocks, resulting in as-
semblies that were spherical B-sheets, micelles with p-sheets in the
corona, and long cylindrical fibers (Fig. 9).



4. Studies on branched amphiphilic peptide capsules
4.1. Origin of the BAPC sequences

The concept of building diacyl phospholipid orthologs made up
of just amino acids is not particularly new, however identifying a
functional self-assembling sequence(s) is. The sequences used for
the self-assembling branched amphipathic peptide vesicles evolved
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Table 1

Adhesive peptide sequences [191]. Abbreviations: X = diaminopropionic acid.
Peptide Sequence MW (Daltons)
EhoE EEEFLIVIGSIIEEE 1748.9
KheoE KKKFLIVIGSIIEEE 1746.1
EhoK EEEFLIVIGSIIKKK 1746.1
KhoK KKKFLIVIGSIIKKK 1743.3
(Khg)2K KKKFLIVIGSIIKKKFLIVIGSIIKKK 3084.1
(Khg)sK KKKFLIVIGSITKKKFLIVIGSIIKKKFLIVIGSITKKK 4428.8
XhgX XXXVLIVIGSIIXXX 1490.8

from earlier studies on several adhesive peptides. Previously,
several peptide constructs were identified that produced nano-
fibrils with mechanical adhesive properties due to entanglement
[191,192]. The hydrophobic core sequence used in the adhesives
occurs in nature as an internal fragment of the human dihy-
dropyridine sensitive L-type calcium channel segment, CalVS3
(DPWNVFDELIVIGSIIDVILSE). The underlined segment is a portion
of one of the transmembrane helices that contribute to the central
water-filled pore of this channel [193,194]. Lyophilization of the
synthesized CalVS3 peptide resulted in insoluble clumps resistant
to mechanical disruption suggested that strong cohesive forces
were driving this association. An o to B transition for the 9-residue
sequence was observed that could be controlled predictably by
adding charged amino acid segments to both ends of the under-
lined sequence (hg) (Table 1) and by varying the pH [191,192]. An
assay was used that measured the strength (MPa) required to shear
(pulled at 180°) two glued cherry wood strips treated with a 4% w/v
solution of the peptide dissolved in water and then adjusted to the
indicated pH values before hot pressing the samples (Fig. 10). The
sequences with the flanking tri-lysine or tri-diaminopropionic acid
(DAP) segments performed best at pH 12.0, conditions in which the
amino groups of the Lys and DAP residues are mostly deprotonated
thereby increasing the hydrophobicity of the peptides. The DAP
amino acid is a shortened lysine analog with just one methyl group
on its side chain as compare to the four methyl groups in lysine.
There were no statistical differences between the two different
cationic residues or increasing the number of hg hydrophobic
segments.

Table 2 summarizes the shear strength and hydrophaobicity for a
number of FLIVIGSII derived sequences. The two longer sequences
simply incorporated the naturally occurring C- or N-terminal hy-
drophobic residues present in the CalVS3 sequence. The shorter
sequences represent truncated versions of the hg sequence and in

Fig. 9. Snapshots from molecular simulations of peptide amphiphiles. “(a) The
spherical micelle, (b) the micelle with B-sheets on the outside forming the corona, (c)
the B-sheets, and (d) the fiber aggregate”. [Reprinted (adapted) with permission from
Velichko et al. (2008) [190], J. Phys Chem B., 112(8), 2326—34. Copyright 2008 American
Chemical Society.].

some cases include single amino acid substitutions. Several known
amyloid peptides as well as a twitter-ionic sequence were tested as
controls.

There are three hs; sequences (alpha, mezzo and omega) derived
by frame shifting a five-residue window within the hg sequence. In
addition, four unrelated p-forming sequences were tested. The first
three AB16-21, AB30-35, and IAPP;_»5 were reported nucleation sites
for amyloid fiber formation and have sequences that closely
resemble that of K3hsK3. The last sequence, KAE -1V, contains
both basic and acidic residues and should not display any pH
dependence.

With the exception of KAE6-1V, all of the sequences showed
adhesive properties when dry pressed at 130 °C. The shorter hs,
containing sequence required the most force to shear the union

holding the strips together. It was determined that this shorter
sequence had the lowest free energy for the packed assembly and
was the most hydrophobic. While reducing the size of the hydro-
phobic core sequence increased strength, reducing the number of
flanking lysines from three to two had a negative effect on adhesive
strength. All of the CalVS3 derived sequences acted as adhesives
even when the dry press temperature was reduced, although with
decreased strength. However the amyloid derived sequences dis-
played no adhesive properties if heating was omitted during
pressing. Several of the sequences showing strengths above 3 MPa
were tested for their wet strength after emersion for 48 h (Table 3).

Structural analyses were conducted on both soluble peptides
(CD) and dry pressed peptide (FTIR) processed at pH 12.0. All of the
dry pressed peptides showed B-structure. Only Kshs,K3 and K3hgKs
showed [-structure in water. KzhsgKs and KzhsyKs showed -
structure only in ethylene glycol. No structure was observed for the
amyloid forming peptides with either solvent.

In parallel, transmission electron microscopy was used to visu-
alize the assemblies being generated at pH values of 12.0, 2.0 and
7.0 (Fig 11). The images taken at pH 12.0 show entangled nano-
fibers. Regarding the adhesive properties the peptides, they only
bonded with rough surfaces. When the peptides were used to glue
smooth glass slides together shear strengths of just ~1.5 MPa were
required to separate the two pieces. If the slides were siliconized
the peptides showed no effect in joining the glass slides.

Table 4 compares the different properties of the nano-fiber
forming sequences. It is clear that the hydrophobic core se-
quences of FLIVIGSII and FLIVI have unique structural properties, in
particular their ability to associate and assemble as a B-structure in
water and their wet adhesive strength. Even though the K3FLIVIK3
sequence appeared unstructured in water at pH 2.0 and 7.0,
transmission electron microscopy images were taken these se-
quences that were applied as solutions to the TEM grids and
allowed to dry (Fig. 11).

The images show two distinct structures—at pH 7.0 the peptides
associate to form a soot-like fractal while at pH 2.0 they resemble
lipid micelles. Upon viewing the pH 2.0 structures and recalling
that linear lipid detergents or soap amphipaths make similar
micellar structures and that branched lipid amphipaths such as
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. pH 2.2
3 D pH 6.8
D pH 12.0

|

Shear Strength (MPa)
)

EhgE KhgE EhgK

KhgK XhgX (Khe)2K  (Khe)sK

Test Peptides

Fig. 10. Shear strength of peptide adhesives measured in Mega Pascals (MPa) with different tri-residue segments flanking the hg sequence. E, K and X represent the tripeptides
(Glu)s, (Lys)s and (diaminopropionic acid)s, respectively. Peptide solutions- 4% (360 pL) were spread onto marked 8.0 cm by 2.0 cm areas on one side of two separate strips of wood.
The coated strips sat for 15 min at RT, before being pressed together for 5 min at 130 °C and 1.4 MPa cm ".using a Hot Press Model 3890 Auto M (Carver Inc., Wabash, IN). The glued
strips were then conditioned for 3 days at 50% relative humidity and 23 °C before being cut into test sized pieces. Reproduced from Shen et al. [191].

Table 2
Correlation of shear strength and hydrophobicity for a number of peptides showing
adhesive properties [192]. Samples were prepared as described in Fig. 10.

Peptides Sequences Shear strength (MPa) Gavg (kcal/mol)
K3hoK3 KKKFLIVIGSIIKKK 3.0+01 0.46
Ksh11Ks KKKVFFLIVIGSIIKKK 29+02 -0.48
KshyoKs KKKFLIVIGSIIVILKKK 22101 ~0.50
Ksh7K3 KKKFLIVIGSKKK 26+02 -042
Kahs,K3 KKKFLIVIKKK 33+02 -0.62
KshsmKs KKKIVIGSKKK 34+02 037
KshsoKs KKKIGSIIKKK 32+02 -031
Kzhs Ky KKFLIVIKK 28 +0.1 0.53
KahsoKa KKIGSIIKK 24+02 -031
KahsmiKa  KKKIVLGSKKK 34+02 ~036
KshsmaKa  KKKIVAGSKKK 27 +0.1 035
ABig.21 KKKLVFFAKKK 34103 050
APzgas KKKANGLMKKK 34+01 -0.39
IAPP; 55 KKKIGGAILKKK 29+ 04 ~030
KAEy6-IV  (KA)4(EA)4-CONH, 14+£01 10,62
Table 3

Comparison between dry and wet strength for select peptide adhesives [176].All
samples were used at 4% wfv and hot-pressed at 130 °C. Glue samples were soaked
in water for 48 h before wet strength test. Adapted from Mo et al., 2008 [192].

Peptide sequence Dry strength (MPa) Wet strength (MPa)

KshsKs3 33+02 113 +03
KshsoKs 32+£02 0.66 £ 0.2
KshsmKs 34+02 0.0

KshoKs3 3.0+02 0.67 £0.1

diacylglycerol-phospholipids assemble into liposomes, the idea of
altering the sequence from a linear to a branched one with all of the
charges or one side was born.

4.2. Shared properties between BAPCS and lipid vesicles

To generate an all peptide bilayer delimited vesicle, the original

design included 5 lysines at the C-terminus with the N-terminal
lysine used to generate the branch point. The two hydrophobic
segments were added simultaneously using standard Fmoc
chemistries. It was decided from the beginning to include a mixture
of two different sized peptides such that the shorter sequence
would compensate for any strain due to curvature. These vesicles
were formed from the two 15- and 23-residue branched amphi-
philic peptides: bis(FLIVI)-K-K4 and bis(FLIVIGSII)-K-K4 commonly
referred to as bis(hs)-K-K4 and bis(hg)-K-K4, respectively (Fig. 12). In
2012, Gudlur et al,, first described the formation of these structures
at 25 °C (RT) (Fig. 13) [184].

The linear (hg)-K-K4 sequence (Fig. 12) did not form any
detectable structures. Henceforth these structures will be referred
to as branched amphiphilic peptide capsules (BAPCs) to avoid
confusion with lipid vesicles.

In Fig. 13, 50—150 nm spherical structures are present aftera2 h
incubation period. The BAPCs in this image appear to be fusing. The
resolution of these images was insufficient to identify whether or
not the capsules were surrounded by a bilayer. Subsequently
methyl mercury was added to the bis(FLIVI}-K-K4 and bis(-
FLIVIGSII)-K-K4 peptides in which the thiol containing amino acid
cysteine was added to the C-terminal lysine of both peptide se-
quences |195]. In this representative image (Fig. 14) of capsules
formed at 25 °C, the bilayers are distinct due to the emission of a
specific energy x-ray associated with mercury bombarded by
electrons. The BAPCs remain water filled and a number of capsules
appear to be fusing. Note that unlike many liposome preparations
all of the BAPC structures are unilamellar.

Based on computer simulations these peptides behave much
like phospholipids. As observed with membrane lipids, the hy-
drophobic regions of these peptide molecules are poorly soluble in
water and in an analogous manner shield themselves by associating
to form bilayers in aqueous solutions that appear to be 4 nm in
thickness (Fig. 15). The aromatic side chains of phenylalanine res-
idues and other aliphatic residues are buried in the interior of the
newly formed membrane.

In addition to the aromatic and non-polar residues interacting
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100 nm

Fig. 11. TEM images of K5FLIVIK; that were dried from peptide solutions prepared at different pH values. The left panel is peptide suspended at pH 12.0 and imaged at 70,000x
magnification. The center panel is peptide incubated at pH 2.0 and imaged at 34,000x. The right panel is peptide dissolved at pH 7.0 and imaged at 70,000x.

Table 4
Comparison of structural and adhesive properties of test es. All es were tested in parallel for adhesive strength under different dry press conditions. Assembly
properties were measured by analytic ultracentrifugation,

FLIVIGSIL, FLIVI IVIGS, IGSH IFGAIL, KLVFF, AlIGL

Random structure at pH 2 and 7 Random structure at pH 2 and 7 Random structure at pH 2 and 7

B-structure at pH 12 in water
f-structure when dried from water
Assembles in water pH > 9
Adhesive after dry press, RT

M ble wet adhesi gth
Forms entangled nano-fibrils

B-structure at pH 12 in ethylene glycol
B-structure when dried from water

No assembly at pH 12

Adhesive after dry press, 130 °C

No wet adhesive strength

Forms entangled nano-fibrils

No structure at pH 12 in any solvent
B-structure only when dry pressed
No assembly at pH 12

Adhesive after dry press, 130 °c

No wet adhesive strength

Forms entangled proto-fibrils

of

20 0CI000 - COICCRS
u@@f-)@@;@@@f@@-w,
1

™
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Fig. 12. Graphic representation of the branched and linear amphipathic sequences
initially tested. The color coding is added to signify those residues that are cationic
(yellow), non-polar (blue) and hydrophilic (violet) along with the branch point (pink).

with each other through hydrophobic interactions; CD and FT-IR

indicated significant parallel B-like structure. indicative of
hydrogen bonding networks. The positively charged lysines reside
in the two aqueous phases, on both the inner and outer sides of the
bilayer (Fig. 15). Additionally, this model seems to show a networks
of hydrogen bonds between adjacent p-structures that help the
organized structure stabilize at very low sub-micromolar concen-
trations - as judged by dilution studies determined by both CD and
ITC—conditions where nearly all phospholipid assemblies would be
fully dissociated. We have yet to determine the critical assembly
concentrations (CAC) of BAPCs.

Fig. 13. Transmission electron microscopy (TEM) obtained from the synthesis of
nanocapsules solution (1.5 mM). The image shows the process of fusing the nano-
capsules, resulting in larger and more elongated structures (scale bar: 200 nm).
Reproduced from Gudlur et al. (2012) [184].

4.2.1. BAPC assembly
Nanocapsules formation follows nearly the same steps used for
the preparation of diacylglycerol phospholipid vesicles (Fig. 16).
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Fig. 14. Scanning transmission electron microscopy (STEM) of Cys containing peptides
labeled with Me—Hg 24 h after mixing, Capsules were prepared with the peptides at
0.1 mM with 30% of them containing the Me—Hg. The images were captured using the
inverted dark-field mode. Reproduced from Sukthankar et al. [195].

100

Electron density (¢ nm )

g " > 3

3 o
Distance from bilayer center (nm)

Fig. 15. Atomistic model of the BAPC peptide bilayer. In the center, the peptides are
shown in a transparent surface, with Lys colored in yellow and other residues in blue
and water in ball-and-stick mode. The top panel illustrates extensive -m stacking
interactions among Phe residues. The bottom panel shows the average electron density
profiles of water (black line), Lys (red) and Phe residues (green line) calculated from
last 40 ns of the 100 ns simulation.

Initially the two peptides, bis(FLIVI)-K-K4 and bis(FLIVIGSII)-K-K4,
are dissolved individually in neat 2,2,2-trifluoroethanol (TFE). In
this solvent the peptides adopt a helical structure. As helices they

are monomeric, thereby ensuring complete mixing of the two se-
quences when combined. This solvent also ensures that they
remain helical upon drying, based on FI-IR studies.

The individual dissolved peptide concentrations are determined
using the molar absorptivity () of phenylalanyl residues in the
sequence (195 M~' cm~! at 257.5 nm) [184]. The two peptides are
then mixed in equimolar ratios to generate desired concentrations
and then dried in vacuo. All of the initial experiments limited the
ratio to 1:1 to ensure an adequate concentration of the shorter
peptide to accommodate the curvature of assembled capsules.

Distilled deionized water or aqueous solution containing solutes
for encapsulation are added drop-wise to the dried peptides at the
desired temperature. Different secondary structures and capsule
sizes are seen when assembly occurs at different temperatures. This
will be discussed later.

4.2.2. Fusion and sizing

Sukthankar et al. [195] followed the assembly process over 2 h
(Fig. 17) and showed that within 5 min of hydrating the mercury-
labeled peptides, nano-fibrils appeared which gradually began to
group together forming the nanocapsules with a 20 nm average
size by 30 min. At 60 min the small BAPCs appeared to coalese and
by 2 h have fused into larger capsules. By 48 h, micron sized cap-
sules are present. [184] While these STEM images provide a static
view into the underlying assembly events, a solution study was
designed to demonstrate the dynamic nature of fusion process
(Fig. 18A & B) [195].

The dilution of the self-quenching fluorescent dye Eosin Y was
recorded during fusion the process. Two populations of BAPCs,
harvested and washed 30 min post hydration, containing either
2.2 mM dye (5 parts) or just water (95 parts), were mixed. At the
earliest time points the dye containing BAPCs would be expected to
fuse with the water filled ones thereby diluting the dye. This dilu-
tion was recorded as an increase in {luorescence. With each 5 min
scan the intensity of the dye increased without any dye appearing
in the 30 kDa cut-off filtrates, thus demonstrating fusion and the
fact that the BAPCs are water filled. Lowering the BAPCs

bis(h) K-K4 bis(hs) K-K4
(solid material) (solid material)

N7

bis(hy:h,) K-K4

Monomers
(in 1009%TFE) (helical)
\ U/ |
o % Monomers
bis(hg:hy) K-K4 pe

(Dried)

|

bis(hg:h,) K-K4
(In water pH 7)

Assembly with
encapsulation
(p-sheet)

Fig. 16. Assembly protocol for peptides nanocapsules.
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Fig. 17. BAPC fusion time course. Peptides(0.1 mM) bis(FLIVI)}-K-K4 and bis(FLIVIGSII)-K-K4 containing 30% bis{FLIVI)-K-K4-Cys-Hg-Me and bis(FLIVIGSHI)-K-K4-Cys-Hg-Me were
hydrated with samples removed at the indicated times and dried. The STEM images are displayed in inverted dark field. The scale bar at the bottom of the micrographs are 200 nm,
500 nm, 200 nm, 100 nm, 200 nm and 500 nm, for the intervals of 0, 5, 10, 30, 60, and 120 min, respectively. Reproduced from Sukthankar et al. [195].
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Fig. 18. BAPC Fusion Study. Panel A. Salt washed eosin Y trapped BAPCs were mixed with water filled BAPCs at 25 “C. Fluorescence scans were taken at 5 min intervals for 235 min.
The inset shows spectrum of sample stored at 4 °C for 65 h. The units shown are identical to those in A. Panel B. Measured maximum eosin fluorescence intensity as a function of
time during the fusion reaction. The t — 0 represents guenched value of salt washed eosin encapsulate in the capsules (22 mM). The data was fitted to a second order exponential
with the error bars representing the SEM with n = 3. Reproduced from Sukthankar et al. [195],

temperature to 4 °C at t = 35 min (inset to Fig. 18A) shows that the
fusion process can be stopped. Returning the 4 *C sample to RT did
not restore fusion. This phenomenon is addressed later in Section
432,

Since the BAPCs fuse like liposomes, resizing of larger BAPCs was
tested using polycarbonate filters using methods commonly
employed to prepare small phospholipid vesicles (SUVs). Starting
with a 24 h, 25 °C sample (200500 nm diameter BAPCs) the BAPCs
were extruded through a 100 nm pore filter, yielding a mixed
population, 20-60 nm diameter capsules. Few if any 100 nm

capsules were seen suggesting this size is disfavored over smaller
ones. Those BAPCs were then extruded a second time through a
30 nm filter resulting in a relatively homogeneous population with
sizes ranging from 20 to 30 nm. The 30 nm membrane is the
smallest commercially available and attempting to go even smaller
does not appear feasible since the BAPCs assemble as 20-30 nm
structures. Once resized to 20—30 nm, the BAPCs should be cooled
to 4 °C at RT to prevent their re fusion.

The inset to Fig. 18A showed that lowing the temperature to 4 °C
after incubating at 25 °C for 35 min resulted in an altered BAPC that
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was no longer able to fuse. Even increasing the temperature step-
wise to 80 °C failed to restart fusion. In addition, the cooled
BAPCs were no longer susceptible to disassembly in 50% TFE{water
containing solutions. Based on these results the effect of temper-
ature on BAPC properties were initiated. The results from these
experiments indicate that there is a temperature dependence for
assembly.

4.3, Distinctive properties of BAPCs

4.3.1. Temperature effects on BAPC formation

BAPC assembly was monitored at multiple temperatures with
their final secondary structures determined [196]. To briefly
summarize, BAPCs formed at 4 °C and 37 °C yield uniform BAPCs
that are 2030 nm in diameter, do not fuse yet are disassembled
in 50% TFE. The 4 °C BAPCs are predominantly unstructured while
the 37 °C display beta-like structure. The BAPCs formed at 25 "C
were the only ones that displayed the fusogenic property and
disassembled in 50% TFE. They displayed secondary structure that
appear to be a mixture of random coil and beta-like structure.
Over time as the BAPCs grew in size they became more beta-like in
structure, It was hypothesized that the mixture of random and
beta structure is higher energy and meta-stable and that fusion
leads to a lower free energy state. Assembly at 25 °C for 30 min
followed by 1 h of cooling at 4 °C and then rewarming to tem-
peratures »25 °C makes the BAPCs even more stable and resistant
to disassembly in 50% TFE. Their structures changed during the
experiment from a combination of random and beta at 25 °C to
mostly random at 4 °C and then back to mixed upon rewarming. It
was postulated that during the thermal cycling entanglement of
the hydrophobic segments occurred during the transition from
random coil back to the mixed conformer. This unusual BAPC is
referred to as being in a “locked” conformation. This particular
BAPC has proven to be useful in delivering DNA to cells (not dis-
cussed in this review).

4.3.2. BAPC stability

The thermal stability of the nanocapsules was also evaluated by
Gudlur et al. [184], using Differential Scanning Calorimetry {DSC)
for temperatures ranging from 20 to 95 °C. This experiment was
confirmed over the same temperature range using BAPCs con-
taining the quenched dye Eosin Y (2.1 mM). No fluorescence in-
tensity increase was observed over the full temperature range
indicating that the BAPCs did not rupture and release contents. The
lack of a phase transition over this temperature range indicates
maintenance of the bilayer's structural and functional integrity.
This observation is important because phospholipid membranes
comprised of acyl chains of 18 carbons or less with no double bonds
generally exhibit phase transition temperatures between 35 and
55 °C [197]. At these temperatures, lipid vesicles tend to become
permeable. This propertyis a disadvantage due to the release of
internal contents when exposed to elevated temperatures. In
addition to thermal stability the BAPCs are resistant to proteases,
chaotropes, dodecylsulfate and dilution [184].

4.3.3. Cellular uptake

As showed by Sukthankar et al. [198] nanocapsules are formed
with an average diameter of 2030 nm with an internal volume of
4000 nm? allowing them to be considered as possible candidates
for the encapsulation of a large number of different molecules
including proteins. For this purpose BAPCs were used to encapsu-
late TAMRA-labeled TRNase A (RMase A, 13.7 kDa) and TAMRA-
labeled cytochrome c (Tcyte, ~12 kDa). These apoptogenic pro-
teins were chosen since their release from the BAPCs would trigger
a measurable cytotoxic effect. For the positive delivery control the

amphipathic peptide called Pep-1 was employed. This peptide re-
agent is known to induce cellular uptake of proteins and peptides
[199,200].

Both cytochrome ¢ and RMase A were successfully encapsulated
in the BAPCs and efficiently delivered into HeLa cells (Fig. 19). In the
images obtained we observed a slightly lower signal when
comparing the transport of Tcyte using BAPCs with the control
Pep-1.

Both cytochrome ¢ and RNase A are known for their apoptotic
effiects [201,202]. This BAPC experiments do not record any obvious
signs of apoptosis whereas the transport mediated by Pep-1
exhibited the expected effect of cellular cytotoxicity. This was the
first experiment that indicated that the cell's degradative machin-
ery did not act on the BAPCs. This study (Fig. 20) also showed that
the BAPCs are retained intact in Hela cells for long periods of time.
The images generated with confocal microscopy revealed that even
after 14 days, the BAPCs labeled with Rhodamine B persisted inside
the Hela cells and interestingly are transferred without any
apparent degradation to the daughter cells formed during mitotic
divisions.

4.34. In vivo studies-encapsulated alpha-emitting radionuclides

The remarkable stability of BAPCs makes them singularly useful
in several applications and ill suited for others. Given their tem-
perature stability and flexibility (based on resizing results) BAPCs
were used to encapsulate an alpha-particle emitting radioisotope.,
Molecular nuclear medicine plays important roles in the diagnosis
and treatment of cancer. Depending on the radioisotope's proper-
ties, the compounds can be used for diagnostic and/or therapeutic
purposes. Targeted alpha-particles have a significant advantage in
targeted radiotherapy because of their high potency, specificity as
well as their ability to kill non-proliferating cells and without the
need for oxygenation [203]. Current targeted alpha radio-
immunotherapy takes advantage of the specificity of antibody-
conjugated radionuclides to deliver biocidal radiation to cancer
cells [204]. Alpha-emitting radionuclides such as Actinium-225 and
Bismuth-213 are commonly used for this purpose. This method
does have some disadvantages in that the high energy of the
ejected alpha particle can collide with and destroy the covalent
bond between the chelator molecule and the antibody. Also the
energy released during the recoil of the daughter nuclide is suffi-
cient to dislodge the radionuclide from the chelator itself. This
release of free radionuclides can cause off-target accumulation and
potential damage [205].

For the BAPC encapsulation studies “*>Actinium was tried. This
radionuclide has a T'4 = 9.92 days while releasing 4 a-particles as it
decays to 2Bismuth [203]. Alpha particles are emitted with a ve-
locity of 5% the speed of light. The average energy of the 4 ejected
helium nuclei is 6.93 MeV [203]. The average mass of the daughter
nuclei must have equal and opposite momenta which accounting
for the mass difference calculates to an average energy of 0.13 MeV.
As shown in Fig. 21 the BAPCs are able to retain 95% of the radio-
nuclides (parent and daughters) for 7 days. As previously
mentioned theoretical calculations by Sofou et al. [134,135] suggest
negligible (<0.001%) daughter retention for the last isotope of 2°AC
for 100 nm diameter liposomes and 50% retention for liposomes
with a diameter larger than 650 nm. Even giant liposomes (1 pm
diameter), have retention values < 65% and in fact, the measured
last daughter retention for the 650 nm liposomes was found to be
substantially lower (11%) than predicted [134,135].

Given the demonstrated robust properties of our peptide
capsule design, we have started investigating the delivery of the
alpha particle emitting Actinium to cells. To date [ 198], (in vitro) we
have been able to load the BAPCs with 22°Ac that have stably
retained >95% of their activity over 7 days, and shown that cultured
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Tcyt+ BAPCs Tcyt » Pep-1

TRNase + BAPCs TRNase + Pep-1

Fig. 19. Fluorescence Microscopy images of BAPCs delivering TAMRA labeled protein to HeLa Cells. A) Hela cells uptake of BAPCs carrying Teytc; B) Control with Teyte with Pep-1; C)
BAPCs uptake containing TRNase; D) Control TRNase A with Pep-1. Reproduced from Sukthankar et al. [198].

Fig. 20. Time function of the BAPCs integrity. Images obtained with confocal microscopy of BAPC uptake by Hela cells after 2 weeks showing: A) Excitation of Rhodamine in Dark
field image; B) DIC image; C) Merge images exhibiting the Rhodamine inside of the BAPCs. Reproduced from Sukthankar et al. [198].
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Fig. 21. Retention of BAPCs encapsulated with ***Ac. Encapsulation and retention of
“#ia¢ within BAPCs over 7 days. Reproduced from Sukthankar et al. [198].

cells readily take-up non-lethal concentrations of encapsulated
225pc. In vivo (Fig. 22), free 225Ac completely cleared from the blood
while 2**Ac-loaded capsules continued to circulate due to their
small size.

Free 25Ac accumulated significantly more in the liver (P = 0.03)
and in the bone (P = 0.02) than the ?**Ac- BAPCs which points to
the tight incorporation of **Ac inside the BAPCs. At 1 h when both

225p¢c-BAPCs and free **Ac were still exiting the peritoneal cavity
there was no significant difference in organ uptake between 225Ac-
BAPCs and free **°Ac except for the bone where free *2?Ac tends to
accumulate. The only organ where there was more 23Bi present
compared to 22°Ac were kidneys which serve as the “sink” for 2'*Bi
which has been released from any organ in the body.2'3Bi daughter
was present together with 2°Ac indicating the possible retention of
the daughter by the BAPCs as well. Together, these preliminary
results point to the ability of BAPCs to incorporate and retain 22°Ac
and its daughter 2'*Bi. Being able to selectively deliver this isotope

a location just outside the nucleus using targeting molecule
adducted BAPCs should improve therapeutic efficacy while
reducing off-target damage and lowering the whole body dose of
radiation needed to kill targeted cells.
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Fig. 22. Bindistribution of free and BAPC-encapsulated, ***Ac and its daughter *"*Bi, in CD1 mice. A) 1 h time point; B) 24 h time point. Reproduced from Sukthankar et al. [198].

5. Summary

There are three fundamental factors that go into the develop-
ment of a competent nano-encapsulating system, viz - character-
istics of the diseased state, choice of therapeutics and the nature of
the delivery vehicle. The choice of the therapeutic and the nature of
its action need to be carefully considered during the selection of a
delivery platform. The drug's site and mechanism of action define
what carrier system will achieve optimal delivery. For example;
drugs that require intracellular sites of action require intracellular
delivery for bioactivity and therefore necessitate a delivery vehicle
that enables homogenous tissue penetration.

Fundamental research into the nature of diseased state bio-
markers and associated ligands, play vital roles in the design of
functionalized delivery vehicles. Even in cases where targeting is
not employed, an understanding into the characteristics of the
diseased site, tissue accumulation and cellular uptake can help us
engineer more efficient non-specific drug delivery systems by
maodulating the biophysical properties of nano-carriers [206,207].
BAPCs by their very nature represent a new and exciting class of
novel encapsulating nano-system for drug delivery, not only
because of their versatility, tune-ability, extraordinary stability,
biocompatibility or target-ability; but also because of the unique
structural potentialities of its branched parent sequences that
result in the formation of a pure peptide bilayer delimited nano-
vesicle similar to liposomes in its organizational architecture.
Indeed it could be said that the branched peptide sequences that
constitute BAPCs are in themselves a unique class of biomaterial
with great potential in a variety of chemical, physical and biological
applications. An exhaustive investigation of these nano-materials is
currently in progress.
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ABSTRACT: Branched amphipathic peptide capsules (BAPCs) (1:0) e
are biologically derived, bilayer delimited, nanovesicles capable of :::-'::: KK KKKk, " -
being coated by or encapsulating a wide variety of solutes. The - “ = ]

&

vesicles and their cargos are readily taken up by cells and become 0:1

localized in the perinuclear region of cells. When BAPCs are ::H::g::: KKK K-coNH,
mixed with DNA, the BAPCs act as cationic nucleation centers )

around which DNA winds. The BAPCs-DNA nanoparticles are * ¥ 4
capable of delivering plasmid DNA in vivo and in vitro yielding
high transfection rates and minimal cytotoxicity. BAPCs share
several biophysical properties with lipid vesicles. They are however
considerably more stable—resisting disruption in the presence of
chaotropes such as urea and guanidinium chlorde, anionic
detergents, proteases, and elevated temperature (~95 °C). To
date, all of our published results have utilized BAPCs that are
composed of equimolar concentrations of the two branched sequences (Ac-FLIVI),-K-K-CO-NH, and (Ac-FLIVIGSII),-K-K,-
CO-NH,. The mixture of sizes was utilized to relieve potential curvature strain in the spherical capsule. In this article, different
molar ratios of the two peptides were studied to test whether alternate ratios produced BAPCs with different biological and
biophysical properties. Additionally, preparation (annealing) temperature was included as a second variable.

Tramfection Efficiensy (%)
I

B INTRODUCTION glutamic acid residue,'* and a tl'iPE.'PlideH have been reported
to self-assemble into nanovesicles.

Our contribution in this area is branched amphipathic
peptide capsules (BAPCs). They are formed through the
spontaneous supramolecular assembly of the two peptides (Ac-
ELIVI),-K-E-CO-NH, and (Ac-FLIVIGSIL),-K-K-CO-NH,

in water. We have introduced the term “capsule” in an effort

Self-assembling polymeric vesicles have shown promise as gene
and drug delivery systems. Vesicles prepared from different
oligomers can be generated from a variety of self-assembling
molecules' ™" with amphiphilic block copolymers being among
the most widely studied. The amphiphilic blocks can be
synthetic, matural, or a mixture of both. When a peptide

to avoid confusion between our peptidic nanospheres and
comprises one of the segments, the resulting assemblies are

) : ‘ traditional lipid vesicles. A history detailing the origins of the
termed peptide vesicles or peptosomes. However, few peptide BAPCs is described in a recent review.'® Previous studies that

vesicles have been reported in the literature compared to the included transmission electron microscopy (TEM) and

numerous synthetic polymers capable of self-assembling into computational simulations indicated that the hollow capsules
vesicles. Vauthey et al." described a short peptide termed are bound by a peptide bi]ayer.l? The peptides are mixed as
surfactantlike peptide that assembled into nanotubes and helical monomers in the absence of water, dred, and then
nanovesicles. Matsuura et al™'’ reported an artificial C3- hydrated to start the annealing process. BAPCs formation is

symmetric peptide conjugates, trigonal (FKFE),, capable of observed after 30 min with nascent capsules assembling into
self-assembly into viral-sized peptide nanospheres in water. Van

o ) N -
Hell et al. showed the self-assembly of an amphiphilic Received: March 16, 2017
oligopeptide SA2 into nanosized vesicles. More recently, Revised:  June 14, 2017
aromatic dipeptides,l:'“ dipeptides containing a C-terminal Published: June 27, 2017

ACS PUblIC&tIOI’]S © 2017 American Chemical Sodety 7096 DOk 1R1021/3cs langmuir 00912
L Langmuir 2017, 33, 70967104



Langmuir

sizes ranging from 20 to 30 nm in diameter.”” If the peptides
are assembled at 25 °C, the nascent capsules undergo fusion
and within a few hours form heterogeneous spherical structures
that ranged in size {S0-200 nm)." It was observed that BAPCs
formed at 25 “C and then moved to 4 °C for as little as 1 h
blocked fusion even when they were returned to elevated
temperatures (up to 80 “C). BAPCs prepared at either 4 or 37
°C do not undergo fusion and retain the size of the nascent
capsules. Sukthankar et al' examined the temperature
dependence on the secondary structure, size, and encapsulation
efficiency of BAPCs. The peptides present in the BAPCs
adopted different conformations: with 4 “C BAPCs showing
mostly random structure, 25 “C BAPCs displaying a mixture of
random and beta-structure, and the 37 °C ones being mostly in
beta.

Peptide vesicles capable of delivering nucleic acids into cells
are also relatively rare. To the best of our knowledge, only two
research groups had reported the use of peptide vesicles for
gene delivery. Liand co-workers™ described cationic dipeptides
(H-Phe-Phe-NH,-HCI) that self-assemble into nanotubes and
rearrange to form vesicles upon dilution. These vesicles were
able to deliver small oligos into cells in culture. Our group
demonstrated the ability of BAPCs to deliver plasmid DNA
(pDNA) in vivo and in vitro2 ™" In vitro, BAPCs associated
with DNA were capable of delivering plasmid DNA with
transfection rates ~55% and minimal cytotoxicity.” In vivo,
BAPCs were capable of delivering a vaccine DNA encoding the
E7 oncoprotein of HPV-16 (pgDE7) in mice. Mice immunized
with pgDE7-BAPC nanocapsules complexes constrained tumor
growth up to one month after transplantation of tumor cells
without significant toxic effects”’ TEM and AFM analysis
showed that BAPCs can act as cabonic nucleation centers
around which DNA winds generating Pegﬁde—DNA complexes
with a size manging from 50 to 100 nm. !

All of these published studies utilized a 1:1 ratio of the two
peptides (Ac-FLIVI),-K-K,-CO-NH, and (Ac-FLIVIGSIL) -K-
K,-CO-NH, (Figure 1). This ratio was chosen arbitrarily to

Ac-Phe-Leu-lle-Vallle-Gly-er-le-lle —
bis(ha-Ks ‘
ewamnr  AG-Phe-leu-lle-Vaklle-Gly-Serde-lle— Lys-Lys-Lys-Lys-Lys-cons

Ac-Phe-leu-le-Valle

e | KK
iy M-PhE-LEU-IIe-VuI-IIe—,.Ly;-Ll,.ls-ll,ls{ys-Lys-WNH;

FW. =123

Figure 1. Branched amphipathic peptide capsule (BAPC) forming
sequences. The peptides are described in the text as (Ac-FLIVI) K-
K,-CO-NH, and (AcFLIVIGSI), K-K,-CO-NH,, respectively.

allow enough of the smaller peptide to line the inner leaflet
with the larger sequence making up the outer leaflet of the
assembled bilayer to compensate for any strain due to
curvature. In this report we prepared BAPCs where the ratio
of the two peptides and the annealing temperatures were
modified with an eye toward examining how these variables
affected the physical properties and gene delivery efficacies (in
vitro) of the capsules. BAPCs were prepared with the following
(Ac-FLIVI),-K-K-CO-NH,:( Ac-FLIVIGSIL),-K-K,-CO-NH,
ratios —1:0, 0.8:0.2, 0.5:0.5,0.2:0.8, and 0:1. Also, capsules were
annealed at 4, 25, and 37 “C. BAPCs prepared at 4 “C showed
the highest efficiency in encapsulating the fluorescent dye Eosin
Y and those prepared using just (Ac-FLIVIGSIL),-K-K,-CO-
NH, showed the maximal transfection rates. These results
suggest that equimolar concentrations of BAPCs are not
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essential for encapsulating solutes and delivering complexed
DNA into living cells.

B MATERIALS AND METHODS

Peptide Synthesis. Peptides were synthesized by solid phase
peptide chemistry on 4-(24-dimethoxyphenyl-Fmoc-aminomethyl)-
phenoxyacetyl-norleucyl-cross-linked ethoxylate acrylate rein™ (Pep-
tides Intemational Inc; Louisville, KY) on a 0.1 mmol scale using
Fmoc (N-(9-fluorenyl) methoxycarbonyl)/tertbutyd chemistry on an
ABI Model 431 peptide synthesizer (Applied Biosystems; Foster City,
CA) with modified cydes and resin with reduced substitutions. The
Fmoc 1-amino acids were obtained from Anaspec, Inc. (Fremont, CA).
The branch point was introduced by incorporating N* di-Fmoc1-
Iysine in the fifth position fom the C-terminus, Deprotection of this
moiety leads to the generation of two reactive amino sites, thereby
generating the bifurcated peptide branch point. This enables the
addition two predominantly hydrophobic N-terminal tail segments
FLIVI and FLIVIGSIL to the common hydrophilic oligo-lysine
segment by the stepwise addition of Fmoc amino acids.™ The N-
termini of the peptides were acetylated on the resin using acetic
anhydride/N N-diisopropylethylamine/ 1-hydroxybenzotriazole just
prior to cleavage. The peptides were deaved from the resin using
TFA /water (982, v/v) for 90 min at RT to generate C-tenminal
carboxamide. The peptide products were washed 3x with diethyl
ether. At this point the two peptides were treated differently. The
shorter peptide was redissolved in water prior to lyophilization. The
water used throughout this study is first deionized then reverse
osmosis treated and finally glass distilled. The larger peptide was dried
directly from the ether. The larger peptide has a propensity to form
beta-structure in water, leading to the formation of aggregates that
persist after lyophilization. Drying directly from ether prevents this.
The larger peptide was hydrated just before pedforming any analysis.
The RP-HPLC purified peptides were dried in vacuo and characterized
on a Bruker Ultraflex 11 matrix-assisted laser desorption ionization
time-of-flight mass spectrometer (MALDI TOF/TOF) (Bruker
Daltonics, Billerica, MA) wsing 2,5-dihydroxybenzoic acid matrix
(Sigma-Aldrich Corp,, St. Louis, MO). The dried peptides were stored
at room temperature.

Capsule Formation and Encapsulation. The (Ac-FLIVI);,-K-K;-
CO-NH, and (AcFLIVIGSIL),-K-K,-CO-NH, peptides were dis-
solved individually in neat 2,22-trifluoroethanol. In this solvent the
peptides are helical and monomeric, thereby ensuring complete mixing
when combined. Concentrations were determined for the stock TFE
dissolved samples wing the molar estinction coefficient () of
phenylalanine residues (two per sequence) at 257.5 nm (195 ™!
M™% The (AcFLIVI), K-K,-CO-NH, and (AcFLIVIGSIT), K-
K-CO-NH, peptide solutions of known concentration were mixed to
yield ratios of 1:0, 0.8:02, 05:0.5, 0.2:0.8, and 0:1 and then dried in
vacuo, BAPCs (30 uM) samples were prepared by hydrating the dried
monomerc mixture of the constituent peptides dred from 100% TFE
with aqueous Eosin Y (213 mM) or Rhodamine 6G (2 mM and 0.1
mM) and then allowed to assemble for 60 min at 4, 25, or 37 °C.
Fluorescence of Fosin Y strongly quenched at this concentration.
Rhodamine 6G, which is also selfquenching, was used at two
concentrations: one that was quenching (20 mM) and the other at a
concentration that yielded maximum fluorescence (0.1 mM)
(Supporting Information Figure $1). The dye-loaded BAPCs were
then washed by centrifugation carred out at 14000g in Amicon ultra-
05 mL 30 kDa molecular weight cutoff centrifugal cellulose filters
(Millipore, Billerica, MA) using a Thermo Electron Legend 14
personal microcentrifuge (Thermo Fisher Sdentific Inc, Waltham,
MA) to remove nonencapsulated dye. Samples were then subjected to
multiple centrifugation cycles starting with a 5 min preincubation with
200 mM NaTFA salt. The TFA™ counterion successfully displaces
negatively charged Eosin Y associated with the outer capsule surface.*
For the second—sixth wash cycles, the dye encapsulated capsules were
incubated with just water prior to centrifugation. At the condusion of
the sixth spin, the removable-Alter unit was inverted and placed in a
fresh tube and spun at 2000g for 5 min to recover the remaining
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volume containing the washed capsules. This sample was then diluted
to the desired concentration with water.

For studies examining encapsulation efficiency and temperature
effects Eosin Y (Sigma-Aldrich Corp,, St. Louis, MO') or Rhodamine
6G (Sigma-Aldrich Corp,, St. Louis, MO) was present in the hydration
solutions at desired concentrations. After BAPC formation in the
presence of either dye (60 min) the samples were passed through a 02
pm PTFE syringe filter (Millipore Millex FG, Billerica, MA).
Fluorescence measurements of the encapsulated contents were carried
out by the excitation of Eosin Y at 490 nm and scanning for observed
emissions from 495 to 800 nm with a CARY Edipse fluorescence
spectrophotometer (Varian Inc, Palo Alto, CA) (scan rate: 600 nm/
min; PMT detector voltage: 600 V; excitation slit: 10 nm; emission
slit: 10 nm ) using a 0.3 cm path length quartz cuvette. Standard curves
examining the concentration and temperature effects on Eosin Y
fluorescence were performed and used to comect data obtained for
these effects.

For the temperatwre studies with the different peptide ratios,
changes in the fluorescence intensity of the dye Fosin Y were followed
as a function of temperature. The dye was used at a concentration that
quenches the fluorescence. Any lysis of the BAPCs would result in an
increase in fluorescence intensity. For these studies the BAPCs were
prepared at 4 °C for at least an hour before washing. The fluorescence
was initially measured at 4 °C followed by jumps to 25 °C and then 37
°C followed in some experments by 10 °C increases up to 95 °C.

Circular Dichroism Experiments. Circular dichroism (CD)
experiments were conducted to analyze conformational changes in
secondary structures formed by the water-filled 1 mM BAPCs
prepared with the different peptide ratios. Data were collected on a
Jasco ]-815 CD spectrophotometer (Jasco Analytical Instruments,
Easton, MD) using a 0.2 mm path length jacketed cylindrical quartz
cuvette (Starna Cells Inc, Atascadero, CA). Spectra were scanned
from 260 to 190 nm at a scan rate of 50 nm min~' with 1 nm step
intervals. All experimental temperatures were maintained wsing a
heating/ cooling fluid circulator (IBM Corp.) connected to the
jacketed cuvette. CD spectra were measured in “mdeg” wsing an
average of five scans. The raw data were subtracted from blank at the
apprg{;ﬂare temperature and smoothed using a Savitsky—Golay
filter™"" using Spectra Analysis software provided by the manufacturer
(Jasco Inc, Easton, MD). Peptide concentrations were determined
using the absorbance of phenylalanine as previously described

Dynamic Light Scattering and Zeta Potential. Branched
amphipathic peptides with varying ratios of (Ac-FLIVI), K-K,-CO-
NH, and (Ac-FLIVIGSI),-K-K,-CO-NH, were hydrated at 4 °C to
yield BAPCs incorporating a total peptide concentration of 2 mM.
These were maintained at 4 “C for 3 h before bringing them to RT
prior to analysis. Dynamic light scattering (DLS) and zeta potential
(ZP) analysis were performed using a Zetasizer Nano 28 (Malvern
Instruments Ltd, Westborough, MA ). The accuracy of the instrument
was validated using 30 and 90 nm Nanosphere-NIST traceable mean
diameter standards (Thermo Fisher Scientific, Waltham, MA).

Cell Culture. HEK-293 cells were kindly donated by Dr. Tao
{Aubum University) and maintained s previously described.”

Preparation of DNA-BAPCs Nanoparticles. BAPCs (45 uM)
were prepared at different ratios of (Ac-FLIVI),K-K.CO-NH, and
{ Ac-FLIVIGSI), K-K-CO-NH, and hydrated at different temper-
atures (4, 25, and 37 °C). Subsequently, they were mixed with 2.5 ug
of pEGFP-N3 (Clontech, Mountain View, CA). The charge ratio
(N:P) ratio was 26. The N:P charge ratio for a given complex has been
previously defined. ™ Solutions were mixed carefully with a pipet and
allowed to stand for 10 min at RT before adding CaCly, 1.0 mM final
concentration. After an additional 30 min incubation period, the
solution was added to the cell culture. CaCl, alone at this
concentration was analyzed and did not to enhance DNA uptake or
expression.

In Vitro Plasmid Transfection. For transfection experiments,
cells were seeded as previously described;” 24 h later at 60%
confluence, &l medium was removed from the wells, and 800 uL of
Opti-MEM 1 Reduced Serum Media was added. Next, 200 pL of
BAPCs-DNA nanopartides was added to cells The BACPs-DNA
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complexes were incubated with cells for 4—6 h at 37 °C/5% CO,
After the incubation period media and transfection reagent were
removed and replaced with 1 mL of fresh DMEM containing 10% FBS
in each well. The cells were retumed to the incubator for 48 h. After
this incubation period, transfection efficiency was monitored by
fluorescence microscopy and quantified by flow cytometry (Accur C6
Flow Cytometer, Beckon Dickson, San Jose, CA). Ghost Dye Red 780
(Tonbo Bicsciences, San Diego, CA) was used to identify and then
exclude dead cells from the analysis. Nontransfected cells containing
only DNA and CaCl, (1 mM) were used as a control. For the positive
control, cells were transfected with jetPRIME (PolyPlus, Strashourg,
France) following the manufacturer protocol. Data were analyzed
using the FlowJo software V.10.1 (TreeStar, Ashland, OR).

Fluorescence Microscope Images. Images were obtained using
an Edipse Ti2 inverted microcopy system (Nikon, Melville, NY).

B RESULTS AND DISCUSSION

Physicochemical and Structural Properties of BAPCS
Assembled at Different Temperatures and with Differ-
ent (Ac-FLIVI),-K-K4-CO-NH,: (Ac-FLIVIGSII),-K-K4-CO-
NH; Ratios. All of our published studies were performed
using the equimolar ratios of (Ac-FLIVI),-K-K,-CO-NH, and
(Ac-FLIVIGSIL),-K-K,-CO-NH,. Early in our deliberations on
how best to prepare BAPCs, we made the assumption that an
equimolar mtio of the large and small sequences would be a
reasonable starting point. It was reasoned that if the branched
peptides formed vesicle-like structures, including the shorter
(Ac-FLIVI),-K-K,-CO-NH, sequence with the longer (Ac-
FLIVIGSIL),-K-K,-CO-NH, could ease any strain due to
curvature and thereby facilitate assembly. When we examined
the actual distribution of the two peptides in the assembled
bilayers we observed that the outer leaflet contained both
sequences with the larger peptide predominating. Exact ratios
were difficult to assess due to the variability involved in the selt-
assembly process. The ability of this ratio to meet the original
design goals left studying the individual peptides as well as all
other ratios untested.

In Sukthankar et al'” equimolar ratios yielded BAPCs with
unusual thermal transitions. Capsules prepared at 25 °C
spontaneously fused to form a heterogeneous population of
larger spherical structures while those prepared at 4 and 37 °C
were uniform spheres with a fived diameter of 2030 nm. The
secondary structure of the peptides in the assemblies were
predominantly random coil or beta-structures for 4° and 37 °C,
respectively. The 25 °C peptides were a mixture of the two but
transitioned to beta as the capsules grew in size.

In an effort to design BAPCs with new properties, BAPCs
(50 uM) were prepared using three different (Ac-FLIVI),-K-
K;-CO-NH,: (Ac-FLIVIGSIL),-K-K,-CO-NH, ratios (1:0,
0.5:0.5, and 0:1). They were annealed at 4 “C and then tested
for thermal stability. The dye Eosin Y was encapsulated at a
concentration that shows significant quenching (2.1 mM in
water). The washed dye encapsulated BAPCs were ramped
rapidly to 25 “C and then heated to 95 °C with 10” increments
over a period of 2 h. As depicted in Figure 2, the three different
BAPC preparations (1:0 (panel A), 0.5:0.5 (panel B), and 0:1
(panel C) clearly trap the dye during capsule formation and
remained intact throughout the experiment as judged by the
absence of dye release. At the end of each experiment an equal
volume of TFE was added to the sample to yield a 50% TFE
solution that causes the capsules to disassemble thereby
releasing the dye (dotted line), leading to the expected increase
in fluorescence intensity. A 0.5% dilution constant was factored
in while graphing the increase in fluorescence intensity due to
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Figure 2. Thermal stability of BAPCs prepared at different peptide
ratios, Eosin Y containing BAPCs (50 M) were prepared at 4 °C
using the ratios 1:0 (A), 0.5:05 (B), and 0:1 (C). The temperature
was then ramped to 95 °C over 2 h. The BAPCs were disassembled in
the presence of 50% TFE at the end of the experiment (dashed line).

dye release, to account for the 50% dilution of the sample due
to the addition of TFE. This was done for clarity since the
released dye curve falls on top of the other spectra. The 50%
TFE curve was also corrected for any fluorescence enhance-
ment due to solvent. These results indicate that a mixture of
longer and shorter branched peptides is not required for BAPC
formation and that encapsulated solutes can be released upon
disassembly in 50% TFE solutions.

The peptide and dye concentrations for each ratio were
identical; however, the amount of encapsulation was less in the
BAPCs prepared with the equimolar peptide ratio. To verify
this observation, BAPCs were prepared with the following
ratios (1:0, 0.8:02, 05:0.5, 0.2:0.8, and 0:1). For this
experiment the annealing temperatures were included as a
second variable. All of the ratios formed BAPCs at the three
different temperatures (Figure 3). Previously, Sukthankar et
al.” showed that encapsulation efficiencies for the equimolar
ratio were highest at 4 "C and decreased at higher assembly
temperatures. This study reveals a similar pattern with the 4 °C
assemblies showing the highest encapsulation values. Over the
conditions tested here is roughly a 4-fold difference in the
amount encapsulated comparing the highest loading with the 4
°C assembly of just (Ac-FLIVI)-K-K,-CO-NH, compared with
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Figure 3. Temperature dependence on dye encapsulation for BAPCs
prepared at different peptide ratios for 1 h. Data represent mean values
+ SEM of three experiments combined.

each temperature grouping the highest values are recorded for
the more homogeneous ratios, with the equimolar ratio
showing the least amount of trapped solutes during assembly.
While the net encapsulation values decreased with increasing
temperatures the pattern of increased encapsulation at the more
homogeneous ratios was preserved. The trend showing
increased encapsulation at the more homogeneous ratios was
unexpected. The 0.5:0.5 ratio, which showed the lowest level of
dye encapsulation, could be the result of a slower annealing rate
or a higher level of precipitation. Examining the Eosin Y
encapsulation process carefully we observed tiny colored
aggregates in many of the samples. These samples are always
filtered using a 0.2 ym PTFE syringe filter. The weights of the
dried residue left on the filters showed that the equimolar ratio
of peptide showed had the highest level of aggregation, double
that of a homomeric ratio. A possible explanation for this is
discussed in the section that shows the zeta potental for
BAPCs formed with the different peptide ratos. This result
supports the idea that lower encapsulation is the result of
reduced concentrations of the equimolar ratio peptide assembly
in the presence of the Eosin Y.

To further test these results, an encapsulation time-course
experiment was performed over 24 h at 4 "C using Rhodamine
6G (Figure 4). This dye is positively charged and does not
interact as strongly with the cationic surface of the capsules. No
precipitation was observed when this dye (at quenching
concentrations 2,0 mM) was mixed with any of the peptide
ratios. The dye was also used at a concentration (0.1 mM) that
provides maximum fluorescence. Together, these conditions
provide for fluorescence intensities that give the best
opportunity to identify any changes in encapsulation over
time. The (Ac-FLIVI),-K-K;-CO-NH, only (Figure 4A) and
{Ac-FLIVIGSI),-K-K,-CO-NH, only (Figure 4B) BAPCs
along with the 0.5:0.5 matio (Figure 4C) were tested. With
each BAPC ratio, self-assembly at 4 °C was essentially complete
by 60 min. No significant statistical difference was seen for the
times tested. These results supports the idea that the decreased
encapsulation efficiency observed for Eosin Y with the
equimolar ratio is a consequence of the loss of peptide due
to precipitation.

While annealing temperature had no effect on the rates of
assembly, earlier studies on BAPCs prepared using an
equimolar mixture of (Ac-FLIVI),K-K-CO-NH, and (Ac-
FLIVIGSIL),-K-K,-CO-NH,, the annealing temperature had a
profound effect on the secondary structure of the assembled
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Figure 4, Time dependence at 4 °C for loading of Rhodamine 6G (100 uM) for BAPCs prepared at different peptide ratios (1:0 panel A), 0.5:0.5
(panel B), and 0:1. (panel C). Data represent mean values + SEM of three experiments combined. Differences between values were compared by 2-
way ANOVA using Bonferroni as post-test. Nonstatistical significance (ns) was considered when p > 0.05.

displayed predominantly random coil at 4 °C, mixed random
and beta at 25 °C and beta at 37 °C. To better understand the
effects of peptide ratio on structure in the assembled peptides,
the secondary structures were analyzed by circular dichroism
(CD).

This analysis was repeated for the five different ratios to
examine the contributions of the two peptide sequences to the
assembled structures. For these CD studies, 1 mM BAPCs were
prepared using the five ratios used in Figure 3 assembled at 4,
25, and 37 °C for 75 min before recording the CD spectra at 25
°C (Figure 5). The BAPCs composed of 100% (Figure 5A) and
80% (Figure 5B) (Ac-FLIVI),-K-K,CO-NH, display mostly
random coil secunda.ry structure with a strong minimum at 198
nm at all three temperatures. The 100% (Ac-FLIVI),-K-K,-CO-
NH, BAPCs (Figure 5A) shows a minor minimum at 222 nm,
suggesting a minor helical component. This structure is absent
in the 80% (Ac-FLIVI),-K-K,-CO-NH, BAPCs (Figure 5B).
The equimolar ratio (Figure 5C) adopts the random coil
conformation only at 4 “C. With increasing temperatures (25
and 37 °C) a mixture of random (198 nm) and beta structures
(218 nm) are present. The 20% (Figure 5D) (Ac-FLIVI)-K-
K,;-CO-NH, BAPCs show increasing amounts of beta with a
decrease in random coil at elevated temperatures. The 0%
(Figure SE) (Ac-FLIVI),-K-K-CO-NH, BAPCs shows essen-
tially only beta structure at all temperatures. Examining all of
these data reveals that (Ac-FLIVI);-K-K,-CO-NH, is unstruc-
tured while (Ac-FLIVIGSIL),-K-K,-CO-NH, adopts beta
structure and that mixtures of the two peptides produce
BAPCs with both structures present. A summary of this data is
shown in Table §1 (Supporting Information). From previous
studies™ only BAPCs showing mix conformations underwent
fusion. Those prepared under conditions where mndom or beta
structure predominated, were uniform and size stable 20-30
nm capsules that formed and remained as such when
transitioned to higher tempemtures.

A composite figure comparing the final spectra for the 4 °C
annealing temperature is shown in Figure 6. This figure shows
the relative contributions of the two sequences to the final
structure of the peptides in the assembled BAPCs.

The BAPC bilayers composed of just unstructured peptides
should show a decrease in thermal stability over those where
beta-structure interpeptide hydrogen bonding predominates.
Over the temperature range tested (up to 95 °C) there was no
difference in stability (based on retention of the quenched
Eosin Y). Hydrophobic interactions must be providing the
cohesive forces that maintain their assembled structures to 95
°C. Perhaps at temperatures above the range we tested,

differences in thermal stability will become apparent. The 7—x
stacking interactions of the phenylalanines that populate the
bilayer interface do not appear to be involved based on
atomistic simulations previously 1'e1:|cnrr|:ec|.-"'E

The observation that all of these mixed and more
homogeneous structures support assembly and temperature
stability imply that these structural arrangements have to be
stabilzed in different ways. The extended random coil
structures would have to form bilayers with a longer cross-
sectional distance or as random coils they could have a shorter
cross-sectional distance if they interdigitated. Analogously, the
predominantly beta-sheet containing BAPCs should have the
shortest cross-sectional distance. Differences in the thickness of
the bilayer should affect the size of the BAPCs.

To test this hypothesis, BAPC's prepared at 4 “C (3 h) were
analyzed at 25 "C by dynamic light scattering (DLS). Under
these conditons the BAPCs form uniform stable structures,
even when moved to the higher temperature. Three separate
preparations were analyzed (Figure 7). This experiment clearly
demonstrates that BAP Cs prepared with different peptide ratios
adupt different sizes to accommodate for aggregate differences
in secondary structure. DLS experiments were conducted using
1 mM solutions of the peptides with the five (Ac-FLIVI),-K-K,-
CO-NH, to (Ac-FLIVIGSII),-K-K,-CO-NH, ratios (1:0,
0.8:0.2, 0.5:0.5, 02:0.8, and 0:1). The average diameters (in
nm) observed were 459 + 4.7, 42.2 + 5.8, 240 + 2.8, 19.5 +
2.4, and 11.2 # 2.1, respectively. The DLS value observed for
the 0.5:0.5 ratio is in excellent agreement with those observed
in owr earlier TEM E!PEI.‘iI‘.I‘.IEI:I]S.Ig Prior to performing the
experiments described herein, we hypothesized that the longer
peptide sequence would yield larger BAPCs. Given the present
findings the larger peptide’s propensity to form compacted
beta-structure prevails, thereby yielding the smallest structures.

Another interesting observation is that despite their size
differences, equimolar batches of the different ratios encapsu-
late the same amount of dye. We observe less than nanomolar
concentrations of free Peplide ]Jy mass spectrometry after
filtering BAPCs with a 30 kDa cutoff Amicon cellulose
centrifugal filter (Merck). This results points to an extremely
low critical association constant. Qur best guess is that nearly all
of the peptides participate in BAPC assembly or aggregation,
with the pure (Ac-FLIVIGSI),-K-K,-CO-NH, yielding a
greater number of smaller BAPCs while the shorter (Ac-
F]_,I'\.F'l)2-1(-](4-[:l:)-NH2 forming fewer larger BAPCs while the
peptides are in an extended conformation. To further
investigate the biophysical properties of BAPCs, we analyzed
the ZP for the five ratios analyzed by DLS (1:0, 0.8:02, 0.5:0.5,
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at4 °C (gray), 25 °C (doted), or 37 °C (dot-dashed) for 75 min, All
scans were performed at 25 “C. Panels A—E represent the ratics 0:1,
08:02, 0.5:05, 0.2:08, and 0:1 of (Ac-FLIVI),-K-K,-CO-NH,: (Ac-
FLIVIGSIT},-K-K,-CO-NH,, respectively.
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02:0.8, and 0:1). The 1:0, 0.8:02, 02:08, and 0:1 ratios
showed similar ZP’s, The basis for the 0.5:0.5 ratio showing the
higher ZP (~57 mV) is unclear. We hypothesized that this
higher surface charge at this ratio affects assembly in the
presence of Eosin Y leading to precipitation.

In Vitro Transfection Efficiency of BAPCS Assembled
at Different Temperatures and with Different (Ac-
FLIVI)5-K-K4-CO-NH.: (Ac-FLIVIGSI);-K-K4-CO-NH, Ratios.
In a recent publication we demonstrated the ability of

n
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Figure 6. CD spectra of BAPCs of different ratios of (Ac-
FLIVT),-K-K,-CO-NH,: (Ac-FLIVIGSII) ,-K-K,-CO-NH, assembled at
4 °C. The spectra shown are 1:0 (dark solid line), 0.8:02 (dashed
line), 0.5:0.5 (dot/dashed line), 0.2:0.8 (light gray line), and 0:1
(dotted line).

nanosized BAPCs to deliver plasmid DNA of different size
into cells in culture®™ Transfection rates of ~55% were
achieved with minimal cytotoxicity. The transfection protocol
was optimized by testing different BAPCs concentrations and
transfection buffers. Cells were also incubated with the
BAPCs—DNA complexes for periods ranging from 2 to 12 h.
Optimal transfection rates were obtained using BAPCs at 45
M and 2.5 g of DNA with an incubation period of 4—6 h in
Opti-MEM 1 Reduced Serum Media.”' BAPCs were prepared
using a equimolar concentration of (Ac-FLIVI),-K-K,-CO-
NH,: (Ac-FLIVIGSII),-K-K,-CO-NH,. They were annealed at
25 °C and subsequently incubated at 4 °C for 1 h and then
rewarmed to 25 °C, thereby fixing their size (2030 nm). In
this article, we analyzed how transfection efficiency was affected
by preparing BAPCs at different temperatures and different
peptide ratios. BAPCs were prepared with the following (Ac-
FLIVI),-K-K - CO-NH,:(Ac-FLIVIGS I ),-K-K,-CO-NH, ratios
=1:0, 0.5:0.5, and 0:1. Also, capsules were annealed at 4, 25,
and 37 °C.

HEK-293 cells were incubated with BAPCs associated with a
4.7 kb GFP-encoding plasmid and transfection efficiency was
monitored qualitatively by fluorescence microscopy and
quantified using fluorescence-activated cell sorting (FACS).
Ghost Dye Red 780 was used to identify and then exclude dead
cells from the analysis. Dead cells with compromised
membranes allow Ghost Dye to permeate and bind amine
groups of intracellular proteins resulting in fluorescence much
brighter than live cells which are impermeant to Ghost Dye.w
We selected this dye because the emission peak is 780 nm and
do not overlap with the emission peak of GFP (509 nm), thus
ensuring the exclusion of false positives. As shown in Figure
9A-D, the percent of dead cells is minimum for all the
formulations tested (<1%), proving that BAPCs are extremely
biocompatible. Maximal transfection rates were observed for
BAPCs annealed at 4 and 37 “C using just (Ac-FLIVIGSII),-K-
K-CO-NH, (0:1 ratio) (Figure 8A), and there was no
significant difference between this ratio and the popular
commercial transfection reagent (JetPRIME) (Figure 8A).
For BAPCs prepared at 4 °C the size decreases from 46 to 25
to 10 nm (Figure 7A), and the transfection rate increases from
~39% to 41% to 70% (Figure 8B). Furthermore, BAPCs
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combined. Differences between values were compared by 2-way ANOVA using Bonferroni as post-test. Statistical significance: (¥***)p < 0.0001, (:1

vs 05:0.5 (A) and 0:1 vs 0.5:0.5 (B).
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Figure 8. Transfection efficiency of BAPCs-DNA nanopartides formed at different (Ac-FLIVT),-K-K,-CO-NH,:(Ac-FLIVIGSIT),-K-K -CO-NH,
ratios and annealed at different temperatures. HEK-293 cells transfected with BAPCs solutions hydrated at 4, 25, and 37 °C and subsequently mixed
with 2.5 pg of GFP-encoding plasmid (A). HEK-293 transfected with BAPCs solutions hydrated only at 4 °C and subsequently mixed with 2.5 ug of
GFP-encoding plasmid. Positive (JetPRIME) and negative (only DNA) controls were induded. (B) Fluorescence microscope images of HEK-293
cells transfected only with (Ac-FLIVIGSII ), K-K,-CO-NH, (C) and only with (Ac-FLIVI),-K-K,-CO-NH, (D). Data represent mean values + SEM
of three experiments combined. Differences between values were compared by 2-way ANOVA using Bonferroni as post-test. Statistical significance:
(*¥***}p < 00001, 0:1 vs 0.5:0.5 and 1:0. Nonstatistical significance (ns) was considered when p > 0.05.

annealed at 4 and 37 °C displayed beta-structure (Table 1S and
Figure 5), suggesting than not only the size but also the
secondary structure (beta-structure) are influencing trans-
fection rates.

By exploring this alternative method to assemble BAPCs, we
were able to enhance transfection efficiency ~15% (compared
with our previous method) while maintaining low cytotoxicity
as demonstrated with flow cytometry analysis.

B CONCLUSIONS

Although our initial assumption has been that BAPC formation
required both longer and shorter branched amphipathic
peptides, the results presented above show that BAPCs can
be prepared from either of the two peptides by themselves or
mixtures thereof. The shorter peptide (FLIVI),-K-K;-CO-NH,
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imparis random secondary structure to the BAPCs at each
temperature. The larger peptide (FLIVIGSII),-K-K,-CO-NH,
folds, yielding beta-structure at all temperatures above 4 °C.
Combining the peptides generates mixed secondary structures.
All ratios resulted in thermally stable constructs. The results of
this experiment show that we can now prepare stable,
homogeneous BAPCs that can be made to incrementally vary
in diameter from ~10 to 45 nm.

Many of our most current applications involve the delivery of
dsDNA and dsRNA, which bind to the surface of preformed
BAPCs. In this report we demonstrated that the ratio of the
two peptides and the annealing temperatures affected the
delivery efficiencies of DNA in HEK-293 cells. Previously, we
reported that BAPCs (equimolar concentration) annealed at 25
°C and subsequently incubated at 4 °C for 1 h and then
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Figure 9. Flow cytometry analysis of GFP-expressing HEK-293 cells after 48 h post-transfection with only cells (A) 1:0, (B) 1:1 (C), and 0:1 (D).
BAPCs were hydrated at 4 °C; HEK-293 cells were incubated with the nanopartides for 4 h in reduced serum media and 1 mM CaCl,.

rewarmed to 25 °C achieved transfection rates of ~55%. Higher

transfection rates were observed in this experiments. BAPCs

annealed at 4 and 37 °C using just (Ac-FLIVIGSII),-K-K,-CO-

NH, (0:1 ratio) displayed efficiencies approaching 70%. It is
noteworthy that those annealing temperatures (4 and 37 °C)
generated beta secondary structure. The ratio (0:1) generated
BAPCs with sizes ~10 nm and ZP (~25 mV). Overall, these
results suggested that those parameters are critical factors
influencing the BAPCs ability to deliver nucleic acids into cells.
Further studies will consist in studying the morphologies of the
BAPCs—DNA complexes that generated the highest delivery

rates.
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7 CONCLUSOES
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Tanto os peptideos (hs)-K-K; e (hg)-K-K, isoladamente (1:0 e 0:1), quanto nas
proporcOes de 0.2:0.8 e 0.8:0.2 se mostraram eficientes na formacdo de nanocapsulas
peptidicas com manutencdo da resiténcia e habilidade de encapsulamento observados
nas BAPCs formadas a 0.5:0.5 de ambos os peptideos;

As BAPCs se mostraram resistentes a uma variacdo de temperatura na faixa de 4 °C -
95 °C sem ruptura ou liberacdo do contedo encapsulado;

Quando formadas a 4 °C, 25 °C e 37 °C, as BAPCs preparadas a 4 °C exibiram uma
maior eficiéncia de encapsulamento;

Os melhores resultados de encapsulamento foram observados nas BAPCs formadas
pelos peptideos isoladamente (1:0 e 0:1) sugerindo que tais proporcBes resultariam em
uma maior quantidade de nanocapsulas ou capsulas de maior tamanho;

A andlise da estrutura secundaria evidenciou que as BAPCs formadas apenas por (hs)-
K-K, apresentam uma predominéncia de cadeias aleatorias, as BAPCs formadas por
(hg)-K-K, exibem uma predominancia de folhas beta, com as formadas pelas demais
proporcOes sendo dirigidas pela conformacdo caracteritica do peptideo presente em
maior quantidade;

Os valores obtidos por espalhamento de luz diamico demonstraram que as BAPCs
possuem um didmetro médio de 45 nm quando na proporcao 1:0, de 22 nm quando a
0.5:0.5e 10 nm a 0:1 dos peptideos (hs)-K-K4 e (hg)-K-Kg;

Tais resultados sugerem que os arranjos beta presentes nas BAPCs formadas pela
sequéncia de (hg)-K-K,; promovem um arranjo mais compacto das cadeias peptidicas,
resultando em capsulas menores, enquanto que os arranjos aleatdrios das sequéncias
de (hs)-K-K, acabam por gerar capsulas peptidicas de maior tamanho.

As BAPCs formadas por (FLIVIGSII),-K-K, apresentam a bicamada de menor
espessura;

As BAPCs de menor tamanho apresentaram a maior taxa de transfeccdo além do
menor valor de citotoxicidade observada.

Os resultados obtidos demonstram que as BAPCs constituem um sistema nanometrico
de grande versatilidade, com o potencial de adaptagdo para o encapsulamento e

transporte de um variado ndmero moléculas e potencialmente Gteis para uso no
transporte de compostos farmacoldgicos bem como para técnicas de terapia génica.
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8 APENDICE

METODOLOGIA DE FORMACAO DAS BAPCS

Para a preparacdo das nanocapsulas os peptideos sdo inicialmente dissolvidos
individualmente em 2,2,2-trifluoroethanol (TFE) puro. Na presenca desse solvente, 0s
peptideos adotam uma estrutura helicoidal onde permanecem na forma monomérica,
assegurando assim uma mistura completa das duas sequéncias, quando combinadas.

Ao mesmo tempo, o TFE assegura a permanéncia das cadeias em conformacéo de
hélice e na forma monomérica mesmo ap6s o processo de secagem. A concentracdo do
peptideo dissolvido é entdo determinada usando a absortividade molar (g) dos residuos de
fenilalanina (195 M™ cm™ a 257.5 nm) (FASMAN et al., 1976). A partir desse ponto, os
dois peptideos sdo misturados a uma razdo equimolar para alcancar a concentracao
desejada e entdo secos a vacuo. Partindo do pressuposto de que nenhum dos peptideos por
si sO seria capaz de formar nanocépsulas estaveis, todos 0s experimentos iniciais se
limitaram a razdo de 1:1 a fim de assegurar uma adequada concentracdo do peptideo de
cadeia mais curta necessario a adequacdo das cadeia nos pontos de curvatura da
nanocapsula.

Apl6s a secagem, agua destilada a temperatura almejada ou solugdo aquosa
contendo o soluto a ser encapsulado € entdo adicionado gota a gota e a solugdo mantida em
repouso por 30 minutos, para que ocorra a agregacdo peptidica e formacdo das

nanocapsulas.



Resumo das tapas de formagéo das nanocépsulas peptidicas (BAPCs)
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