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RESUMO

A administracdo continuada de cisplatina (CDDP), quimioterapico usado no tratamento de
varios tipos de tumores solidos, é limitada em funcdo de reacGes adversas, como
nefrotoxicidade, hepatotoxicidade, neurotoxicidade, mielotoxicidade e ototoxicidade. Na
tentativa de contornar esses inconvenientes e melhorar o indice terapéutico da CDDP,
modificagcdes farmacotécnicas tém sido propostas, como a encapsulacdo da CDDP em sistemas
de liberacdo de farmacos, tais como os lipossomas. Nesse sentido, foi proposto o
desenvolvimento de lipossomas termossensiveis de cisplatina ndo funcionalizado (LTS-
CDDP), funcionalizado com acido hialurdnico (AH) por interacdo eletrostatica (LTS-CDDP-
AH-1) e funcionalizado com AH por ligacdo covalente (LTS-CDDP-AH-2), no intuito de
proporcionar um direcionamento ativo para a regido tumoral. Inicialmente foi realizado um
estudo de caracterizacdo das formulaces desenvolvidas, por meio da associa¢ao das técnicas
espalhamento dindmico da luz (DLS), microcalorimetria e espalhamento de raio-X a baixo
angulo (SAXS). A taxa de encapsulacdo de CDDP foi avaliada por cromatografia liquida de
alta eficiéncia por um método de derivatizacdo com dietilditiocarbamato. Em seguida, foi
avaliada a citotoxicidade frente as celulas tumorais MDA-MB-231, bem como a toxicidade in
vivo em camundongos Swiss sadios. Os resultados de caracterizacdo mostraram didmetro médio
menor que 200 nm e indice de polidispersdo (PDI) sugestivos de formulagdes homogéneas (<
0,2), indicando a auséncia de agregacdo de vesiculas mesmo ap0s funcionalizacdo com AH. A
eficiéncia do revestimento na superficie do lipossoma foi atribuida a valores de potencial zeta
préximos da neutralidade. Os dados de DLS mostraram uma reducao significativa no didmetro
médio e contagem de particulas (Kcps) das formulagdes avaliadas a 40°C, e o revestimento com
AH ndo alterou a temperatura de transicdo de fase das formulac6es. A encapsulacdo de CDDP
foi de 9,3 + 0,7% para LTS-CDDP-AH-2, 16,1 + 1,9% para LTS-CDDP-AH-1 e 13,7 + 0,9%
para LTS-CDDP. O perfil obtido por SAXS para todas as formulacdes estudadas foi
caracteristico de uma organizacdo lamelar independente da temperatura avaliada e apresentou
dilatacdo da bicamada, causada por desorganizacdo na estrutura dos lipideos, confirmando a
alteracdo conformacional devido ao aquecimento. No entanto, o perfil de liberacdo in vitro
sugeriu uma possivel adsorcao do farmaco na bicamada fosfolipidica ocasionando uma taxa de
difusdo de CDDP antes de atingir a Tc (42°C), para LTS-CDDP e LTS-CDDP-AH-2. Para 0
LTS-CDDP-AH-1, a presen¢a do polimero pode estar modulando essa difuséo, gerando um

perfil de liberagdo mais controlado e lento. Os resultados biolégicos mostraram que LTS-CDDP



apresentou maior citotoxicidade quando comparado com CDDP livre, além de levar ao aumento
da ocorréncia de senescéncia. O uso de hipertermia nos grupos tratados com LTS-CDDP e LTS-
CDDP-AH-1 aumentou a ocorréncia de apoptose em relacdo aos grupos sem hipertermia. No
estudo in vivo, foi observado maior toxicidade da formulacéo catidnica para células saudaveis,
sendo observado a ocorréncia de nefrotoxicidade nos animais tratados com LTS-CDDP.
Enquanto que, com o uso do ligante AH, os efeitos adversos conhecidos relacionados ao uso de
CDDP foram eliminados, uma vez que o0s animais tratados com essa formulacdo ndo
apresentaram alteraces significativas nos exames hematoldgicos e bioquimicos, bem como nas
andlises histoldgicas. Sendo assim, a formulacdo de CDDP proposta, termossensivel e
contendo AH por interacdo eletrostatica, apresenta caracteristicas adequadas para tratamento
do cancer por via intravenosa, em associa¢do com hipertermia moderada, podendo ser capaz de
reduzir a toxicidade relacionada a CDDP, representando uma alternativa potencial para

veiculacdo desse farmaco.

Palavras-Chave: lipossoma termossensivel; &cido hialurénico; cisplatina; direcionamento ativo.



ABSTRACT

The continuous administration of cisplatin (CDDP), a chemotherapeutic agent used to treat
various types of solid tumors, is limited due to adverse reactions, such as nephrotoxicity,
hepatotoxicity, neurotoxicity, myelotoxicity, and ototoxicity. In an attempt to circumvent these
inconveniences and improve the therapeutic index of CDDP, pharmacotechnical modifications
have been proposed, such as the encapsulation of CDDP in drug delivery systems, like
liposomes. In this sense, it was proposed to develop a thermosensitive liposome of non-
functionalized cisplatin (TSL-CDDP), functionalized with hyaluronic acid (HA) by
electrostatic interaction (TSL-CDDP-HA-1) and functionalized with HA by covalent bond
(TSL-CDDP-SA-HA-2), in order to provide an active targeting for the tumor region. Initially,
a detailed study was carried out to characterize the formulations developed, through the
association of dynamic light scattering (DLS), microcalorimetry, and low angle X-ray
scattering (SAXS) techniques. The CDDP encapsulation rate was evaluated by high
performance liquid chromatography using a diethyldithiocarbamate derivatization method.
Then, cytotoxicity against MDA-MB-231 tumor cells was evaluated, as well as in vivo toxicity
in healthy Swiss mice. The characterization results showed an average diameter less than 200
nm and a polydispersity index (PDI) suggestive of homogeneous formulations (< 0.2),
indicating the absence of vesicle aggregation even after functionalization with HA. The
efficiency of the HA-coating of liposome was attributed to values of zeta potential close to
neutrality. The DLS data showed a significant reduction in the mean diameter and Kcps (Kilo
counts per second) of the formulations evaluated at 40°C, and the coating with HA did not alter
the phase transition temperature of the formulations. CDDP encapsulation was 9.3 £ 0.7% for
TSL-CDDP-SA-HA, 16.1 £+ 1.9% for TSL-CDDP-HA and 13.7 + 0.9% for TSL -CDDP. The
profile obtained by SAXS for all the formulations studied was characteristic of a lamellar
organization independent of the evaluated temperature and presented dilation of the bilayer,
caused by disorganization in the lipid structure, confirming the conformational alteration due
to heating. However, the in vitro release profile suggested possible drug adsorption in the
phospholipid bilayer causing a diffusion rate of CDDP before reaching Tc (42°C), for TSL-
CDDP and TSL-CDDP-SA-HA. For TSL-CDDP-HA, the presence of the polymer may be
modulating this diffusion, generating a more controlled and slower release profile. The
biological results showed that TSL-CDDP have greater cytotoxicity when compared to free

CDDRP, in addition to leading to an increase in the occurrence of senescence. The use of



hyperthermia in the groups treated with LTS-CDDP and LTS-CDDP-HA increased the
occurrence of apoptosis compared to groups without hyperthermia. In the in vivo study, greater
toxicity of the cationic formulation was observed for healthy cells, with the occurrence of
nephrotoxicity in animals treated with LTS-CDDP. While, with the use of the HA ligand, the
known adverse effects related to the use of CDDP were eliminated, since the animals treated
with this formulation did not show significant changes in hematological and biochemical tests,
as well as in histological analyzes. Thus, the proposed formulation of CDDP, thermosensitive
and containing HA by electrostatic interaction, has adequate characteristics for cancer treatment
intravenously, in association with moderate hyperthermia, and may be able to reduce CDDP-
related toxicity, representing a potential alternative for the delivery of this drug.

Keywords: thermosensitive liposome; hyaluronic acid; cisplatin; active targeting.
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1 INTRODUCAO

O céncer se tornou um problema de satde publica no mundo e vem aumentando cada
vez mais devido ao envelhecimento, crescimento populacional, como também pelo aumento
nos fatores de risco associados ao desenvolvimento socioecondmico (INCA, 2020). A
quimioterapia, dentre as modalidades de tratamento disponiveis, € amplamente utilizada para
todos os tipos de cancer. No entanto, é reconhecida pelos efeitos adversos que acometem o0s
pacientes, sendo um dos principais motivos de morbidade resultando, muitas vezes, em
abandono do tratamento (Wakiuchi et al., 2019). A cisplatina (CDDP), farmaco antitumoral
largamente utilizado no tratamento de varios tipos de cancer, possui seu uso limitado devido a
grande quantidade de efeitos adversos, os quais incluem principalmente nefrotoxicidade aguda
e neurotoxicidade cronica (Dasari & Paul Bernard, 2014). E bem descrito que a encapsulacéo
de farmacos anticancer pode melhorar seu indice terapéutico, aumentando sua concentracdo na
regido do tumor e diminuindo os efeitos colaterais toxicos (Alavizadeh et al., 2017; Bulbake et
al.,, 2017; White et al., 2006). Nesse cenario, os lipossomas tém sido investigados
extensivamente para a distribuicdo tumoral de varios farmacos citotdxicos, como
doxorrubicina, paclitaxel e CDDP.

Levando em consideracdo as limitagdes do uso de lipossomas convencionais, 0S
lipossomas responsivos a estimulos externos tém sido muito estudados (Shi et al., 2017). Em
particular os lipossomas termossensiveis (LTS) associados a hipertermia (HT), aquecimento da
regido tumoral, ttm se mostrado uma ferramenta promissora para a administracdo de farmacos,
uma vez que o aquecimento leva a um aumento da permeabilidade vascular do tumor e favorece
a liberacéo do farmaco para o intersticio (Gomes et al., 2019; Ta & Porter, 2013). Esses sistemas
sdo compostos de misturas de fosfolipidios que passam por uma transicdo da fase gel para
liquido cristalino em resposta ao aquecimento. Apds 0 aumento da temperatura, a mobilidade
dos lipides aumenta gradualmente e, a medida que a temperatura esta proxima da temperatura
de transicdo de fase (Tc), a membrana se torna altamente permeavel causando a liberacdo do
farmaco (Ta & Porter, 2013).

Além disso, a combinacdo do mecanismo de liberacdo termossensivel com o
direcionamento tumoral do lipossoma pode potencializar a seletividade do sistema. A principal
abordagem nessa area é funcionalizar lipossomas com moléculas especificas de ligagéo celular
(Riaz et al., 2018). Sabe-se que cluster de receptores de diferenciacdo 44 (CD44) séo

superexpressos em varios tipos de tumores humanos, incluindo cancer de mama (Almalik et al.,
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2013; Sheridan et al., 2006). Esse fato faz do &cido hialurénico (AH), um ligante para CD44,
uma estratégia interessante para alcancar maior acimulo na regido do tumor.

Portanto, este estudo teve como objetivo desenvolver um LTS funcionalizado por AH
por duas diferentes estratégias, interacdo eletrostatica e ligacdo covalente. Os LTS foram
compostos por dipalmitoilfosfatidilcolina (DPPC), colesterol (CHOL) e estearilamina (SA),
com o intuito de encapsular um farmaco hidrofilico, CDDP. Foram realizados estudos de
caracterizacdo da formulacdo, como diametro hidrodindmico (DH), potencial zeta e indice de
polidispersdo (PDI), porcentagem de encapsulacdo, bem como a caracterizacdo das
propriedades da bicamada lipidica. Sabendo que a composicdo da membrana € um fator chave
para se alcangar o mecanismo de termossensibilidade, as caracteristicas fisico-quimicas e
térmicas dessa formulacdo foram estudadas por diferentes técnicas: espalhamento dindmico da
luz (DLS), calorimetria exploratoria diferencial (DSC) e difracdao de raios-X em baixo angulo
(SAXS). Ademais, foram realizados estudos bioldgicos in vitro de viabilidade celular por
sulforrodamina e de morfologia nuclear por coloragdo por Hoescht além de um estudo in vivo
de toxicidade utilizando camundongos Swiss sadios para avaliar o potencial tdxico de cada

formulacéo desenvolvida em comparagdo com o farmaco livre.
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2 OBJETIVOS
2.1 Objetivos gerais

Desenvolver, caracterizar e avaliar o potencial citotoxico in vitro e toxicidade in vivo de
formulacBes lipossomais termossensiveis de cisplatina ndo funcionalizada (LTS-CDDP),
funcionalizada com AH por interacéo eletrostatica (LTS-CDDP-AH-1) e funcionalizada com
AH por ligagéo covalente (LTS-CDDP-AH-2).

2.2 Objetivos especificos

- Desenvolver formulagdes LTS-AH utilizando AH de 4 kDa por meio de interacdo eletrostatica
e/ou ligacdo covalente;

- Caracterizar as formulacdes, quanto ao diametro médio das vesiculas, indice de polidispersao
e potencial zeta;

- Avaliar a termossensibilidade das formulagdes lipossomais utilizando a técnica de
espalhamento dinamico da luz;

- Caracterizar as formulag6es por microcalorimetria a fim de determinar a Tc dos lipossomas;
- Avaliar o teor de encapsulacdo de CDDP;

- Avaliar a termossensibilidade das formulagdes contendo o farmaco, por SAXS;

- Realizar estudos in vitro de citotoxicidade em células de cancer de mama triplo negativo,
MDA-MB-231;

- Realizar estudos in vitro de morfologia nuclear em MDA-MB-231,

- Avaliar a toxicidade in vivo em camundongos Swiss fémeas sadias.
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3 REVISAO BIBLIOGRAFICA

3.1 Ocorréncia e fisiopatologia do cancer

Cancer € o nome dado a um conjunto de doencas que tem como caracteristica principal
o crescimento desordenado de células que tendem a ser muito agressivas e, invadem tecidos e
orgdos (INCA, 2020). O cancer é atualmente o principal problema de satde publica no mundo
e esta entre as quatro principais causas de morte prematura (antes dos 70 anos de idade) na
maioria dos paises. Esse problema vem aumentando no mundo, em parte pelo envelhecimento,
pelo crescimento populacional, como também pelo aumento nos fatores de risco,
principalmente aos associados ao desenvolvimento socioecondémico (INCA, 2020). A
Organizacdo Mundial da Satde (OMS) lancou no dia mundial do cancer (4 de fevereiro de
2020) um novo relatdrio global sobre essa doenca. Segundo esse documento, o nimero de novos
casos previstos até 2040, aumentara para cerca de 29 a 37 milhdes, com 0s maiores aumentos
nos paises de baixa e média renda (WHO, 2020). Para o Brasil, a estimativa global aponta a
ocorréncia de 685 mil casos novos para 0s anos de 2020 — 2022. O cancer de pele ndo melanoma
sera 0 mais incidente (177 mil), seguido pelos canceres de mama e préstata (66 mil cada), célon
e reto (41 mil), pulmao (30 mil) e estdmago (21 mil) (INCA, 2020). Em especial para o cancer
de mama, estima-se 66.280 novos casos para 2021. Sabe-se que este ndo tem uma Unica causa,
sendo a idade um dos fatores mais importantes de risco para a doenca (cerca de quatro em cada
cinco casos ocorre apos 0s 50 anos). Outros fatores que aumentam o risco inclui os fatores
ambientais como sedentarismo, obesidade e consumo de bebida alcodlica, além de fatores
relacionados a historia reprodutiva e hormonal, bem como fatores genéticos e hereditarios
(INCA, 2021).

O céancer é considerado uma doenca genética causada por mutacdes em genes
especificos. Essas mutacdes causam uma interrupcdo em alguma parte essencial da via de
sinalizacdo e conferem a célula a capacidade de se dividir de maneira descontrolada e gerar
células filhas que preservam essa caracteristica. Posteriormente, essas células acumulam
diversas mutacdes que permitem gerar clones distintos que apresentam maior capacidade de
sobrevida e crescimento, desenvolvendo uma neoplasia maligna (Mitrus et al., 2012).
Normalmente, o sistema imunologico pode identificar e destruir células tumorais recém-
formadas em um processo denominado imunovigilancia do cancer, que funciona como uma
importante defesa do organismo. No entanto, mesmo com a existéncia de um sistema imune
vigilante contra o cancer, individuos imunocompetentes desenvolvem neoplasias malignas.

Surge entdo o conceito de imunoedigdo como uma extensdo da hipotese de imunovigilancia,



28

propondo que o sistema imune define o fendtipo tumoral e gera tumores que, quando atingem
0 estagio clinicamente detectavel, jA& ndo despertam respostas efetivas do sistema imune
(Torrezine & Athanazio, 2008; Vesely et al., 2011). Esse processo ocorre em trés fases distintas:
1) fase de eliminacdo, que corresponde a imunovigilancia; 2) fase de equilibrio, quando as
celulas imunes e tumorais sobreviventes entram num equilibrio dindmico, embora a neoplasia
possa ser reativada a partir da imunossupressdo e, 3) fase de escape das células tumorais e
consequente progressdo do tumor (Torrezine & Athanazio, 2008). Nesse contexto, o
entendimento dos mecanismos de progressao tumoral, especialmente das neoplasias em
estagios avangados, é importante para a escolha adequada de estratégias de tratamento.

Sabe-se que o tratamento do cancer pode ser feito por cirurgia, quimioterapia,
radioterapia ou transplante de medula éssea e a escolha é dependente do tipo e estado do tumor.
Na maioria dos casos é necessario combinar mais de uma modalidade de tratamento (INCA,
2020). Com relacdo ao transplante de medula Ossea, essa modalidade €é proposta
especificamente para as doencas que afetam as células do sangue, como leucemias e 0s
linfomas, e consiste na substituicdo de uma medula dssea doente por células normais de medula
Ossea, com 0 objetivo de reconstituicdo de uma medula saudavel (INCA, 2020; Oncoguia,
2018).

A cirurgia pode ser indicada, de forma curativa, quando ha identificacdo precoce do
tumor, podendo haver a retirada total do mesmo, ou de forma paliativa quando o objetivo é
reduzir a quantidade de células tumorais ou controlar sintomas que comprometam a qualidade
da sobrevivéncia do paciente (INCA, 2020).

O tratamento com radioterapia utiliza radiagdes ionizantes para destruir ou impedir a
proliferacdo das células tumorais. No entanto, alguns efeitos colaterais dessa modalidade de
tratamento estdo diretamente relacionados com a area do corpo tratada, a dose administrada e a
capacidade das células saudaveis em reparar o dano (INCA, 2020).

Quando os tumores se encontram em estdgios mais avancados e apresentam
micrometastases, a escolha por um tratamento sistémico utilizando farmacos quimioterapicos é
comumente realizada. O foco principal dessa modalidade de tratamento é a destruigdo das
células neoplasicas, entretanto, é reconhecida pelos inimeros efeitos adversos que acometem
os pacientes (Wakiuchi et al., 2019). E um tipo de tratamento em que se utilizam medicamentos
administrados tanto por via oral como por via intravenosa, porém os farmacos estdo associados
a baixa especificidade, susceptibilidade a resisténcia, elevada toxicidade e direcionamento

ineficiente aos tecidos e 6rgaos alvos, podendo causar danos as células saudaveis (INCA, 2020;
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Nurgali et al., 2018). Os principais efeitos colaterais associados a esse tipo de tratamento séo
complicagdes neurologicas, cardiovasculares, respiratorias e gastricas, sendo as nauseas e
vomitos os efeitos mais comuns e temidos pelos pacientes (Nurgali et al., 2018). Outro efeito
comum € a neuropatia periférica induzida pela quimioterapia (NPIQ), caracterizada por
formigamento, dorméncia, pontada ou ardéncia bem como aumento da sensibilidade &
temperatura, acometendo geralmente as maos e os peés, e atinge gradualmente bracos e pernas
(Oncoguia, 2018). A NPIQ de longo prazo esta associada a alta morbidade, incluindo depressao,
ataxia e insonia (Nurgali et al., 2018). Nesse contexto, um dos grandes desafios enfrentados na
quimioterapia do cancer é o desenvolvimento de agentes antineoplasicos e/ou formulacGes

farmacéuticas que apresentem baixa toxicidade e elevada eficacia antitumoral.

3.2 Cisplatina no tratamento do cancer

A cisplatina (CDDP) é um farmaco antitumoral muito utilizado principalmente em
combinagdo com outros farmacos como tratamento de primeira escolha contra varios tipos de
tumores sélidos, incluindo cancer testicular, carcinoma de ovario e mama, cancer de cabeca e
pescogo e cancer de pulméo (Amidi et al., 2017; Bae et al., 2017; Snee, 2018). Apesar da sua
aplicacdo em varios tipos de tumor, desde sua descoberta em 1965 por Rosenberg vem sendo
amplamente estudada também para o tratamento do cancer de mama. Ja foi usada em altas doses
em ensaios com pacientes para o tratamento de cancer de mama metastatico, com taxas de
resposta de aproximadamente 50% quando administrada por quatro dias a cada 3 semanas
(Sledge et al., 1988). Atualmente tem sido estudado os subtipos de cancer de mama triplo
negativo resistentes a esse quimioterapico (Hill et al., 2019).

Quimicamente, a CDDP ¢ o cis-diaminodicloroplatina (1), um complexo inorganico de
configuragdo planar formado por um atomo de platina ligado a dois 4&tomos de cloro e dois
grupos amino na posicao cis do plano (Figura 1).

Figura 1: Estrutura quimica da cisplatina
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O principal mecanismo de agdo da CDDP esté relacionado com a inibicdo seletiva da
sintese do &cido desoxirribonucleico (DNA). No citoplasma os atomos de cloro séo deslocados
por moléculas de agua, formando um eletrolito potente. Assim, a CDDP hidrolisada se liga aos
residuos de purina (N7 da guanina e N3 da adenina), causando danos ao DNA das células
cancerigenas, blogueando a divis&o celular e levando a apoptose (Jamieson & Lippard, 1999).
Além disso, a CDDP também induz espécies reativas de oxigénio que desencadeiam a morte
celular, aléem de danos ao DNA. A formacdo de espécies reativas de oxigénio depende da
concentracdo de CDDP e do tempo de exposicao (Saad et al., 2004). Além desses mecanismos,
a CDDP atua ainda na modulacdo da sinalizacdo de calcio, uma vez que sob baixas
concentracdes de ions cloreto intracelular, sofre hidrolise formando espécies que sdo 1.000
vezes mais reativas e atuam por meio da inibicdo da respiracdo mitocondrial ao interferir na
fosforilacdo oxidativa. Isso resulta em um efluxo de calcio das mitocdndrias e em um aumento
temporario dos niveis celulares de célcio, que desempenha um papel significativo na funcéo
celular (Dasari & Paul Bernard, 2014).

No entanto, a administracdo continuada deste quimioterapico € limitada em funcéo de
reacOes adversas, como nefrotoxicidade, hepatotoxicidade, neurotoxicidade, mielotoxicidade e
ototoxicidade. Sabe-se que os efeitos terapéuticos da CDDP s&o significativamente melhorados
com o aumento da dose, no entanto, doses mais altas implicam em maior vulnerabilidade renal,
que se manifesta, principalmente, por comprometimento dos tabulos renais e reducdo da taxa
de filtracdo glomerular (Alam et al., 2015). Uma das principais causas da nefrotoxicidade reside
no fato de que os rins sdo a principal via de excrecdo para CDDP, sendo que a sua concentracao
nas células epiteliais tubulares proximais é cerca de 5 vezes a concentracdo sérica (Dasari &
Paul Bernard, 2014; Miller et al., 2010). Estudos mostraram que o receptor Ctrl, responsavel
por transportar a CDDP para as células também é altamente expresso no rim adulto,
especificamente na membrana basolateral do tdbulo proximal (Pabla et al., 2009), corroborando
também para o maior acimulo nesse 6rgao. Além disso, estudos in vivo indicam que a CDDP
sofre ativacdo metabolica no rim em um processo mediado pela glutationa-S-transferase,
resultando em uma toxina mais potente (Townsend et al., 2009). Sabe-se que a CDDP tem como
alvo o DNA nuclear, porém alguns estudos sugerem que alvos mitocondriais também s&o
importantes na mediacdo da morte celular, e que parece estar relacionado a densidade de
mitocondrias. Esse fato também pode contribuir para o dano renal, uma vez que os tabulos
renais proximais exibem uma das maiores densidades de mitocondrias do rim (Qian et al.,

2005). Estudos ainda sugerem uma correlagdo com os mecanismos de apoptose (Hwa Lee et



31

al., 2001; Lieberthal et al., 1996), inflamacdo, fibrogénese e estresse oxidativo (Dasari & Paul
Bernard, 2014; Miller et al., 2010).

Na tentativa de contornar esses inconvenientes e melhorar o indice terapéutico da
CDDP, modificagdes farmacotécnicas tém sido propostas, como a encapsulacdo da CDDP em
sistemas de liberacdo de farmacos, tais como os lipossomas (Alavizadeh et al. 2017; Bulbake
et al. 2017; White et al. 2006; Leite, et al. 2012; Carvalho et al. 2007; Silva et al. 2017).

3.3 Lipossomas como carreadores de farmacos

Os lipossomas foram descritos pela primeira vez pelo hematologista britanico Dr. Alec
D Bangham em 1964, no Instituto Babraham, em Cambridge (Bangham, 1993). Séo
nanoparticulas coloidais compostas de lipideos sintéticos e/ou naturais biocompativeis, os quais
se organizam em bicamadas lipidicas, envolvendo um compartimento aquoso. Sdo formados
espontaneamente quando os lipides sdo dispersos em solucdo aquosa sob agitacdo (Daraee et
al., 2016; Y. Dou et al., 2017). Essas nanoestruturas atuam como veiculos de entrega de
farmacos e, sdo grandes o suficiente para escapar da depuracao renal, mas pequenos o suficiente
para explorar o efeito de permeagdo e retencdo aumentados (EPR), aumentando a
biodisponibilidade e reduzindo a toxicidade associadas a administracéo sistémica do farmaco
livre (Ta & Porter, 2013).

Sua estrutura anfifilica permite encapsular farmacos que apresentem qualquer tipo de
polaridade (Figura 2). Além disso, suas propriedades (didmetro médio, lamelaridade, carga,
fluidez e superficie) podem ser modificadas por meio da escolha da composicéo lipidica e do
método de preparo (Frézard et al., 2005).

Figura 2: Representacdo esquematica de um lipossoma encapsulando farmaco hidrofilico no
interior aquoso e hidrofébico na regido da bicamada
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Esses sistemas podem ser classificados de acordo com o ndmero de bicamadas.

Vesiculas unilamelares pequenas (SUV, do inglés Small Unilamellar Vesicle) apresentam uma
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Unica bicamada lipidica com didmetro médio entre 25 e 100 nm. Vesiculas unilamelares grandes
(LUV, do inglés Large Unilamellar Vesicle) s&o compostas por uma bicamada, no entanto
possuem diametro médio superior a 100 nm. Vesiculas multilamelares (MLV, do inglés
Multilamellar Vesicle) apresentam varias bicamadas concéntricas, cujo diametro médio
encontra-se na faixa entre 1.000 e 5.000 nm (Caldeira et al., 2013; Lasic, 1998; Vemuri &
Rhodes, 1995). Os diferentes tipos de vesicula podem ser obtidos de acordo com a composi¢éo
e 0 método de preparo.

Com base no mecanismo de liberacdo de farmacos e interacdo com sistemas biologicos,
os lipossomas podem ser classificados em: lipossomas convencionais, lipossomas de circulagdo
prolongada e lipossomas polimorficos (Caldeira et al., 2013; Daraee et al., 2016; Maia et al.,
2015). Os lipossomas convencionais foram os primeiros a serem desenvolvidos e, sdo
constituidos principalmente por fosfatidilcolinas e colesterol (Bangham, 1993; Batista et al.,
2007). No entanto, a principal limitacdo desses lipossomas esta relacionada ao seu curto tempo
de circulagdo. Quando administrados por via intravenosa, sdo rapidamente reconhecidos pelo
sistema fagocitario mononuclear (SFM). O SFM é uma parte do sistema imune composta por
monacitos e macrofagos, localizados no tecido conjuntivo reticular que envolve figado, baco e
medula 6ssea. Sendo assim, os lipossomas convencionais sdo rapidamente removidos da
corrente sanguinea, devido a captacdo por células do SFM, portanto, se acumulam
preferencialmente em 6rgaos que compdem esse sistema (Shi et al., 2017).

No entanto, ao longo dos anos, modifica¢bes estruturais tém sido realizadas, com o
objetivo de aprimorar a eficicia terapéutica desses sistemas. Alteracdes foram propostas para
aumentar o tempo de circulagdo dos lipossomas, surgindo assim os chamados lipossomas de
circulacdo prolongada (Klibanov et al., 1990). Esses lipossomas sdao normalmente revestidos
com polietilenoglicol (PEG), um polimero hidrofilico capaz de reduzir a imunogenicidade e
prolongar a circulacdo dessas nanoestruturas (Ta & Porter, 2013). A presenca desse polimero
gera uma barreira hidrofilica estérica que reduz a adesao e adsor¢do de componentes do sangue,
como imunoglobulinas, proteinas complementares e moléculas similares (Lasic, 1998). Além
disso, a utilizagdo de PEG em lipossomas, também pode favorecer um aumento da estabilidade
das formulagdes, impedindo a coalescéncia das vesiculas, por meio de repulsdo estérica (Ulrich,
2002). No entanto, estudos mais recentes tém apontado o PEG como a causa de uma inesperada
resposta imunologica, o “fendmeno de depuragdo sanguinea celerada” (efeito ABC). O
mecanismo proposto para o fenébmeno ABC é que, uma vez que os lipossomas peguilados na

primeira dose, atingem o baco, as células B reativas s&o ativadas e h& producgdo de IgM anti-
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PEG, que é independente das células T. Na segunda dose, se os anticorpos IgM anti-PEG
produzidos em resposta a primeira dose ainda estiverem na circulacdo sanguinea, se ligam aos
lipossomas peguilados com ativacdo do complemento e estes sdo capturados por macréfagos
do figado por um mecanismo de endocitose mediada pelo complemento. Sendo assim, 0s
lipossomas peguilados séo rapidamente eliminados da circulagdo sanguinea a partir da segunda
dose, sugerindo que esse revestimento ndo tem sido tdo efetivo em manter o tempo de circulagéo
prolongado (Chunling et al., 2015).

Com relacdo aos lipossomas polimorficos, esses sdo sistemas responsivos a um
determinado estimulo enddgeno, tal como pH (lipossomas pH-sensiveis) e exdgeno, como
temperatura (lipossomas termossensiveis) (Jing et al., 2015). Com o objetivo de aumentar o
efeito terapéutico e reduzir os efeitos colaterais, esses nanocarreadores sdo projetados para
responder a fatores internos, relacionados ao microambiente da regido doente, ou a fatores
externos, ou ambos, e dessa forma, o farmaco é distribuido seletivamente para a regido doente
(Hatakeyama, 2017).

3.3.1 Lipossomas termossensiveis como carreadores de farmacos

De maneira geral, os lipossomas termossensiveis sdao compostos por misturas de
fosfolipides que exibem transicdes da fase gel para a fase liquida cristalina em resposta ao
aquecimento (Figura 3) (Ta & Porter, 2013). Normalmente, sdo usados em associa¢do com um
aquecimento ligeiramente acima da temperatura corporal, sendo possivel realizar hipertermia
local (Yatvin et al., 1978).

Na fase gel (chamada de Lf3), as moléculas lipidicas sdo ordenadas e condensadas com
cadeias carbonicas totalmente estendidas e sdo limitadas ao plano bidimensional da membrana.
Apbs o aquecimento, as mobilidades dos grupos de cabeca polar aumentam gradualmente. A
medida que a temperatura aumenta e se aproxima da temperatura de transicdo de fase (Tc), a
orientagéo das ligacbes simples C-C nas cadeias de hidrocarbonetos comeca a mudar de uma
configuracdo trans para gauche. As regides de interface comegcam a se desenvolver e geram
incompatibilidade no empacotamento molecular o que torna a membrana altamente permeavel
nesses locais (Kim, 2007). Essa nova fase é chamada de fase liquida cristalina ou La. Dessa

forma, os farmacos encapsulados s&o liberados da vesicula durante e apds a transigdo de fase.
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Figura 3: Mecanismo de liberacdo de farmacos a partir de lipossomas termossensiveis. (A)
llustracdo esquematica do mecanismo de transicao de fase dos lipidios que formam a bicamada
do lipossoma. O aumento da temperatura acima da temperatura da transicdo de fase (47 °C)
leva a uma maior permeabilidade da bicamada, e, consequentemente, a liberacdo do farmaco é
favorecida. (B) Moléculas anfifilicas que formam estruturas lamelares e suas temperaturas de
transicédo de fase (Tc).
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Estudos tem abordado o uso de hipertermia leve, conhecida como um aquecimento na
regido tumoral, como uma terapia adjuvante a radiacdo e a quimioterapia na terapia antitumoral
(Woust et al., 2002). Quando combinada com lipossomas termossensiveis, a HT pode aumentar
a eficécia terapéutica por: (i) aumentar a permeabilidade vascular do tumor e, assim, o acimulo
de lipossomas no tumor, e (ii) promover a liberacdo do farmaco das formulacbes sensiveis a
temperatura para a vasculatura tumoral e intersticio tumoral (Ta & Porter, 2013). A Tabela 1
traz alguns estudos pré-clinicos com o uso de hipertermia associado a lipossomas

termossensiveis.
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Tabela 1: Estudos pré-clinicos usando hipertermia e lipossomas termossensiveis

Composicao HT Farmaco Alvo Resposta Referéncia
DPPC:-DSPC: . A Aumento significativo na
Banho doxorrubicin  Cancer resposta do tumor ao Lokerse et
DSPE-PEG2000 . .
e de 4gua a de mama  tratamento com lipossomae al., 2017
70:25:5
HT
Sarcoma Alta captacdo seletiva de
DPPC:DSPC:DPP Laser doxorrubicin de tecido doxorrubicina e aumento da  Peller et al.,
G2 50:20:30 a sua concentracao no tecido 2016
mole .
tumoral aquecido
orrcosreDrr | doombien St Ese il iagng
G2 50:20:30 a por PO etal., 2016
mole nos tumores aquecidos
DPPC:DSPC:DPP HIFU  Gemcitabina g: rtzzidlz rlg/tlgrlggrgosgggicnigﬁonso Limmer et
G; 50:20:30 al., 2014
mole tumor
DPPCMSPCIDSP ) Cancer i o comparagio oo Wang et al
E-PEG0:DSPG Paclitaxel de FUtHOL, et compataga o gctal,
o de agua ~ lipossoma néo termossensivel 2016a
83:3:10:4 pulmao , .
e farmaco livre
Acumulo intratumoral de
DPPC-MSPC:DSP Radioft lipossoma aumen}ou 15 vezes
A . . Tumor em comparagio com a Wang et al.,
E-PEG2000 equénci  Vinorelbina , . .
de figado  farmaco livre. Lipossoma + 2016a
86:5:4 a
HT levou a uma melhor
sobrevida

* HT: hipertermia; DPPC: 1,2-Dipalmitoil-sn-glicero-3-fosfocolina; DSPE: 1,2-Distearoil-sn-glicero-3-fosfoetanolamina;
DSPC: 1,2-Distearoil-sn-glicero-3-fosfocholina; DPPG2: 1,2-Dipalmitoil-sn-glicero-3-fosfo-glicerol; MSPC: 1-Miristoil-2-
estearoil-sn-glicero-3—fosfocolina; PEG: polietileno glicol.

O actmulo dessas vesiculas na regido tumoral depende principalmente da estrutura
especifica da vasculatura tumoral e de mecanismos de direcionamento, podendo ser aumentada
pelo aquecimento do tecido tumoral (Figura 4). No entanto, o extravasamento do farmaco a
partir da vesicula é o passo limitante e as nanoparticulas devem circular durante um
determinado periodo de tempo para se acumularem em concentracdes suficientemente altas.
Quando se trata de lipossomas que possuem um mecanismo de direcionamento, apenas apds o
periodo necessario para acumulacdo é que se aplica a hipertermia, permitindo assim a liberacdo
do farmaco no interior da célula tumoral, aumentando a especificidade da agdo (Kneidl et al.,
2014).



36

Figura 4: Mecanismo de liberacdo do farmaco apos aquecimento focado. Em A, lipossomas
(circulos azuis) atravessam 0s poros nas paredes dos vasos tumorais. B, HT aumenta o tamanho
do poro do tumor e, portanto, aumenta extravasamento de lipossomas tumorais. C, HT pode
desencadear liberacdo de droga (amarelo) a partir de lipossomas no vaso tumoral. D, HT pode
desencadear a liberacdo farmaco no intersticio do tumor. E, HT pode ser diretamente citotoxico
para células tumorais.

Figura adaptada (Kong et al., 2000)

Inicialmente, as formulagBes de lipossomas termossensiveis foram baseadas em
dipalmitoilfosfatidilcolina (DPPC), um fosfolipideo com Tc de 41 °C, ideal para combinacao
com hipertermia leve. Nesse estudo, observou-se que os lipossomas liberaram neomicina e
inibiram a sintese proteica de bactérias in vitro quando o sistema foi submetido a temperaturas
especificas. No entanto, essas formulagdes foram modificadas ao longo dos anos com o objetivo
de contornar limitacbes, como por exemplo, rapida eliminacdo da circulacdo sanguinea e
liberacdo lenta mesmo sob aquecimento, devido a membranas muito rigidas (Yatvin et al.,
1978).

Lisofosfolipides, como por exemplo, monopalmitoilfosfatidilcolina (MPPC) e
monoestearoilfosfatidilcolina (MSPC), passaram a ser adicionados as formulacdes
termossensiveis com o objetivo de desenvolver uma bicamada menos rigida, com um perfil de
liberacdo mais adequado do contetdo encapsulado. Isso ocorre porque na Tc, esse tensoativo
desestabiliza a bicamada por meio da formacéo de poros na membrana lipossomal (Kneidl et
al., 2014). Estudo desenvolvido por Wang e colaboradores (2016), utilizando lipossomas de
MSPC contendo paclitaxel, apresentou um perfil de liberacdo de até 90% do farmaco apos o
aquecimento, enquanto que o lipossoma contendo EPC (fosfatidilcolina de ovo), lipide
saturado, a taxa de liberagdo é bem menor (20%) (Wang et al., 2016b).

O colesterol também foi incluido nas formulagdes termossensiveis ao longo dos anos,
devido a sua capacidade de interferir na fluidez da bicamada. Nos lipossomas convencionais,

ele é incorporado na bicamada para aumentar a estabilidade dos mesmos. Um estudo realizado
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por Sadeghi e colaboradores em 2018, de wum lipossoma composto por
DPPC:MSPC:CHOL:DSPE-PEG, mostrou que a inclusdo de colesterol reduziu a liberagcdo
indesejada de doxorrubicina a 37°C em solucgéo salina tamponada com Hepes (HBS), bem como
no soro fetal bovino (FBS). Por outro lado, a presenca do colesterol ndo influenciou a
propriedade de liberacdo em altas temperaturas (hipertermia moderada). Estes resultados foram
corroborados por medidas de DSC. Portanto, os dados indicaram que a inclusdo dessa molécula
no LTS oferece uma solucdo simples para o problema de liberacdo indesejada do farmaco a
temperatura fisioldgica na corrente sanguinea (Sadeghi et al., 2018).

A primeira e unica formulagdo termossensivel de lipossomas em fase de estudo clinico
¢ a ThermoDox®. Essa formulacdo é composta por DPPC:MSPC:DSPE-PEG2000
(86,5:9,7:3,8) com uma concentracdo de 2 mg/mL de doxorrubicina. Os estudos prée-clinicos
dessa formulacdo foram realizados por Staruch e colaboradores (2015), com o objetivo de
determinar se a liberacdo localizada do farmaco usando doxorrubicina lipossomal
termossensivel (TLD) e hipertermia leve produzida por um sistema clinico de ultrassom focado
de alta intensidade de ressonancia magnética (MR-HIFU) melhora a eficécia antitumoral em
coelhos portadores de tumor Vx2 (carcinoma de células escamosas). Uma Unica infusdo de TLD
e hipertermia leve reduziu o crescimento do tumor em comparacao aos tumores tratados apenas
com TLD (sem hipertermia). Esses achados foram um passo importante para a traducdo clinica
da entrega localizada de farmacos usando ultrassom focado de alta intensidade guiado por
ressonancia magnética (MR-HIFU) e TLD (Staruch et al., 2015). O ensaio clinico inicial de
fase 11l que avaliou a combinacdo de ThermoDox® e aquecimento por radiofrequéncia (RFA)
em comparagdo com a RFA sozinho, para o tratamento de carcinoma hepatocelular, ndo obteve
progressdo de sobrevida. Os motivos para o fracasso do teste de aquecimento foram
relacionados a problemas com o delineamento do ensaio clinico, falta de dados pré-clinicos de

apoio e melhorias no controle de aquecimento (Y. Dou et al., 2017).

3.3.2 Lipossomas funcionalizados para direcionamento ativo

Uma estratégia usada para promover o direcionamento de farmacos € a funcionalizacéo
da superficie dos lipossomas com o uso de ligantes, que exercem um papel fundamental na
superacdo das limitacdes dos nanocarreadores convencionais. Sabe-se que varios receptores séo
superexpressos nas células cancerigenas em comparagdo as células normais. Dessa forma, o
direcionamento para esses receptores superexpressos € uma abordagem vital e forma a base do

direcionamento ativo, levando a maior captacdo e acimulo de agentes anticancer nas células
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tumorais. Vérias substancias podem ser usadas para funcionalizar a superficie dos lipossomas,
como anticorpos, peptideos, aptameros, moléculas especificas como acido hialurénico (AH) e
folato (Riaz et al., 2018). Essa abordagem de direcionamento ativo associada ao uso de
lipossomas sensiveis a estimulos externos, como a temperatura, pode ser uma alternativa
promissora para administragdo de farmacos antitumorais. A Tabela 2 mostra alguns estudos

envolvendo 0s mecanismos combinados.

Tabela 2: Estudos utilizando temperatura e direcionamento ativo de lipossomas para
tratamento do cancer

Receptor Modelo
Ligante Farmaco AI\E)O Composicao lipidica Tumora Referéncia
|
Anticorp Doxorrubic  MUCL1- DPPD%;IES PC: Ca(;g:er Al-Ahmady et al.,
0 ina gene PEG(2000) mama 2014
Receptor DPPC:MSPC: Cancer
Aptamer DSPE-
0 Gd-DTPA nUCIcéglina PEG(2000)- mgfna Zhang et al., 2015
COOCH
DPPC:DSPE-
Folato Doxorrubic  Receptor PEG(2000), Cancer Pradhan et al.,
ina de folato DSPE-PEG cervical 2010
-Folato
. Céancer
Doxorrubic  Receptor DPPC:CHOL:DSPE-
Folato ina de folato PEG-Folato de~ Guo et al., 2015
pulméo
Doxorrubic . DPPC: MSPC: Céancere .
CPP ina Célula DSPE-PEG mama Linetal., 2016

*CPP: peptideo de penetracéo celular; Gd-DTPA: Gadopentetato de dimeglumina; DPPC: 1,2-Dipalmitoil-sn-glicero-3-
fosfocolina; DSPE: 1,2-Distearoil-sn-glicero-3-fosfoetanolamina; MSPC: 1-Miristoil-2-estearoil-sn-glicero-3—fosfocolina;
PEG: polietilenoglicol.

A funcionalizacdo pode ter como objetivo um direcionamento extracelular, isto é,
receptores superexpressos na superficie das células cancerigenas, como por exemplo o receptor
cluster de diferenciacdo 44 (CD44) e, um direcionamento intracelular, isto é, receptores
superexpressos no citoplasma e nicleo, como por exemplo as tirosina-quinases
transmembranares. Niveis elevados desses receptores sao vistos em muitos tipos de cancer. Em
particular, CD44 é uma proteina receptora superexpressa em muitos tumores, e € um receptor
especifico para a molécula de AH (Riaz et al., 2018).

O AH ¢é um biopolimero que ocorre naturalmente em organismos vivos (Gasperini et
al., 2015), composto de repetidas unidades dissacaridicas de acido D-glicurdnico (GIcUA) e N-
acetilglicosamina (GIcNAc), unidas alternadamente por liga¢Ges glicosidicas -1,3 e B-1,4

(Figura 5). E uma parte integrante da matriz extracelular, e contribui para a lubrificacio das
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articulagdes, migragéo celular durante a morfogénese embrionaria, adeséo celular, angiogénese,
regeneracdo de tecidos, trafico de leucdcitos e progressao da inflamacdo (Bhattacharya et al.,
2018).

Figura 5: Estrutura quimica do acido hialurénico
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Esse polimero aniénico € usado para funcionalizacdo da superficie de nanocarreadores
no intuito de reduzir a adsorcdo de proteinas do sangue, aumentando o tempo de circulacéo,
bem como um ligante de direcionamento para o tumor, mediante interacdo especifica com os
receptores CD44 que sao superexpressos em cancer de mama, ovario, célon, pulmao e estbmago
AH se liga a porgdo N terminal do CD44, que funciona como o local de encaixe e € revestido
por uma mistura de aminoacidos principalmente basicos e hidrofébicos. Os eventos
desencadeados pela interacdo sdo acionados quando o CD44 reconhece certas fragdes-chave na
cadeia do polimero de AH que incluem interacGes hidrofobicas entre o grupo N-acetil de AH
com o anel fenil de Tyr83, a cadeia lateral de 11e92 e a ligacao dissulfeto entre Cys81 e Cys101
de CD44; ligacao de hidrogénio mediada por agua entre o grupo carboxilato de AH com Tyr46
e Arg45 de CD44 e ligacdes de hidrogénio entre os didis vicinais de AH com grupos guanidina
de Arg45 e Arg82 de CD44.

Seu comprimento e sua massa molar dependem do nimero de unidades de dissacarideos
presentes (Kuo, 2005). Qhatal e colaboradores (2014) comprovaram que o tamanho da cadeia
de AH exerce influéncia na atividade bioldgica, sendo gue os lipossomas funcionalizados com
AH de elevado peso molecular (175 - 350 kDa) apresentaram elimina¢do mais rapida em
relacdo aos lipossomas com AH de baixo peso molecular (5 - 8, 50 - 60 kDa) ou lipossomas
revestidos com PEG (Qhattal et al.,, 2014). A Figura 6 representa 0 mecanismo de
internalizacdo de lipossomas funcionalizados com AH. A via endocitica ¢ o principal
mecanismo de captacdo de agentes biologicos. Esses agentes ficam aprisionados nos
endossomos e sdo degradados por enzimas especificas no lisossomo. Assim, uma etapa
limitante para alcancar uma terapia eficaz e garantir a distribuicdo citosolica do agente

bioldgico é o escape endossomal (Varkouhi et al., 2011). A hialuronidase (HAase) € rica em
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matriz extracelular tumoral e endo-lisossomas e tem a funcdo de degradar a camada de AH,
permitindo a exposigédo do lipossoma cationico. Nos endo-lisossomas, a propriedade catiénica
facilita o escape endo-lisossomal e a distribui¢éo citoplasmatica do nanosistema (Assanhou et
al., 2015; Varkouhi et al., 2011).

Figura 6: Representacdo esquematica da internalizacdo de lipossomas revestidos com AH em
tumores que superexpressam receptores CD44. Em ) acimulo de lipossoma no tumor devido
ao direcionamento ativo conferido pela presenca do AH; I1) internalizacdo mediada por CD44
e degradacdo de AH por HAase sobre-expressa na matriz extracelular do tumor e endo-
lisossomas; 111) escape endo-lisossomal do lipossoma; 1V) liberagdo do farmaco.
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Figura adaptada (Assanhou et al., 2015).

O acoplamento de AH a superficie dos lipossomas pode ser realizado por duas rotas, (i)
a derivacdo quimica de moléculas para incorporar AH nos fosfolipides e (ii) o revestimento de
nanoparticulas catibnicas com AH (Gasperini et al., 2015). No primeiro método, a derivacdo
quimica pode ser realizada por meio de ligacdo covalente entre o lipide de interesse e a molécula
de AH. Essa ligacdo ocorre entre os grupos amina dos fosfolipides e a carboxila do AH, levando
em consideracdo que a carboxila precisa ser inicialmente ativada por uma carbodiimida
(Arpicco et al., 2013; Qhattal et al., 2014). No segundo método, a funcionaliza¢do do lipossoma
ocorre por meio de interagéo eletrostatica entre um lipide catidnico e 0s grupos ionizaveis do
AH. Nesse caso, ap6s a formagéo das vesiculas, essas sdo incubadas com uma solucdo de AH,
de forma que ocorra a interagdo eletrostatica. VAarios autores tém estudado esse tipo de
funcionalizagdo com o objetivo de ampliar o direcionamento do farmaco (Assanhou et al., 2015;
Chi et al., 2017; Gasperini et al., 2015; Giovanna Esposito, Simonetta Geninatti Crich, 2008).
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3.4 Hipertermia no tratamento do cancer

Na oncologia, a hipertermia se refere ao aquecimento de tumores, tecidos ou sistemas a
temperaturas acima da temperatura fisiologica (Januszewski & Stebbing, 2014). Na medicina
foi usada pela primeira vez pelo ginecologista Frans Westermark, em 1898, que obteve uma
excelente resposta em carcinomas cervicais avangados (Westermark, 1898). Sabe-se que existe
um efeito tumor-seletivo da hipertermia a temperaturas entre 40°C e 46°C e, que 0 ambiente
vascular em tumores solidos é critico, resultando em regibes com hipoxia e baixos niveis de
pH, 0 que ndo se encontra em tecidos normais. Esses fatores tornam as células tumorais mais
sensiveis a hipertermia, especialmente em areas com baixa perfusdo. Portanto, além da
citotoxicidade direta, a hipertermia conduz in vivo a uma destruicdo quase seletiva de células
tumorais em meio hipdxico e, consequentemente, acido em partes de tumores sélidos
(Behrouzkia et al., 2016; Vaupel, 2004; Vaupel et al., 1989).

Assim sendo, o aquecimento de tecidos a temperaturas superiores as encontradas em
condic@es fisiologicas normais, pode ser usado de duas formas: i) temperatura elevada por
periodos curtos de tempo (> 50°C durante 10 min) comumente referida como ablacéo que pode
ocasionar a morte celular, ou ii) temperaturas mais baixas por longos periodos de tempo (40 a
46°C durante ~ 60 min) chamado de hipertermia moderada (Hildebrandt et al., 2002; May &
Li, 2013). Embora a ablacao térmica possa efetivamente destruir o tecido tumoral, uma grande
limitacdo em sua eficacia deve-se as dificuldades de aquecimento de tumores grandes, o que
impossibilita que todo o tumor possa atingir uma temperatura suficiente para coagulagédo e
necrose (Vaupel & Horsman, 2010). Em casos de hipertermia moderada, alguns efeitos como
aumento do fluxo sanguineo, perfusdo melhorada, oxigenacdo aumentada e maior
permeabilidade sdo observados (Hildebrandt et al., 2002).

De acordo com o Instituto Nacional do Cancer, atualmente existem trés formas de
realizar a hipertemia: local, regional ou de corpo inteiro. A hipertermia local ou regional é usada
principalmente para melhorar a terapia local, como radioterapia ou quimioterapia e, a
hipertermia de corpo inteiro geralmente é aplicada isoladamente ou em combinagdo com a
quimioterapia para o tratamento de doenga metastatica (Peeken et al., 2017).

Os equipamentos usados na hipertermia podem ser: ultrassom focado de alta intensidade
(HIFU), radiofrequéncia e micro-ondas. HIFU envolve a propagacdo de ondas sonoras a uma
frequéncia de 2 a 20 MHz através do tecido. A absorcdo dessas ondas resulta em aquecimento
do meio (Habash et al., 2006). A técnica HIFU permite tanto a ablagdo, quanto a hipertermia

moderada do tumor. Quando realizado sob orientagdo de ressonancia magnética (MR-HIFU), é
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possivel um mapeamento in vivo da mudanca de temperatura, para proporcionar o aguecimento
preciso do tecido durante um periodo de tempo prolongado (Smet et al., 2011). Para aquecer
tumores grandes em profundidade, os campos de radiofrequéncia na faixa de 10 a 120 MHz séo
geralmente usados com comprimentos de onda longo, comparado com as dimensdes corporais
e, assim, depositam energia sobre uma regido consideravel (Habash et al., 2006). J& a
hipertermia por micro-ondas utiliza geralmente antenas que funcionam a 434, 915 e 2450 MHz.
Um sistema de micro-ondas inclui a antena e um sensor de temperatura sem contato que varre
um caminho predeterminado sobre a superficie do tecido a ser tratado. Tem sido muito usado
em pacientes com cancer de préstata ou de mama (Habash et al., 2006; Nguyen et al., 2017).

Dessa forma, as pesquisas na &rea de hipertermia combinada a outros tratamentos
convencionais aumentaram nos ultimos anos (Y. Dou et al., 2017; Grill & Langereis, 2012;
Kneidl et al., 2014; Koning et al., 2010). Essa combinacdo com terapias convencionais para
retardar o crescimento do tumor, tem como vantagem significativa a possibilidade de usar doses
mais baixas de quimioterapia e radiacdo, levando a um tratamento mais eficaz com menos
efeitos indesejados e uma reducdo da resisténcia das células cancerosas a combinacdo de
farmacos e radiacdo (Ahmed & Zaidi, 2013). Atualmente, a técnica estd em fase de ensaios
clinicos e ainda ndo estd amplamente disponivel (National Cancer Institute, 2018).

Segundo Koning e colaboradores (2010), além do fenbmeno de hipertermia aumentar a
permeabilidade vascular em tumores sélidos, atuando como quimiossensibilizador, pode
também aumentar o acimulo de lipossomas e ainda, de lipossomas termossensiveis, que podem
liberar seus conteddos apo6s a hipertermia. Ao aplicar essas duas estratégias, a entrega de
substancias ativas nos tumores pode ser fortemente aprimorada (Koning et al., 2010; Li et al.,
2014).

Atualmente muitos estudos tém sido realizados nessa area. A Tabela 3 mostra alguns

estudos in vivo mais recentes de lipossomas termossensiveis associados a hipertermia.
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Tabela 3: Estudos in vivo utilizando hipertermia e lipossomas termossensiveis
Composicao
lipossoma Hipertermia Alvo Farmaco Referéncia
termossensivel
DPPC:HSPC:CHOL:D

Doxorrubicina

PPE-PEG 000 MR-HIFU Gliosarcoma e gadolineo Smet et al., 2011
(50:25:15:3) g
DPPC:DSPC:DPPG2  Fontedeluz  Sarcoma de oL Limmer et al.,
(50:20:30) fria tecido mole Gencitabina 2014
DPPC:DPPG:MSPC:D Carcinoma
SPE-mPEG2000 Laser-MR cervical Cisplatina Dou et al. 2014
(57,7:28,9:9,6:3,8) humano
DPPC:DSPC:DPPG2 Sarcoma de ..
(50:20:30) Luz laser tecido mole Doxorrubicina  Peller et al., 2016
Carcinoma
DPPC:DPPG:MSPC:D "
SPE-mMPEG2000 Laser-MR de pqlmao de Cisplatina (Y. Douetal,
(57,7:28,9:9.6:3.8) células 2016)
P grandes
DPPC:DSPC:DSPE- Banho de Céncer de Doxorrubicina (Lokerse et al.,
PEG (70:25:5) agua mama 2017)
DPPC:HSPC.CHOL.D Rabdomiossa (Hijnen et al
PPE-PEG2000:DOTAP-  MR-HIFU comma Doxorrubicina 12017) .
DSPE (50:25:15:3:1)
DPPSCP:E_S::F?E:EASPC:D Banho de Carcinoma Cisplatina (Alavizadeh et al.,
2000 4gua de célon P 2017)

(60:30:10:4;
*DPPC: 1,2-Dipalmitoil-sn-glicero-3-fosfocolina; DSPE: 1,2-Distearoil-sn-glicero-3-fosfoetanolamina; MSPC: 1-Miristoil-
2-estearoil-sn-glicero-3—fosfocolina; PEG: polietileno glicol; DPPG2: 1,2-Dipalmitoil-sn-glicero-3-fosfo-glicerol; HSPC:
fosfatidilcolina de soja; CHOL.: colesterol; DPPE: 1,2-Dipalmitoil-sn-glicero-3-fosfoetanolamina; DOTAP: 1,2-Dioleoiloxi-
3-trimetilamonio propano.

3.5 Lipossomas de cisplatina

Considerando as desvantagens da CDDP e os beneficios dos lipossomas, pesquisadores
vem desenvolvendo sistemas lipossomais para carrear a CDDP objetivando reduzir a
nefrotoxicidade e aumentar o acimulo do farmaco no tumor (Carvalho et al., 2007; Leite,
Souza, et al., 2012; Qun et al., 2014; R. Silva et al., 2017). No entanto, esses sistemas ainda
apresentam limitagfes. SPI1-077, um lipossoma de CDDP, se mostrou eficaz em estudos preé-
clinicos, porém néo exibiu eficacia em pacientes. As falhas na terapia foram atribuidas a baixa
encapsulacdo de CDDP e a liberacdo espontanea do farmaco insuficiente no local do tumor
(Alavizadeh et al. 2017; White et al. 2006).

Sengupta e colaboradores (2012) realizaram uma sintese envolvendo a ligagdo da CDDP
ao colesterol, e o produto dessa reacéo foi utilizado no preparo de uma formulagéo lipossomal.
A nanoparticula lipossomal exibiu poténcia e eficacia aumentadas in vitro e in vivo. No entanto,
a sintese de CDDP-colesterol inclui varias etapas e resultard em dificuldade no escalonamento

de producéo desse sistema (Sengupta et al., 2012).
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Lipoplatin™, outra formulagdo lipossomal composta de DPPG, PC de soja, DSPE-
mPEG e colesterol, contendo CDDP, pode ser considerada a formulagéo lipossomal em estagio
mais avancado de estudo, atualmente sendo testada em estudos de fase Ill, exibiu eficacia
antitumoral em estudos de fase | e Il com efeitos colaterais reduzidos em comparacdo com o
farmaco livre (Bulbake et al., 2017).

Lipossomas de CDDP responsivos a estimulos ainda estdo em fase de estudos pré-
clinicos e estdo apresentados na Tabela 4. Com base nas pesquisas existentes até 0 momento,
mais estudos se fazem necessarios a respeito dos sistemas responsivos a estimulos, quanto a

reducdo da nefrotoxicidade, principal limitante do uso da CDDP.

Tabela 4: Estudos pré-clinicos de lipossomas de cisplatina responsivos a estimulos

Tipo de

Tipo de

. Composicao Resultado Referéncia
lipossoma estudo
. Liberacdo prematura do
. ) Neoplasia - . .
Termossensivel HSPC:DPPC:M de 6rgaos farmacg e T1/2 reduzido.  Alavizadeh
SPC:DSPE-PEG N Porém aumentou a etal., 2017
digestivos . S
sobrevida doas animais
Termossensivel DPPC:DPPG:M Cancer ?uarlﬁg;n r:'?:g g . :Zglrirt]?vcc? dna0 (Y. N. Dou
SPC:DSPE-PEG cervical L P etal., 2017)
eficacia do tratamento
. Aumento significativo no
. DPPC:DPPG:M  Carcinoma P o (Y. Dou et
Termossensivel <o~ HopEPEG  cervical mdme;cgrapeutlco do al., 2014)
armaco
. Carcinoma  Maior citotoxicidade em (H. Liu et
N2+
Termossensivel DPPC:M cervical linhagem de HelLa al., 2015)
Foram mais eficazes do
H-sensivel DOPE:CHEMS: Carcinoma que a CDDP livre para (Carvalho
P DSPE-PEG pulmonar inibicdo do crescimento et al., 2007)
de A549
. DOPE:CHEMS: Tumo_r de Maior taxa de inibigdo do (Leite,
pH-sensivel DSPE-PEG Ehrlich crescimento do tumor Souza, et
solido al., 2012)
Avaliacéo
H-sensivel DOPE:CHEMS: da Diminuicédo do dano Silva et al.
P DSPE-PEG  toxicidade intestinal 2017
intestinal

*DPPC: 1,2-Dipalmitoil-sn-glicero-3-fosfocolina; DOPE: 1,2-Dioleoil-sn-glicero-3-fosfoetanolamina; DSPE: 1,2-Distearoil-
sn-glicero-3-fosfoetanolamina; DPPG2: 1,2-Dipalmitoil-sn-glicero-3-fosfo-glicerol; MSPC: 1-Miristoil-2-estearoil-sn-
glicero-3—fosfocolina; HSPC: fosfatidilcolina de soja; CHEMS: Hemisuccinato de Colesterila; PEG: polietileno glicol. M?*:
ions metalicos

Diante do exposto, a toxicidade severa relacionada a CDDP, as falhas nas terapias com
lipossomas de CDDP, o potencial dos lipossomas responsivos a estimulos associado as
vantagens com o uso de moléculas de direcionamento ativo, justificam o desenvolvimento de

um novo lipossoma termossensivel funcionalizado com AH para carrear CDDP. Essa nova
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estratégia pode permitir o acimulo do farmaco especificamente no tumor, reduzindo assim 0s
seus efeitos indesejados.

A presente tese foi dividida em dois capitulos. No capitulo 1 foram descritas todas as
etapas de desenvolvimento e caracterizacdo dos lipossomas termossensiveis, na forma de um
artigo, o qual foi submetido para publicacéo no periédico Journal of Nanoparticle Research. No
capitulo 2 foram apresentados os resultados dos ensaios bioldgicos in vitro e in vivo das

formulacGes desenvolvidas.
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TRABALHO EXPERIMENTAL

CAPITULO I: THERMOSENSITIVE LIPOSOMES CONTAINING CISPLATIN
FUNCTIONALIZED BY HYALURONIC ACID: PREPARATION AND
PHYSICOCHEMICAL CHARACTERIZATION

Trabalho submetido para publicacédo no periodico Journal of Nanoparticle Research
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ABSTRACT
This study aimed to develop a thermosensitive liposomal formulation (TSL) functionalized with
hyaluronic acid (HA), to encapsulate a hydrophilic drug, the CDDP. The physicochemical and
thermal characteristics of this new formulation were studied by dynamic light scattering (DLS),
microcalorimetry, and small-angle X-ray scattering (SAXS) techniques. Our results showed
mean diameter and PDI data characteristics of homogeneous formulations, indicating the
absence of aggregation of vesicles after functionalization with HA. The efficiency of coating in
the liposome surface was attributed to zeta potential values close to neutrality. DLS data showed
a significant reduction in the average diameter and Kcps of the formulations evaluated at 40°C.
It was also observed that the HA-coating did not alter the Tc of the formulations. The SAXS
profile of all formulations was characteristic of a lamellar organization regardless of
temperature evaluated and showed dilation of the bilayer, caused by local misorientation in the
structure of the lipids, confirming the conformational alteration due to warming. Therefore, the
in vitro release profile showed that possible drug adsorption in the phospholipid bilayer may be
generating the diffusion rate of CDDP before reaching Tm (42°C), for TSL-CDDP and TSL-
CDDP-SA-HA. For TSL-CDDP-HA, the presence of the polymer may be modulating this

diffusion, generating a more controlled and slow release profile.

Keywords: thermosensitive liposome; hyaluronic acid; characterization; lipid bilayer.
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1 INTRODUCTION

Successful cancer therapy is often related to the ability of the anticancer drug to
selectively kill tumor cells with minimal damage to healthy tissues. It is well-described that the
encapsulation of anticancer drugs may improve their therapeutic index by increasing the drug
concentration at the tumor region and decreasing the toxic side effects. In this scenario,
liposomes have been investigated extensively for the tumor delivery of several cytotoxic drugs
such as doxorubicin, paclitaxel, and cisplatin (CDDP) (Alavizadeh et al., 2017; Bulbake et al.,
2017; White et al., 2006). However, as the interstitial tumor matrix shows high heterogeneity
and complexity, the diffusion of these systems in the extracellular space is sometimes hindered
(Dabbagh et al., 2015). In this sense, the use of thermosensitive liposomes (TSL) associated
with hyperthermia has shown to be a promising tool for drug delivery since the heating leads
to an increased tumor vascular permeability and favoring the drug release from thermo-
responsive nanostructures to the tumor interstitium (Gomes et al., 2019; Ta & Porter, 2013).

TSL were described for the first time in 1978 and designed to be stable at body
temperature (37 °C) but allow the drug release after heating (Yatvin et al., 1978). These systems
are composed of mixtures of phospholipids or polymers that undergo a phase transition from
gel to crystalline liquid in response to heating. In the gel phase (L), the lipid molecules are
ordered and condensed with fully extended hydrocarbon chains and are limited to the two-
dimensional membrane plane. After heating, the mobility of the polar head groups gradually
increases, and as the temperature is close to the phase transition temperature (Tc), the
orientation of the single C-C bonds in the hydrocarbon chains changes from trans to gauche
configuration. In this phase, named the crystalline liquid phase or L ¢, the membrane becomes
highly permeable, which favors the release of the drug (Kim, 2007).

Furthermore, the combination of the thermosensitive release mechanism with tumor
targeting of the liposome may potentiate the selectivity of the system. The approach in this area
is to decorate liposomes with cell binding specific ligand molecules (Torchilin, 2014). It is well-
known that clusters of differentiation 44 (CD44) receptors are frequently overexpressed on
several types of human tumors, including breast cancer (Almalik et al., 2013; Sheridan et al.,
2006). This fact makes hyaluronic acid (HA) an interesting strategy to reach higher tumor
accumulation. HA is a non-toxic and biodegradable natural biopolymer composed of repeated
disaccharide units of D-glucuronic acid and N-acetyl-glucosamine, which shows a high affinity
to CD44 receptors (Gasperini et al., 2015; Kuo, 2005; Lv et al., 2018). Some studies have also
reported that HA is a suitable alternative to polyethyleneglycol (PEG). Besides promoting
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selective recognition to the tumor site, this molecule provides a hydrophilic coating for the
liposome and might prevent opsonin adsorption (Dufay Wojcicki et al., 2012; Jiang et al., 2014;
Ravar et al., 2016). The decoration of liposomes with HA might be performed by two routes:
(i) chemical derivation of molecules to incorporate HA into the phospholipids, by a covalent
bond between the lipid of interest and the HA molecule; or (ii) electrostatic interaction between
the cationic lipid and HA ionizable groups (Arpicco et al., 2013; Gasperini et al., 2015; Qhattal
etal., 2014).

Therefore, this study aimed to develop TSL functionalized with HA, composed of
dipalmitoylphosphatidylcholine (DPPC) and cholesterol (CHOL), to encapsulate a hydrophilic
drug, the cisplatin (CDDP). We focused on a formulation in which the biophysical properties
of the phospholipids were responsible for the thermosensitivity of the system and allowed the
drug release specifically in the heated region of the tumor. As changes in the organization of
the structural lipid must be addressed to achieve adequate thermosensitivity, the
physicochemical and thermal characteristics of this formulation were studied by different
techniques, such as dynamic light scattering (DLS), microcalorimetry, and small-angle X-ray

scattering (SAXS) under heating conditions.

2 MATERIALS AND METHODS

2.1 Materials

Hyaluronic acid (HA) 4 kDa was provided by Innovasell (Sdo Paulo, Brazil).
Dipalmitoylphosphatidylcholine (DPPC) was purchased from Lipoid GmbH (Ludwigshafen,
Germany). Cholesterol (CHOL) and stearylamine (SA) were purchased from Sigma Chemical
Company (St. Louis, USA). Cisplatin was acquired from Quiral Quimica do Brasil (Juiz de
Fora, Brazil). Polycarbonate membranes were purchased from Millipore (Billerica, USA).
Sodium diethyldithiocarbamate (DDTC) was provided by the Sigma-Aldrich Company (St.
Louis, USA). The water used to prepare all solutions and samples was purified on a Milli-Q®
Direct-Q3 Millipore system (Billerica, USA). All other chemicals were of analytical or HPLC
grade and were used without further purification.

2.2 Stearylamine-Hyaluronic acid synthesis and TSL-SA-HA, TSL-CDDP-SA-HA
preparation
The synthesis of the stearylamine-hyaluronic acid conjugate (SA-HA) was performed

using HA 4 kDa in the presence of a carbonyl activator, 1-ethyl-3-hydrochloride-(3-



50

dimethylaminopropyl) carbodiimide (EDAC) associated with N-hydroxysuccinimide (NHS).
In a round-bottomed flask, 100mg of hyaluronic acid (0.2625 mmol) was dissolved in 100mL
of double-distilled water, then 51mg of EDAC (0.2625 mmol) and 31mg of NHS (0.2625
mmol) were added to the reaction mixture. Afterward, 20mL of DMF and 5mL of chloroform
were added and the solution was stirred for 20min at room temperature. Next, 71mg of a
solution of stearylamine in 12mL of chloroform:THF (1:1) (0,2625 mmol) was added to the

reaction mixture, which was then vigorously stirred for 42h at 50°C (Toriyabe et al., 2011).

The final product was then purified by dialysis using a Spectrapore® membrane with
1000 Da cut off, at room temperature. The external medium was a solution of PBS:tert-butyl
alcohol (1:1, v/v). To avoid saturation the external phase was completely replaced every 8 h
(Toriyabe et al., 2011). Next, the purified product was lyophilized for 48h and stored at 4 °C
(Liobras® k105, Sao Paulo, Brasil).

The purified product was used for the preparation of TSL and TSL-CDDP. In this case,
the SA was substituted by stearic acid (AS) and the conjugate SA-HA, on the same proportion
of the SA. The AS was used in the proportion of 0.05 mM and SA-HA 0.2 mM, totaling 0.25
mM. The liposome composition was DPPC:CHOL:AS:SA-HA at a lipid molar ratio of
95:2.5:0.5:2.0, respectively.

2.3 Preparation of Thermosensitive liposomes (TSL)

Thermosensitive formulations were prepared by the reverse-phase evaporation method
(Junior et al., 2007). Liposomes were composed by DPPC:CHOL.:SA at two lipid molar ratios,
as 90:5:5 (TSL-90) and 95:2.5:2.5 (TSL-95) at a total lipid concentration of 20 mmol L.
Firstly, chloroform aliquots of DPPC, CHOL, and SA were transferred to a round bottom flask
and the solvent was removed under reduced pressure using a rotary evaporator
(BuchiLabortechnik R-210, Flawil, Switzerland) until the formation of a thin lipid film. The
following conditions were used: 103 mbar, 120 rpm for 1 hour at 30 °C. Then, the lipid film
was dissolved in ethyl ether, and 0.9% (w/v) NaCl solution was added to reach an
organic:aqueous ratio (v/v) of 3:1. The obtained mixture was stirred for 3 min to produce a
water/oil emulsion. Next, the ethyl ether was completely removed under reduced pressure, until
the formation of the lipid vesicles. Afterward, the liposomes were calibrated by using five
extrusion cycles (Extruder T 001, LipexBiomembranes, Vancouver, Canada) through

polycarbonate membranes with a porous size of 0.4 um, 0.2 pum, and 0.1 pm, under nitrogen
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flow at 55 °C. Each cycle corresponds to the passage of the complete volume of the formulation
through the extruder.

For the preparation of CDDP-loaded liposomes (TSL-CDDP), the same method
described above was used. In this case, CDDP solution (2.0 mg/mL), prepared in 0.9% (w/v)
NaCl, was added to the lipid film dissolved in ethyl ether, and the total lipid concentration was
equal to 40 mmol.L™. After size calibration, non-entrapped CDDP was separated from the
liposomes by ultracentrifugation (Optima® L-80XP ultracentrifuge, Beckman Coulter) at
44,800 g at 10° C for 30 min. The pellet was reconstituted in 0.9% (w/v) NaCl to obtain the

initial volume of the liposomal formulation.

TSL and TSL-CDDP were functionalized with HA 4 kDa according to the method
described by Ravar and collaborators (2016), with some modifications. An aliquot of the
liposomes was slowly added dropwise to an HA solution, at concentrations of 24.0 and 66.0
mg/mL, under constant stirring on a magnetic stirrer (IKA color squid, Hytrel HTR 8068,
Germany). The mixture was kept under stirring for 10 min. The liposome:HA ratio (v/v) used
was 1:2. Free HA was removed by ultracentrifugation at 44,800g, 10° C for 30 min (Optima L-
XP Series Ultracentrifuge, BeckmanCoulter, California, USA). After ultracentrifugation, the

pellet was reconstituted in 0.9% (w/v) NaCl solution.

2.4 Physicochemical and Thermal Characterization

2.4.1 Mean Diameter, Polydispersity Index, and Zeta Potential Analysis

The mean diameter and polydispersity index (PDI) of the vesicles were determined by
the DLS at 25 °C using a fixed angle of 90° (Zetasizer Nano ZS 90, Malvern Instruments,
England). Samples were diluted 40-times in 0.9% (w/v) NaCl solution previously filtered (filter
0.45um, Millipore).

The zeta potential was determined by the DLS associated with the electrophoretic
mobility of the vesicles at a temperature of 25 °C and a fixed angle of 90° (Zetasizer Nano ZS
90 equipment, Malvern Instruments, England). Samples were diluted 40-times in filtered NaCl
1mM (filter 0.45um, Millipore). All results were expressed as the mean * standard error of

three batches of each formulation.
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2.4.2 Thermal proprieties analyses

The thermosensitivity of liposomes was evaluated by DLS and differential scanning
calorimetry (DSC). For DLS, samples were diluted 40-times in 0.9% (w/v) NaCl solution and
heated at a temperature ranging from 25 °C to 55 °C, with a heating rate of 3°C/min. Mean
diameter and kilo counts per second (Kcps) were evaluated. Measurements were carried out in
triplicate using Zetasizer Nano ZS 90 (Malvern Instruments, England), and the results were

expressed as the mean + standard error of three different batches of each formulation.

The liposome Tc values were determined by DSC analyzes using a Microcal VP-DSC
microcalorimeter Instruments (Laboratério Multiusuario de Analises Biomoleculares,
Universidade Federal do Espirito Santo, Vitoria, Brazil). The samples were previously diluted
in 0.9% (w/v) NaCl solution to a concentration of 5 mmol L and analyzed with a 0.9% (w/v)
NaCl solution as a baseline. The heat capacity (Cp), at constant pressure in units of cal/°C, was
then measured from 15 to 65 °C with a heating rate of 1 °C/min. The parameters AH and AHy
were obtained from the DSC curve. In addition, it was calculated the cooperative unit (CU)
size, which reflects intermolecular cooperation of phospholipids in a bilayer during phase
transition, and changes from infinity for ideal cooperativity to one in the absence of

cooperativity. The CU was calculated according to the equation: CU= AH\/AH.

2.4.3 Drug encapsulation efficiency

The encapsulation percentage (EP) of CDDP into liposomes was determined by the
high-performance liquid chromatography (HPLC), using a derivatization method with sodium
diethyldithiocarbamate (DDTC) (Tezcan et al., 2013; Toro-Cordova et al., 2016). This
parameter was based on the determination of CDDP concentration in the liposomes before (nhon-
purified liposomes) and after centrifugation (purified liposomes). In brief, acetonitrile (500 L)
was added to an aliquot of liposome (250 uL) followed by vortex agitation for 1 min and
centrifuged at 10,000 rpm for 10 min. The supernatant (250 pL) was transferred to an eppendorf
and dried under N2 atmosphere. The residual product was suspended in 1mL of 0.9% (w/v)
NaCl and 250 puL was used to react with a solution of DDTC in NaOH (600 pL of a 1mM
solution). The samples were incubated at 37°C for 60 min and extracted with 250 uL of
chloroform. After separating the layers, the chloroform layer was filtered through a 0.45 um
filter and injected into the chromatographic system.

The chromatographic apparatus equipped with a degasser, a quaternary pump
(G1311B), a column oven (G1316A), an autosampler (G1329B), and a diode array detector
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(DAD) (G4212B), coupled to the EzChrom integration program (Agilent Technologies,
California USA). The separation was carried out at 25°C using a 250 x 25 mm Hypersil C18
column, 5 um particle size (Agilent Technologies, California USA). The mobile phase
consisted of a mixture of methanol and water (65:35 v/v) in isocratic flow. The flow rate was
1.5 mL/min, and the samples (20 pL) were monitored at 254 nm. The six-point standard curve
(5, 7.5, 10, 15, 20, and 50 ug/mL) vs. area under the curve was previously obtained by linear
regression analysis. The linear equation determined was y=2879250.31x-10217144.16 and r =
0.9964.

2.4.4 Small-angle X-ray scattering (SAXS)

TSL and TSL-CDDP were submitted to ultracentrifugation at 44,800 g, 10° C for 30
min to produce a pellet to be evaluated by SAXS. The measurements were performed at the
D1B-SAXS1 beamline of the Brazilian Synchrotron Light Laboratory (LNLS, Campinas,
Brazil), at an X-ray wavelength A = 0.1488 nm. SAXS patterns were detected using a 300K
Pilatus detector positioned 1.0 m from the sample, providing a reciprocal space vector range
(Q) from 0.15 nm* to 4.0 nm™, where Q was calculated as Q = (4 n/A)sin 0 and 0 is the
scattering angle. Samples were deposited on metal rings, which were sealed by two polyimide
film (Kapton®). A sample holder with a DSC-linkam heating system was also used to allow
the heating rate of 1°C/min in a heating range from 25 °C to 50°C. After analysis, the domain
size (L) and interplanar distance (d) were calculated by the relations L = 2/AQ (where AQ is
the width of each scattering peak) and d = 2n/Q. These values, whenever shown without specific
description in the following figures, were obtained from the first-order peaks of all packing

structure types analyzed.

2.5 In vitro release analyses

The influence of temperature on TSL-CDDP and TSL-CDDP-HA release rate was
determined. The content of CDDP release from the liposomes was measured after 5, 15, 30, 60,
120, and 240 min of incubation in 0.9% (w/v) NaCl, at temperatures of 37 °C and 42 °C. For
this, each formulation was diluted at a ratio of 1:10 in 0.9% (w/v) NaCl and added in a heat-
resistant vial. Then, the vial was incubated in a pre-heated thermoshaker (KS 4,000 I control,
IKA, Wilmington, USA), and kept under stirring at 50 rpm. After incubation, during the pre-
set time, each vial was quickly immersed into an ice bath to stop the release and was

immediately submitted to ultracentrifugation at 44,800g, 10° C for 30 min (Optima L-XP Series
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Ultracentrifuge, BeckmanCoulter, California, USA). The CDDP released from the liposomes
was determined by the HPLC, using a derivatization method, such as described in item 2.4.3.

2.6 Statistical analysis

Normality and homogeneity of variance analyses were performed by D’Agostino and
Pearson and Bartlett’s tests, respectively. Liposome characterization data were tested using the
one-way analysis of variance (ANOVA) test followed by Tukey’s test or Student’s t test.
Differences were considered significant when the p-value was lower than 0.05. The computer

program used for all statistical analyses was GraphPad Prism 5.0.

3 RESULTS
3.1 Stearylamine-Hyaluronic acid synthesis

Infrared spectra of SA, HA, and the product SA-HA were performed to identify the main
functional groups of the three compounds (Fig 1). In the spectrum of SA-HA, the absence of
the O-H band of HA, and the NH2 band of SA might indicate the formation of the covalent
amide bond between the carboxyl group of the HA and the amine group of SA, forming the
conjugate SA-HA. In addition, the stretching bands of sp3 CH bond present in A and C, C-O
bond present in B and C and CH> bending at 1470 cm™ (scissoring) and 720 cm™ (rocking long
chain) present in A and C (Pavia et al., 2010), corroborate the occurrence of the reaction. This

product was used in the preparation of thermosensitive liposomes, as mentioned in topic 2.3.
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Figure 1: Infrared spectra. (a) Stearylamine, (b) hyaluronic acid, (c) SA-HA

3.2 Characterization of TSL
3.2.1 Mean Diameter, Polydispersity Index, and Zeta Potential

Firstly, in order to evaluate the influence of lipid composition on the physicochemical
parameters, measurements of mean diameter, PDI, and zeta potential of TSL (without CDDP)
were performed by DLS (Fig 2). TSL-90 and TSL-95 showed similar diameters in the range of
150 nm and PDI lower to 0.2 indicating homogeneous size distribution. Additionally, the
decrease of SA concentration leads to a significant reduction in the zeta potential values.
Therefore, TSL-95 showed lower zeta potential (+20 mV) due to the small amount of

stearylamine.
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Figure 2: Mean diameter and PDI (a), and zeta potential (b) of thermosensitive liposomes made

of DPPC:CHOL:SA at molar ratio 90:5:5 (TSL-90) and 95:2.5:2.5 (TSL-95)
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Data expressed as the mean + standard error (n = 3 batches). * represents a significant difference compared to TSL-90, p <0.05

(Student t-test).

3.2.2 Thermal properties analyses
We also performed DLS and DSC studies to assess the influence of the lipid ratio on the

thermal proprieties of the systems. The results are presented in Fig 3.

Figure 3: Variation of mean diameter (bars) and particle count rate (lines and points) of TSL-
90 (a) and TSL-95 (b) as a function of DLS heating. DSC curves of the formulations TSL-90

(c) and TSL-95 (d)
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Data expressed as the mean + standard error (n = 3 batches). * represents a significant difference in particle size and count
when compared to the initial temperature of the experiment (25 °C), p <0.05 (Tukey test).
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By analyzing the DLS data are shown in Figures 3A and 3B it was possible to estimate
a range of temperature for the transition phases (L} — La). No significant change in the mean
diameter and particle count rate was observed from 25 °C to 40 °C for both formulations, which
suggests possible stability at body temperature (37 °C). In contrast, at 40 °C, both parameters
were significantly decreased, suggesting a membrane destabilization that may be a consequence
of the transition phase L — La. Therefore, we could estimate that the Tc for both liposomes
is close to 40 °C. In agreement, endothermic peaks, characteristic of the LB — La transition,
were detected in both formulations by DSC analyses. TSL-90 showed a peak with onset at 40°C
and offset at 48°C, the Tc (maximum peak) was 43.5 °C (Fig 3C). With increasing SA
concentration (TSL-95), it was observed a reduction in the onset (37.6°C) and offset (47.5°C)
temperatures with Tc of 42.5 °C (Fig 3D). These results corroborate the preliminary study of
DLS, confirming the Tc of TSL-90 and TSL-95 in the range of moderate hyperthermia
approaches (40 to 46 °C)(Chatterjee et al., 2011; May & Li, 2013; Wust et al., 2002). Moreover,
transition enthalpy for TSL-95 was lower than that obtained for TSL-90 (Table 1).
Simultaneously, the CU reduced significantly in TSL-95, suggesting an increase in structural
disorder in the bilayer after heating. Thus, TSL-95 was selected to further studies of HA

functionalization and drug encapsulation.

Table 1: Thermotropic parameters obtained from the DSC of TSL-90 and TSL-95

ormulations TSL-90 TSL-95
Parameters
Tc (°C) 435+0.01 425 +0.01
AH (KJ.mol?) 1.5x10% + 68 47x10%+11.3
AH, (KJ.mol?) 2.7x10°+ 1.6x10° 1.6x10% + 4.7 x10?
CU 18.3 3.35

Tc: temperature of phase transition; AH: enthalpy of transition; AHv: van’t Hoff enthalpy, CU: cooperative unit.

3.2.3 HA functionalization - physicochemical and thermal characterization

Initially, the functionalization was performed by incubating TSL-95 with HA 4KDa
(TSL-HA) at concentrations of 24 and 66 mg/mL (TSL-HA-24 and TSL-HA-66, respectively).
Considering that, at pH 7.0, HA is in the ionized form (pKa 3.0), the electrostatic interaction
between negative and positive charge from HA and liposome, respectively, may be favored.
Measurements of mean diameter, PDI, and zeta potential are presented in Table 2. There was
no significant change in mean diameter and PDI after incubation with HA 4KDa at both
concentrations. However, a significant reduction in zeta potential compared to non-coated

liposomes suggests the occurrence of electrostatic interaction and neutralization of the positive
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charges of SA. Noteworthy, zeta potential values obtained after functionalizing with 24 and
66 mg/mL were similar, indicating probable saturation of the surface interaction. Thus,

24 mg/mL of HA was the concentration chosen for further studies.

TSL-95 containing synthesized SA-HA conjugate (TSL-SA-HA) was also prepared.
The physicochemical characteristics were similar to those obtained for liposome functionalized
by electrostatic interaction. The zeta potential was near neutrality, indicating success in

incorporating the synthetic conjugate into the liposome.

Table 2: Variation in mean diameter, polydispersity index, and zeta potential of the TSL-95
formulation and its variations

Formulation Mean Diameter (nm) PDI Zeta Potential (mV)
TSL 942+44 0.08 £0.02 +15.7+ 1.0
TSL-HA-24 98.8+4.4 0.09+£0.04 +4.6 +1.8*
TSL-HA-66 101.3+2.6 0.07+£0.04 +5.1 +1.5*
TSL-SA-HA 86.7+ 2.5 0.13+ 0.001 +4.7+ 1.4*

TSL: thermosensitive liposome; TSL-HA-24: thermosensitive liposome functionalized with HA (24 mg/mL) by electrostatic
interaction; TSL-HA-66: thermosensitive liposome functionalized with HA (66 mg/mL) by electrostatic interaction; TSL-SA-
HA: thermosensitive liposome functionalized with SA-HA conjugate. * represents a significant difference compared to the
formulation without HA. Data expressed as mean + standard error (n = 3 batches). p <0.05 (Tukey test).

After coating, DSC studies were also performed to verify if the HA modified the Tc
previously reported (Figure 4). Similar to the abovementioned, endothermic peaks were
detected in both formulations. Tc values for TSL-HA and TSL-SA-HA were 42.1 °C (Figure
4A) and 41.7 °C (Figure 4B), respectively. Thus, the HA and the conjugate SA-HA did not alter
the Tc compared to non-coated formulations (Fig 3C and 3D) and both formulations showed

suitable properties as thermosensitive liposomes.
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Figure 4: Microcalorimetry curve of formulation TSL-HA (a) and TSL-SA-HA (b).
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3.2.4 Drug encapsulation efficiency

CDDP was used as a model of hydrophilic drug to be encapsulated in the thermo-
responsive liposomes at 2 mg/mL (TSL-CDDP). Afterward, formulations were functionalized
with HA by either electrostatic or covalent approaches. The physicochemical features are
presented in Table 3. There is no significant change in the mean diameter, PDI, and zeta
potential, compared to those formulations without CDDP (Table 2). Low zeta potential was
again obtained in the presence of HA, suggesting the neutralization of positive stearylamine
charges by HA. EP (%) between 10 and 16% was verified for all formulations developed. The
smaller size observed for TSL-CDDP-SA-HA may be due to the SA-HA conjugate between the
lipids and not on the surface as in the case of functionalization by electrostatic interaction,
leading to the formation of more compact liposomes. Besides, the composition and smaller size
could justify the lower encapsulation efficiency than the formulation functionalized by
electrostatic interaction. A previous study showed that small size could impact drug

encapsulation efficiency (Maritim et al., 2021).
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Table 3: Characterization of the formulation with CDDP

Formulation Mean PDI Zeta Encapsulati  EP (%)
Diameter Potential  on (ug/mL)
(nm) (mV)
TSL-CDDP 103.4+29 011+0.02 +209+0.3 263.8+195 13.7+0.9

TSL-CDDP-HA 1094+38 006+0.01 +55+05 2515+209 16.1+19

TSL-CDDP-SA-HA 86.06+14 0.15+0.02 +91+16 2298+316 93+0.7

TSL-CDDP: thermosensitive liposome containing CDDP; TSL-CDDP-HA: thermosensitive liposome functionalized with HA
(24 mg/mL) by electrostatic interaction; TSL-CDDP-SA-HA: thermosensitive liposome functionalized with SA-HA conjugate.
Average initial concentration of cisplatin: 1.7 £ 0.08 mg.mL™. Data expressed as mean + standard error (n = 5 batches). p <0.05
(Tukey test).

3.2.5 Small-angle X-ray scattering (SAXS)

Finally, we evaluated the effects of HA and CDDP on the supramolecular organization
of lipid bilayer after exposure to warming conditions. SAXS measurements of formulations
with CDDP (TSL-CDDP-HA and TSL-CDDP-SA-HA) or without CDDP (TSL, TSL-HA, and
TSL-SA-HA) were carried out in a temperature range of 25°C at 50°C, using a heating rate of

1°C/min in an in-situ DSC equipment adapted to the synchrotron beamline.

The data obtained clearly indicates that the liposomes destabilize in conditions of
moderate hyperthermia, which was confirmed by the SAXS analysis of the dry samples. SAXS
profiles of liposomes without CDDP are shown in Fig 5. A sequence of peaks with Bragg
reflection periodicity of 1, 2, 3, and 4, characteristic of a lamellar organization, was observed
in all formulations evaluated, regardless of the temperature employed. From the position of the
first-order peak, we determined the interplanar spacing between adjacent lamellae. Values close
to 6 nm, typical of formulations in a lamellar organization, were obtained at all formulations

and temperatures evaluated.
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Figure 5: Upper panels: SAXS patterns of TSL, TSL-HA, and TSL-SA-HA obtained at
different temperatures. The indexes represent Bragg reflections corresponding to lamellar
phases. Lower panels: Intensity profile as a function of the scattering vector (Q) obtained from
the first-order peak. The arrows indicate intensity increase (1), and peak narrowing (—<«).
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The integrated intensity of the peaks, which is proportional to the volume of ordered
structures, increases with temperature through the investigated range (Fig 6). This tendency is
also observed for an increase of the size of the ordered domain (L) for liposomes containing the

SA-HA conjugate, given by L = 2n/AQ, where AQ is the width of the peak in reciprocal space.

Figure 6: Peak intensity (normalized) and domain size as a function of the temperature
extracted from measured positions of peaks 1 and 4 of Fig 4. Dashed lines connecting the data
points are guides to the eyes only
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Regarding the diffraction patterns of the formulations containing CDDP (Fig 7),
lamellar structures were also identified (Bragg reflections periodicity equal to 1, 2, 3, and 4) at
all temperatures studied. In addition, here narrower peaks at lower temperatures (indicated by

arrows — <«—) were observed, while broad peaks were detected at high temperatures.

Figure 7: SAXS intensity profile as a function of the scattering vector modulus q of liposomes
with CDDP
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Besides, a shift of the fourth-order peak position to lower Q values with increasing
temperature could be observed (Fig 8). The interplanar spacing d in these systems (spacing
between lamellae) was given by d = 27/Q, where Q is the position of the peak under analysis.
For formulations containing CDDP and HA, the reduction of the Q value related to the peak
position in the spreading profile is associated with increased bilayer thickness (increased
interplanar spacing) (Neunert et al., 2018). This fact is followed by an increase in the size of
the ordered domain for all liposomes containing CDDP. For the HA-free formulation (TSL-

CDDP), an increase in intensity with temperature was also observed.
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Figure 8: Peak intensity, domain size, and lattice spacing as a function of the temperature
extracted from peaks 1 and 4 of liposomes containing CDDP and HA
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To further investigate the changes mentioned above, SAXS measurements of the
mixture of components of the formulations in the quasi-anhydrous conditions were also
evaluated at 37°C (Fig 9). It was possible to observe well-defined peaks and periodicity of
Bragg reflections in the 1, 2, 3, 4 sequence, except for the sample containing SA-HA conjugate
(Fig 9, profile indicated by the letter “e”). This can be explained by the existence of a more
complex multicomponent system, evidenced experimentally by the presence of only first-order
peak (high-order peaks disappear). The great entropy of the mixture in these conditions occurs
as a consequence of a larger number of molecular species competing for the interaction with
the lipids (Monteiro et al., 2018).

Figure 9: SAXS patterns of anhydrous samples, obtained at 370C. (a) DPPC (b) DPPC:CHOL
(c) DPPC:CHOL:SA (d) DPPC:CHOL:SA:HA (e) DPPC:CHOL:AS:SA-HA (f)
DPPC:CHOL:SA CDDP (g) DPPC:CHOL:SA CDDP HA (h) DPPC:CHOL:AS:SA-HA CDDP
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In the anhydrous mixture containing CDDP:CHOL:SA (Fig 10), an increase in intensity
was observed again with increasing temperature, as was observed for its corresponding
hydrated sample (Fig 6 - TSL). In addition, in the absence of water, it was still possible to
observe a change in the position of peak 1', retrieved at low temperatures for Q values slightly
below that of the 2nd order peak (indicated by the red arrow) and drifting towards lower values
of Q with increasing temperature. This effect is again associated with an increase in the

thickness of the bilayer (increase in the network spacing), as previously mentioned.

Figure 10: SAXS intensity profile as a function of the scattering vector modulus q and Peak
intensity as a function of the temperature, of DPPC:CHOL:SA anhydrous sample

e |'/ DPPC:CHOL:SA

s I .
) ”:“1 e :{{"‘.‘" ...; - 7}",; cl
£ 1EM \\\/“ '..\ 4 I UOURe ‘p.:;n
g o /w:\.__,\“ ,v\‘“__f",_,,.,.,._J[,‘‘\:::1
E “?“1_\\_/"{(\\ At g
= \ w ) [\ N — '-\/‘/"'-J[”‘M

" Ao

In samples containing CDDP and HA (Fig 11), it was also possible to infer that the
presence of these substances does not interfere with the thermosensitivity property of the system
since it was possible to observe the same changes in intensity and domain size in these dry
samples. It was also possible to visualize a change in the position of peak 1', from a higher to a
lower Q value (red arrow) with increasing temperature, for the anhydrous sample containing
the SA-HA conjugate, indicating an increase in the distance between adjacent lamellae
(increasing interplanar distance). This fact was also observed for the corresponding hydrated
sample (Fig 8 - TSL-CDDP-SA-HA), ideal for allowing the release of the drug under heating

conditions.
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Figure 11: Peak intensity and domain size as a function of the temperature extracted from peaks
1 and 1 high Q of anhydrous samples containing CDDP and HA
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3.3 In vitro release analyses

The results of the temperature-dependent CDDP release are shown in Fig 12. By
analyzing each formulation individually, there were no significant differences in the release of
CDDP between the temperatures of 37°C and 42°C up to 60 min. However, after 120 min, at
42°C, a higher release occurred compared to the same timeframe at 37°C. Additionally, the
electrostatically HA-coated liposomes showed a lower CDDP release compared to TSL-CDDP
and TSL-CDDP-SA-HA.
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Figure 12: Temperature-dependent CDDP release from TSL-CDDP, TSL-CDDP-HA, and
TSL-CDDP-SA-HA

TSL-CDDP

®
o
1

o
o
1

Release (%)
N
o

N
o

- 37°C
-#l- 42°C

o

TSL-CDDP-HA

®
o
1

-@- 37°C

- °
604 ‘W 420c

40

Release (%)

201

80

60

Release (%)

204

-~ 37°C fuo . e
-

‘Ml 42°C

T T T T
5 15 60 120
Time (min)

* represents a significant difference compared to 37°C. Data expressed as mean + standard error (n = 3 batches). p <0.05 (Tukey
test).

4 DISCUSSION

Thermosensitive liposomes associated with moderate hyperthermia have emerged as an
approach to improve the therapeutic efficacy of antitumor drugs. These systems release the drug
specifically to the heated region after the tumor reaches a temperature of approximately 40 to
46°C (Behrouzkia et al., 2016; Vaupel, 2004; Vaupel et al., 1989). Previous studies have
demonstrated a significant release of antitumor drugs from these nanosystems associated with
warming (Lokerse et al., 2017; Peller et al., 2016; Willerding et al., 2016). In addition, to
promote the active targeting of the drug to the tumor region, the use of specific ligands has been
widely investigated. The HA is an anionic polymer that might contribute to reduce the
adsorption of blood proteins, increase the blood circulation time, as well as act as a targeting
ligand for the tumor region by specific interaction with CD44 receptors overexpressed in many
types of cancer (Hornof & Urtti, 2008; Jiang et al., 2014). It is well described that HA-coating
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increases the cell uptake by endocytosis as well as decreases blood clearance (Qhattal et al.,
2014).

Thus, two formulations composed of DPPC:CHOL:SA, using different molar ratios
90:5:5 (TSL-90) and 95:2.5:2.5 (TSL-95) decorated with HA were developed and
characterized. The use of SA in the liposome composition provides a positive surface charge,
facilitating its interaction with negatively charged substances such as HA (Mattheolabakis et
al., 2012). Here, we test two different concentrations of SA to achieve the best composition for
electrostatic interaction. TSL-90 and TSL-95 showed, as expected, positive zeta potential
values that are suitable for further functionalization with HA. Both liposomes showed vesicles
distributed evenly over a small size range (Fig 2). It is known that nanoparticles with a size
range of 70 to 200 nm often demonstrate a prolonged blood circulation time and better results
in antitumor therapies (Ravar et al., 2016). Concerning the HA-coating, a previous study
showed that with the addition of a large amount of HA in the preparation, the individual cationic
liposomes are rapidly coated, favoring the dispersion of the vesicles without aggregation
(Gasperini et al., 2015). Our results showed mean diameter and PDI data characteristics of
homogeneous formulations (Table 2), indicating the absence of aggregation of vesicles after
functionalization with this molecule. The efficiency of coating in the liposome surface was
attributed to zeta potential values close to neutrality, indicating the neutralization of positive
charges from SA by negative from HA (da Silva Tinoco et al., 2018). Similar results were
observed after HA-decorating by electrostatic interaction and covalent bonding. Likewise,
Ravar and collaborators also prepared a targeted liposomal formulation of paclitaxel using
hyaluronic acid Liposomes had a particle size of 106.4+3.2 nm and a weakly negative zeta

potential of -9.7+£0.8 mV, confirming the efficiency of coating (Ravar, et al., 2016).

Since the fluidity of the bilayer is a determining factor in the drug's release profile from
thermosensitive liposomes, we also investigated the phase transition temperature of the
formulations using DLS, DSC, and SAXS analyses (Biltonen & Lichtenberg, 1993). DLS data
(Fig 3A and 3B) showed a significant reduction in the average diameter and Kcps of the
formulations evaluated from 40°C. These findings may be related to a conformational change
in the carbon chains due to the change La to LP phase as well as the rupture of the liposomal
membrane caused by heating (Jung, 2000; New, 1990). Similar results were also observed by
Maia and collaborators (2019) for thermosensitive liposomes composed of
DPPC:DSPC:DSPE-PEG2000 in a lipid molar ratio of 80:15:5 and DPPC:MSPC:DSPE-PEG2000
in lipid molar ratio of 85:10:5 (Maia, Chaves et al., 2021). In line with these data, a change in



68

the calorimetric parameters of the formulation with lower SA concentration was also observed
(Fig 3C and 3D). This fact can be attributed to high order-disorder in the packing of
phospholipid molecules, causing decreasing cooperativity of the main transition and more
fluidization of the TSL-95 (Neunert et al., 2018). It was also observed that the HA-decorating
did not alter the Tc of the formulations (Fig 4). As HA is a hydrophilic molecule, it does not
interfere with the lipid-lipid packaging and, consequently, the phase transition energy and the
Tc were not altered. Then, considering that the success of therapy with thermosensitive
liposomes has been attributed to the association with hyperthermia techniques, being moderate
hyperthermia (40 to 46 °C) the most used procedure in antitumor therapy (Ahmed & Zaidi,
2013; Chatterjee et al., 2011; Willerding et al., 2016) the formulation TSL-95 would be

adequate for the propose of cancer treatment.

Some studies report that the permeability of the lipid bilayer enhances above the Tc;
however, the diffusion rate of compounds through DPPC liposomes may occur before reaching
the Tc due to a conformational change in the vesicles (Chen et al., 2013; Papahadjopoulos et
al., 1973). Thus, even though Tc determination is a classic method for permeability liposome
evaluation, the data do not have a direct correlation. In this sense, we carried out SAXS analysis
to better understanding the behavior of the liposomal formulations. The SAXS profile of all
formulations studied was characteristic of a lamellar organization regardless of the temperature
evaluated. Such structural condition of the lamellar phase is in agreement with previous studies
for anionic liposomes composed of DOPE, oleic acid, and cholesterol (De Oliveira et al., 1998,
2000), as well as for liposomes made of DOPE and CHEMS (S. M. L. Silva et al., 2011).
However, with increasing temperature, blank TSL exhibits an increase in the SAXS peak
intensity (Fig 5 and 6). This finding suggested an increase in the number of vesicles (when peak
intensity increases but does not change its width), as well as their size (when peaks become
narrow), under heating. Such phenomenon may be ascribed to a dilation of the bilayer, caused
by local misorientation in the structure of the lipids, confirming the conformational alteration

described before.

Then, a hydrophilic drug was incorporated into the thermosensitive formulation. To the
best of our knowledge, this is the first report of HA-coated thermosensitive liposome containing
CDDRP for the treatment of cancer. No physicochemical changes, such as mean diameter, PDI,
and zeta potential (Table 3), were observed after adding CDDP. Similar results were observed
in previous studies carried out by our research group in pH-sensitive formulations (Leite, Souza,
et al., 2012; Santos Giuberti et al., 2011). For the formulations containing CDDP and
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functionalized with HA, SAXS diffractograms exhibit broader peaks at high temperatures (Fig
7). Such observation may be related to diffuse scattering which is generated by less ordered
structures. This indicates a substantial change in the bilayer structure at high temperatures
formed as a consequence of the fluidization of the bilayer (Neunert et al., 2018). Furthermore,
for TSL-CDDP, an increase in intensity was also observed, again showing a possible increase
in the volume of the liposomes ordered in the lamellar phase at high temperatures (Fig 8).

In the same perspective of trying to elucidate the behavior of these thermosensitive
formulations, the in vitro release profile was performed (Fig 12) and showed that possible drug
adsorption in the phospholipid bilayer may be generating the diffusion rate of CDDP before
reaching Tc (42°C), for TSL-CDDP and TSL-CDDP-SA-HA. According to Ruano and his
collaborators (2020), during the permeation process of CDDP in lipid bilayers, in addition to
interactions with the polar head, there are also attractive interactions between the drug and
apolar chain which is dominated by Van der Wals interactions, that these interactions
correspond to 40% of the total energy of the CDDP/lipid bilayer interaction (Ruano et al., 2020).
For TSL-CDDP-HA, the presence of the polymer may be modulating this diffusion, generating
a more controlled and slow release profile. Due to the electrostatic interactions between
negatively charged HA and positively charged SA, a steric barrier is formed. This barrier, likely,
modulates the release of the encapsulated drug and therefore, its release kinetics (ElI Kechai et
al., 2017).

5 CONCLUSIONS

In the present study, it was demonstrated that the presence of HA, SA-HA and CDDP
does not alter the thermosensitivity of the system. Therefore, our study brings substantial
information to validate the feasibility of the CDDP-loaded thermosensitivity liposome as a
potential nanoformulation to improving the therapeutic efficiency of CDDP. However, further

in vitro and in vivo assays must be conducted to confirm the insights presented by this study.
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CAPITULO 2: LIPOSSOMA TERMOSSENSIVEL DE CISPLATINA
FUNCIONALIZADO COM ACIDO HIALURONICO: AVALIACAO IN VITROE IN
VIVO

Trabalho em fase de redacéo para submissdo em periodico indexado na area de
Farmacia
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RESUMO

Este estudo teve como objetivo avaliar o comportamento in vitro e a toxicidade in vivo da
formulacdo lipossomal termossensivel (LTS) funcionalizada com &cido hialurénico (AH)
contendo cisplatina (CDDP). Foram realizados testes de citotoxicidade in vitro em células de
cancer de mama triplo negativo (MDA-MB-231) e analise da morfologia nuclear dessa mesma
linhagem celular, para fins de estudo da influéncia da nossa formulacdo frente aos nucleos
celulares. Além disso, foi realizado um estudo de toxicidade in vivo, utilizando camundongos
Swiss sadios. Os resultados mostraram maior citotoxicidade da formulacdo catiénica (LTS-
CDDP) em comparagdo com CDDP livre, bem como aumento da ocorréncia de senescéncia
nos nucleos tratados com essa formulacéo. Além disso, o uso de hipertermia nos grupos tratados
com LTS-CDDP e LTS-CDDP-AH-1 aumentou a ocorréncia de apoptose em relacdo aos
grupos sem hipertermia. Nao foi observada diferenca significativa da formulacdo LTS-CDDP-
AH-2 em relagdo a CDDP livre em nenhum estudo in vitro realizado, portanto essa formulagéo
ndo foi usada no estudo posterior in vivo. Quanto aos resultados de toxicidade in vivo, foi
observado que a formulacdo cati6nica, alem de ser tdxica para células cancerigenas (resultado
in vitro), também foi tdxica para células saudaveis, sendo observado a ocorréncia de
nefrotoxicidade nos animais tratados com LTS-CDDP. Ja a formulacéo contendo AH, foi capaz
de eliminar os danos conhecidos relacionados ao uso de CDDP, uma vez que os animais tratados
com essa formulacdo ndo apresentaram alteracdes significativas nos exames hematoldgicos e
bioquimicos, bem como nas andlises histoldgicas. Dessa forma, conclui-se que a formulagéo
proposta para veiculacdo de cisplatina, termossensivel e contendo AH, apresentou
caracteristicas importantes para uma possivel diminuicdo da toxicidade relacionada a esse

farmaco, representando uma alterativa potencial para o tratamento do cancer.
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1 INTRODUCAO

A cisplatina (cis-diaminodicloroplatina (11), CDDP) é um farmaco antineoplésico usado
no tratamento de muitos tumores solidos, incluindo os de cabeca, pescoco, pulmao, testiculo,
ovério e mama. E um agente quimioterapico de uso conhecido e altamente eficaz, porém
apresenta muitos efeitos tdxicos. Os inconvenientes do uso desse quimioterapico sao
principalmente nefrotoxicidade severa, mielosupressdo, ototoxicidade e neurotoxicidade, além
de efeitos adversos como nauseas e vomitos, que podem levar até mesmo a interrupcao do
tratamento pelo paciente (Alam et al., 2015). No entanto, o principal problema relacionado ao
seu uso € a nefrotoxicidade, sendo a forma mais séria e uma das apresentacdes mais comuns, a
lesdo renal aguda, que ocorre em 20-30% dos pacientes (Miller et al., 2010). Nesse sentido,
diferentes estratégias vem sendo estudadas durante décadas com a finalidade de diminuir a sua
toxicidade e aprimorar a sua eficacia antitumoral (Miller et al., 2010).

Uma alternativa que vem sendo amplamente discutida € o uso de lipossomas de CDDP,
que atuam como moduladores da farmacocinética e farmacodinamica. A composicéo lipidica
desses nanocarreadores pode alterar o tempo de meia-vida do farmaco, biodistribuicéo,
permeabilidade, além de permitir um direcionamento para o tumor e, consequentemente,
reduzir a toxicidade (Ait-Oudhia et al.,, 2014). Dentre os nanocarreadores amplamente
estudados, os lipossomas termossensiveis apresentam muitas vantagens, uma vez que foram
projetados para liberar o farmaco especificamente ap6s um aquecimento moderado na regido
do tumor (hipertermia) (Gomes et al., 2019; Huang et al., 2017; Lokerse et al., 2017).

Como descrito no capitulo 1, a CDDP encapsulada em lipossomas termosenssiveis
(LTS-CDDP) associado a um sistema de direcionamento ativo (LTS-CDDP-AH-1 e LTS-
CDDP-AH-2), pode constituir uma alternativa promissora para contornar oS inconvenientes
apresentados pela CDDP livre. O potencial termossensivel dessas formulacdes pode permitir
uma liberacdo especifica do farmaco no tumor, associado ao uso de hipertermia (Lokerse et al.,
2017; Peller et al., 2016), além de um direcionamento ativo devido ao uso do ligante na
superficie do lipossoma (Qhattal et al., 2014), aumentando a seletividade de acdo e reduzindo
os efeitos indesejados.

Pensando em possiveis aplicagdes clinicas desses nanosistemas termossensiveis no
tratamento do céncer, faz-se necessario avaliar a toxicidade pré-clinica dessas formulagdes.
Portanto, foram realizados estudos in vitro de citotoxicidade e analise da morfologia nuclear,
além de um estudo in vivo de toxicidade aguda ap6s administragdo por via intravenosa (1V) em

camundongos Swiss sadios.
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2 MATERIAL E METODOS
2.1 Material

O é&cido hialurdnico (AH) 4 kDa foi fornecido pela Innovasell (Sdo Paulo, Brasil). A
dipalmitoilfosfatidilcolina (DPPC) foi adquirida da Lipoid GmbH (Ludwigshafen, Alemanha).
O colesterol (CHOL) e a estearilamina (SA) foram adquiridos da Sigma Chemical Company
(St. Louis, EUA). A cisplatina foi adquirida da Quiral Quimica do Brasil (Juiz de Fora, Brasil).
As membranas de policarbonato foram adquiridas na Millipore (Billerica, EUA). O
dietilditiocarbamato de sédio (DDTC) foi fornecido pela Sigma-Aldrich Company (St. Louis,
EUA). A agua utilizada para preparar todas as solugdes e amostras foi purificada em um sistema
Milli-Q® Direct-Q3 Millipore (Billerica, EUA). A linhagem celular de adenocarcinoma de
mama humano MDA-MB-231 foi adquirida da American Type Culture Collection (Manassas,
VA, EUA). O meio de cultura Dulbecco's Modified Eagle's Medium (DMEM), soro fetal
bovino, penicilina/estreptomicina e sulforrodamina foram obtidos da Sigma-Aldrich Co. (St.
Louis, MO, EUA). Os camundongos utilizados no estudo foram obtidos do Biotério da
Faculdade de Farmécia - UFMG (Belo Horizonte, Brasil). Os kits para analises bioguimicas
foram obtidos das empresas Labtest (Lagoa Santa, Brasil) e Bioclin (Belo Horizonte, Brasil).
Todos os outros produtos quimicos eram analiticos ou de grau HPLC e foram usados sem

purificacdo adicional.

2.2 Preparo dos lipossomas termossensiveis de cisplatina (LTS-CDDP)
As formulagdes lipossomais foram preparadas como descrito no capitulo I, item 2.3.

2.3 Caracterizacao
2.3.1 Determinacao do diametro e potencial zeta

O diametro médio e o indice de polidispersdo (PDI) das vesiculas foram determinados
por Espalhamento de luz dindmico (DLS) a 25 °C usando um angulo fixo de 90 ° (Zetasizer
Nano ZS 90, Malvern Instruments, Inglaterra). As amostras foram diluidas 40 vezes em solucédo
de NaCl a 0,9% (p/v) previamente filtrada (filtro de 0,45 um, Millipore).

O potencial zeta foi determinado por DLS associado a mobilidade eletroforética das
vesiculas a uma temperatura de 25 °C empregando um angulo fixo de 90° (equipamento
Zetasizer Nano ZS 90, Malvern Instruments, Inglaterra). As amostras foram diluidas 40 vezes
em NaCl 1 mM filtrado (filtro de 0,45 um, Millipore). Todos os resultados foram expressos

como a média + erro padréo de trés lotes de cada formulacéo.
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2.3.2 Teor de encapsulacéo de cisplatina

A porcentagem de encapsulacdo (EP) de CDDP nas formulacgdes lipossomais foi
determinada por cromatografia liquida de alta eficiéncia (HPLC), utilizando um método de
derivatizacdo com dietilditiocarbamato de sodio (DDTC) (Tezcan et al., 2013; Toro-Cordova
et al.,, 2016). Este parametro foi baseado na determinagdo da concentracdo de CDDP nos
lipossomas antes (lipossomas ndo purificados) e ap6s a centrifugacao (lipossomas purificados).
Resumidamente, acetonitrila (500 uL) foi adicionado a uma aliquota de lipossoma (250 uL)
seguido por agitacdo em vortex por 1 min e centrifugado a 10.000 rpm por 10 min. O
sobrenadante (250 uL) foi transferido para um eppendorf e seco sob atmosfera de N2. O produto
residual foi ressuspendido em 1mL de NaCl a 0,9% (p/v) e 250 uL foram usados para reagir
com uma solucdo de DDTC em NaOH (600 pL de uma solucdo 1mM). As amostras foram
incubadas a 37 °C por 60 min e extraidas com 250 pL de cloroformio. Apods a separagdo das
camadas, a camada cloroformica foi filtrada através de um filtro de 0,45 um e injetada no
sistema cromatogréfico.

O aparelho cromatografico foi equipado com um desgaseificador, uma bomba
quaternaria (G1311B), um forno de coluna (G1316A), um amostrador automatico (G1329B) e
um detector de matriz de diodos (DAD) (G4212B), acoplado ao programa de integracéo
EzChrom (Agilent Technologies, California, EUA). A separacéo foi realizada a 25 °C usando
uma coluna Hypersil C18 250 x 25 mm, tamanho de particula de 5 um (Agilent Technologies,
Califérnia, EUA). A fase movel consistiu de uma mistura de metanol e dgua (65:35 v/v), em
fluxo isocratico. A vazao foi de 1,5 mL/min e as amostras (20 pL) foram monitoradas a 254
nm. A curva padrao de seis pontos (5, 7,5, 10, 15, 20 e 50 pg/mL) vs. area sob a curva foi obtida
previamente por andlise de regressdo linear. A equacdo linear determinada foi y = 2879250,31x-
10217144,16 e r = 0,9964.

2.4 Experimentagéo in vitro
2.4.1 Cultura celular

Células de tumor de mama humano da linhagem MDA-MB-231 foram cultivadas em meio
de cultura DMEM, suplementado com FBS (10% v/v), penicilina (1% p/v) e estreptomicina
(1% v/v). As culturas foram mantidas em uma incubadora umidificada contendo 5% de CO> a
37 °C. Ao atingir o estagio de confluéncia, as células foram tripsinizadas e uma aliquota foi

transferida para outro frasco contendo meio de cultura completo para subcultura.
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2.4.2 Viabilidade celular in vitro

Células MDA-MB-231 foram plaqueadas em placas de 96 pogos a 1x10* células/pogo
(n=3). Estas foram pré-incubadas por 24h em estufa de 5% de CO, a 37°C. Posteriormente, as
células foram tratadas com LTS-CDDP, LTS-CDDP-AH-1, LTS-CDDP-AH-2, e CDDP livre
nas concentrac6es 0,19; 0,39; 0,70; 1,56; 3,12; 6,25; 12,5; 25; 50; 100 e 200 uM e as respectivas
formulacGes brancas. Esse experimento foi conduzido com e sem hipertermia para efeitos de
comparagdo. Dessa forma, a placa sem hipertermia foi mantida por 48h a 37 °C em estufa de
COo, e a placa com hipertermia foi mantida por 6h a 37°C, posteriormente 1h a 42°C e, em
seguida a 41h a 37°C em estufa de CO.. Foi usado um termoshaker (KS 4,000 I control, IKA,
Wilmington, USA) com agitacdo a 50 rpm, 1h, 42°C (Al-Ahmady et al., 2014; Alavizadeh et
al., 2017). Foram feitas imagens de microscopia em campo claro apds aquecimento e apés 48h
de incubacéo e a viabilidade celular foi entdo avaliada por ensaio com sulforrodamina e a leitura
realizada em leitor de Elisa VersaMax ™ (Molecular Devices, LLC. San Jose, CA). A ICsg foi
obtida por andlise de regressdo ndo linear utilizando software GraphPad Prism® Version 6.0
(GraphPad Software Inc).

2.4.3 Andlise da Morfologia nuclear

Células da linhagem MDA-MB-231 foram plaqueadas em placas de 6 pogos a 1x10*
células/pogo. Estas foram pré-incubadas por 24h em estufa de 5% de CO,, a 37°C.
Posteriormente as células foram tratadas com LTS-CDDP, LTS-CDDP-AH-1, LTS-CDDP-
AH-2 e CDDRP livre, na ICso de cada formulagdo. Esse experimento foi conduzido com e sem
hipertermia para efeitos de comparacdo. Dessa forma, a placa sem hipertermia foi mantida por
48h a 37 °C em estufa de CO, e a placa com hipertermia foi mantida por 6h a 37°C,
posteriormente 1h a 42°C e, em seguida a 41h a 37°C em estufa de CO». Foi usado um shaker
termoshaker (KS 4,000 | control, IKA, Wilmington, USA) com agitacdo a 50 rpm, 1h, 42°C.
Apbs as 48h de tratamento, as células foram fixadas com formaldeido 4% por 10 min e, em
seguida, coradas com uma solucdo Hoescht 33342 (0,2 pug/mL) durante 10 min a temperatura
ambiente no escuro. As imagens de fluorescéncia dos nucleos foram obtidas usando um
microscopio AxioVert 25 com um modulo de fluorescéncia Fluo HBO 50 conectado a camera
Axio Cam MRC (Zeiss, Oberkochen, Alemanha). Os nucleos foram analisados usando o
Software Image J 1.50i (National Institutes of Health, Bethesda, MD, USA, 2016) e o plugin
“NII_Plugin” disponivel em http://www.ufrgs.br/labsinal / NMA /.



http://www.ufrgs.br/labsinal%20/%20NMA%20/
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2.5 Experimentacao in vivo
2.5.1 Estudo de toxicidade in vivo

Camundongos Swiss fémeas, com 4-6 semanas de idade, 15 — 17 g, foram obtidos na
Faculdade de Farmécia da Universidade Federal de Minas Gerais. Os animais foram alojados
em gaiolas plasticas com livre acesso a comida e agua e mantidos em area com controle de ciclo
claro/escuro. Todos os protocolos foram aprovados pela Comissdo de Etica no Uso de Animais
da Universidade Federal de Minas Gerais (Protocolo n° 218/2020). Os animais foram separados
em quatro grupos, de acordo com o tratamento a ser recebido, sendo 6 animais por grupo. Os
animais receberam por via intravenosa os tratamentos com LTS-CDDP, LTS-CDDP-AH-1,
CDDP livre e o grupo controle foi tratado com NaCl 0,9% (p/v). A dose administrada foi de 10
mg/kg, escolhida com base no estudo anterior realizado pelo nosso grupo de pesquisa, no qual
a dose maxima tolerada (DMT) para camundongos fémeas tratadas com CDDP livre foi
proxima de 10mg/kg (Leite et al., 2012). Durante 14 dias, as modificacdes de comportamento
e 0 peso dos camundongos foram monitorados. Além disso, 0 momento em que 0s sinais de
toxicidade ou mortes ocorreram também foram registrados. Exames hematoldgicos e
bioquimicos foram realizados em todos os animais sobreviventes ap6s 14 dias de tratamento.
Para isso, no final do periodo experimental, os camundongos foram anestesiados com uma
mistura de xilazina (15 mg/kg) e cetamina (80 mg/kg), e amostras de sangue foram coletadas
do plexo braquial e transferido para tubos contendo EDTA 0,18% (p/v). O soro foi obtido por
centrifugacdo de sangue a 5000 rpm por 6 min. Os parametros hematoldgicos avaliados
incluiram contagem de globulos vermelhos (RBC), hemoglobina, hematdcrito, glébulos
brancos (WBC) e contagem de plaquetas. Todas as analises foram determinadas usando um
analisador automatico (Hemovet® 2300). A funcdo hepatica foi avaliada medindo a alanina
aminotransferase (ALT) e aspartato aminotransferase (AST). A nefrotoxicidade foi
determinada pela concentracdo sérica de uréia e creatinina. Todos 0s ensaios bioquimicos foram
realizados com um analisador semiautomatico modelo Bioplus BIO-2000 (S&o Paulo, Brasil)

utilizando-se kits de ensaio da Labtest Diagnostica (Lagoa Santa, Minas Gerais, Brasil).

2.5.2 Avaliacao histopatologica
Para analise histopatologica, os rins, o figado, o bago, intestino e a medula dssea foram
removidos e fixados em formol tamponado a 10% (v/v). Os fragmentos dos tecidos foram

incluidos em blocos de parafina, seccionados em cortes de 5 um de espessura e corados pelo
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método hematoxilina-eosina. As Iaminas foram analisadas por um patologista e as imagens

foram obtidas usando um microscopio Optico conectado a uma camera.

2.6 Anélise estatistica

As analises de normalidade e homogeneidade de variancia foram realizadas pelos testes
de D’Agostino e Pearson e Bartlett. As varidveis que ndo seguiram uma distribui¢do normal
foram transformadas como log (variavel). Os dados de caracterizacdo de lipossomas, estudos
in vitro e in vivo foram testados usando analise de variancia (ANOVA) seguido pelo teste de
Tukey, teste t de Student e, teste de Bonferroni, sendo o ultimo usado nos estudos de
citotoxicidade in vitro. As diferengas foram consideradas significativas quando o valor de p foi

inferior a 0,05. O programa usado para todas as analises estatisticas foi GraphPad Prism 6.0.

3 RESULTADOS
3.1 Caracterizacao
3.1.1 Diametro médio, PDI, potencial zeta e EP

Na analise da Tabela 1, o didmetro médio das vesiculas e indice de polidispersao
indicam vesiculas distribuidas uniformemente em uma pequena faixa de tamanho. Em relacédo
ao revestimento de AH, o potencial zeta préximo da neutralidade confirma o sucesso do
revestimento da superficie dos lipossomas e os resultados mostraram didmetro médio e dados
de PDI de formulagBes homogéneas. A porcentagem de encapsulacdo da CDDP nos LTS foi
inferior ao encontrado por Leite e colaboradores (2012), provavelmente devido a rigidez da
membrana caracteristica de lipossomas termossensiveis, compostos por lipides rigidos (Huang
etal., 2017).

Tabela 1: Caracterizacdo dos lipossomas termossensiveis de cisplatina

x Diametro Potencial Encapsulagéo o
Formulagdo médio (nm) PDI zeta (mV) (ng/mL) PE (%)
LTS-CDDP  1041+19 014+00l +214+03 2663+100 137+18
LT‘QXEF’lDP' 1036+22 006001 +03+14  2397+127 131409
LTS;&PZDP' 850+06 012+002 +107+19 1336+193 8106

LTS-CDDP: lipossoma termossensivel contendo CDDP; LTS-CDDP-AH-1: lipossoma termossensivel funcionalizado com AH
(24 mg/mL) por interacdo eletrostatica; LTS-CDDP-AH-2: lipossoma termossensivel funcionalizado com conjugado SA-AH.
Concentragdo inicial média de cisplatina: 1,8 £ 0,1 mg/mL. Dados expressos como média + erro padrdo (n = 3 lotes). p<0,05
(teste de Tukey).
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3.2 Experimentacéao in vitro
3.2.1 Viabilidade celular in vitro

No presente estudo a citotoxicidade das formulagdes brancas e contendo o farmaco, bem
como o farmaco livre, foi avaliada pelo método de sulforrodamina. Para isso foi selecionada a
linhagem de célula MDA-MB-231 como modelo in vitro, uma célula de cancer de mama triplo-
negativo (TNBC), que expressa grande porcentagem de receptores CD44 (>30%), 0s quais Sao
receptores para AH (Sheridan et al., 2006).

Para os tratamentos associados a CDDP, uma reducdo da viabilidade celular foi
observada a medida que a concentragdo de CDDP foi aumentada (Figura 1). Considerando o
tratamento com a formulacdo de LTS-CDDP sem hipertermia, foi possivel verificar que nas
concentracdes de 12,5 uM e 25 uM a viabilidade celular foi significativamente reduzida em
comparacdo com CDDP livre (p<0,01). O valor de Clso para essa formulacao foi de 16,61 uM,
demonstrando maior efetividade citotoxica em comparacdo com CDDP livre (Tabela 2). Ja as
formulacBes contendo AH, tanto por interacdo eletrostatica como por ligacdo covalente (LTS-
CDDP-AH-1, LTS-CDDP-AH-2 respectivamente) ndo apresentaram diferenca significativa em

relacdo ao farmaco livre.
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Figura 1: Viabilidade celular de MDA-MB-231 ap06s tratamento com as diferentes formulacdes
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Dados expressos como média + erro de 3 experimentos independentes. *Representa diferenga significativa quando comparado
a CDDP livre. p<0,01 (Teste Bonferroni).

Na Tabela 2, nota-se ainda, que as formulagdes brancas testadas ndo apresentam
atividade citotdxica expressiva, exceto na maior concentracdo. Esses dados indicam que estas
formulacGes apresentam citotoxicidade desprezivel quando comparadas com as formulacdes
contendo o farmaco. No entanto, LTS-AH branco apresentou uma Clso de 98,98 uM, e na
concentracdo de 100 uM, apresentou diminuicdo significativa da viabilidade celular em
comparacdo com LTS-branco, sem hipertermia, indicando maior citotoxicidade, que pode ser
melhor visualizado na Figura 2. Contudo, o lipossoma branco contendo AH de forma conjugada
(LTS-SA-AH) se comportou como a formulagdo branca sem AH (LTS branco), indicando uma
citotoxicidade desprezivel quando comparada com as formulagfes contendo o farmaco, ao
contrario do observado para o lipossoma branco contendo AH por interagéo eletrostatica (LTS-
AH). Isso provavelmente pode ser explicado pela concentracdo de AH usada no
desenvolvimento de cada formulacédo, sendo que para realizar a funcionalizagdo por interacao

eletrostatica é usado AH em excesso (2 AH:1 LTS).
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Tabela 2: Clsp e intervalo de confianga em linhagens de célula MDA-MB-231

Clso C/HT Clso SIHT
Tratamentos (uM) CI C/HT (uM) CI S/IHT

LTS-CDDP 17,03 10,9 a26,5 16,61* 11,4a24,1
LTS branco 3441 131 a 904 312,8 222,9a439,0

LTS-CDDP-AH-1 28,33 21,6a37,0 30,57 21,4 a43,6
LTS-AH branco 98,98 82,37 a118,9 1135 78,31 a 164,5

LTS-CDDP-AH-2 48,29 35,9a64,8 49,74 36,1a68,4

LTS-SA-AH branco 204,7 135,1 a 310,1 181,4 122,3 a 269

CDDP LIVRE 42,06 32,2a54,9 50,29 37,5a67,2

Dados expressos como média + erro de 3 experimentos independentes. *Representa diferenca estatistica quando comparado a
CDDP livre. p<0.05 (Teste t-Student). Abreviagdes: Clso- concentragdo de CDDP necessaria para promover 50% de inibigéo
da viabilidade celular. Cl- intervalo de confianga. C/HT- Com Hipertermia. S/HT- Sem Hipertermia.

Figura 2: Viabilidade celular de MDA-MB-231 ap6s tratamento com as diferentes formulacdes
sem HT, nas concentragdes de 12,5; 25 e 100 uM.
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Dados expressos como média + erro de 3 experimentos independentes. *Representa diferenca estatistica quando
comparado a LTS branco. p<0.01 (Teste Bonferroni).

Além disso, pode-se observar que ndo houve diferenca de citotoxicidade entre as
formulacGes com e sem HT, provavelmente devido ao protocolo de aquecimento empregado.
Hoda e colaboradores (2017) aplicaram um protocolo de hipertermia diferente do desenvolvido
no presente estudo, no qual as células foram aquecidas por 1h a 37 ou 42 °C em meio completo
e entdo incubadas por apenas 3 h a 37 °C em uma incubadora de CO,. Em seguida as placas
foram lavadas e substituidas por meio livre de lipossomas e incubadas por mais 48h a 37° C
(Hoda et al, 2017). Essa substituicdo do meio poderia evitar morte celular por igual nas placas
com e sem hipertermia, permitindo assim uma melhor visualizagdo dos resultados. Nas
imagens de microscopia em campo claro apds 48h de tratamento (Figura 3) foi observado que,
apenas para a formulacdo LTS-CDDP-AH-1 com uma dose de 100 uM, foi possivel visualizar

uma menor viabilidade celular com uso de hipertermia. Nessas imagens também foram
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observadas alteracdes da morfologia celular apo6s tratamento com LTS-CDDP-AH-1 em
concentragfes maiores, com presenca de condensagdo nuclear indicando possivel a ocorréncia

de apoptose (Janicke et al., 1998).

Figura 3: Imagens de microscopia em campo claro, objetiva 20x, ap6s 48h de tratamento com
a formulacdo LTS-CDDP-AH-1, com e sem HT.
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3.2.2 Analise da Morfologia nuclear

A anélise da morfologia nuclear proposta por Filipe-Chiela (2012), utiliza a ferramenta
de andlise morfométrica nuclear (NMA) e os dados sdo gerados no software Image J. Essa
ferramenta classifica e distribui os nucleos em: normal (N), irregular (I, catastrofe mitética),
pequeno regular (SR, apoptose), pequeno (S, mitose), pequeno irregular (S1, mitose com dano
ou fragmentos nucleares), grande regular (LR, senescéncia) e grande irregular (LI, catastrofe
mitdtica). A Figura 4 apresenta as imagens de fluorescéncia dos nucleos de MDA-MB-231
corados com Hoescht apds o tratamento com as formulagdes e com o farmaco livre, nos quais

as alteracdes nucleares sdo evidentes quando comparado ao grupo controle.



83

Figura 4: Imagens de fluorescéncia de nacleos da linhagem celular MDA-MB-231 corados
com Hoescht obtidas apds 48h dos diferentes tratamentos na ICso de cada formulagdo. Os
diferentes fenotipos morfométricos observados sdo indicados. As imagens sdo representativas
de trés experimentos independentes. N, normal; LR, grande regular; SR, pequeno regular

LTS-CDDP LTS-CDDP-AH-1 LTS-CDDP-AH-2

CDDP-livre Controle

Uma distribuicdo da classificacdo dos nucleos tratados com e sem HT foi realizada por
meio da ferramenta NMA e esta apresentada na Figura 5. Uma porcentagem maior de nucleos
pequenos regulares (SR) foi observada para os tratamentos com hipertermia, com diferenca
significativa nas formulacbes LTS-CDDP e LTS-CDDP-AH-1 em relagdo as mesmas
formulacGes sem hipertermia, o que indica maior ocorréncia de apoptose na presenca do
aquecimento moderado. No entanto, apenas a formulacdo LTS-CDDP apresentou diferenca
significativa em relacdo ao grupo tratado com CDDP livre, sendo encontrado maior
porcentagem de nucleos LR em relacdo a CDDP livre, indicando maior ocorréncia de

senescéncia no grupo sem hipertermia tratado com LTS-CDDP.
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Figura 5: Distribuicdo morfométrica nuclear da linhagem celular MDA-MB-231 exposta a Clsg
de diferentes tratamentos por 48 h.
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Dados expressos como média + erro de 3 experimentos independentes *Diferenca significativa em relacdo ao grupo
correspondente com hipertermia. # Diferenca significativa em relacdo a CDDP livre. T Diferenca em relagdo a LTS-CDDP-
AH-1. p<0.05 (Teste de Tukey). Abreviagdes: N: normal; SR: pequeno e regular; LR: grande e regular

3.3 Estudo de toxicidade in vivo
3.3.1 Avaliacéo dos sinais clinicos, peso e mortalidade dos animais

Para o estudo in vivo foram utilizadas as formulacdes LTS-CDDP e LTS-CDP-AH, uma
vez que foram as formulacbes que apresentaram diferenca significativa em relacdo a CDDP
livre nos estudos in vitro. Foi realizada a administracdo de CDDP na dose de 10 mg/kg em
todos os grupos tratados com base em estudos anteriores realizados pelo nosso grupo de
pesquisa (Leite et al. 2012). Foi observada uma leve alteracdo comportamental em todos 0s
grupos, com 0s animais apresentando-se mais prostrados e com leve piloerecéo, até 4h apds a
injecdo, com posterior recuperacao a partir desse tempo. No entanto, para o grupo tratado com
CDDRP livre, a pilorerecdo ainda permaneceu em dois animais ateé o 7° dia apds o tratamento,
acrescido de um desequilibrio intestinal, ocorrendo entdo a morte de um animal nesse dia
(Tabela 3). Por outro lado, nenhum sinal de toxicidade extrema e nenhuma morte foram
verificados nos grupos controle e tratados com LTS-CDDP e LTS-CDDP-AH-1.
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Tabela 3: Mortalidade dos camundongos ao longo dos 14 dias de experimento

NaCl 0,9% LTS- LTS-CDDP- )
Tratamento (o) CDDP AV CDDP livre
N° de animais
mortos/ n° tratados 0/6 0/6 0/6 1/6
Dia da morte - - - 7

Foi avaliado também a variacéo de peso dos animais ao longo dos 14 dias de tratamento
(Figura 6). Foi observado um ganho de peso corporal dos camundongos tratados apenas com
salina. Em contrapartida, uma perda de peso foi observada no periodo inicial da avaliagdo para
todos os grupos que receberam a CDDP, com uma recuperagdo do peso a partir do 7° dia para
0 grupo tratado com LTS-CDDP-AH-1, e a partir do 10° dia para os grupos tratados com CDDP
livre e LTS-CDDP. Aqui observa-se que a maior toxicidade observada para LTS-CDDP in
vitro, também foi constatada, porém em células saudaveis, sugerindo que o lipossoma catidnico
pode apresentar certa toxicidade para as células tumorais, mas ndo de forma seletiva, afetando
também células saudaveis, resultando em maior perda de peso dos animais e uma recuperagdo
mais lenta (10° dia). Em contrapartida, no estudo in vivo, foi observada uma melhor reacdo dos
camundongos tratados com a formulacdo LTS-CDDP-AH-1, resultando em menor perda de

peso pelos animais e recuperacdo mais rapida (7° dia).

Figura 6: Variacdo de peso dos camundongos ao longo dos 14 dias de experimento.
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Os dados foram apresentados como a média + erro padrao da média.

3.3.2 Investigacao hematoldgica
Os parametros hematologicos foram avaliados e estdo apresentados na Tabela 4. Mais
uma vez podemos sugerir a toxicidade da formulacao catiénica LTS-CDDP, até mesmo quando

comparado a CDDP livre, sendo que foi observado diferenca significativa em relagdo ao grupo



86

salina e em relacdo ao grupo CDDP livre, na série eritrocitaria bem como na contagem de
glébulos brancos. O mesmo pode-se dizer do eritrograma, com diminuigdo de eritrdcitos,
hemoglobina e hematdcrito, comum no periodo de uso de antitumorais (O’Connell et al., 2015).

N&o houve diferenca nos parametros hematoldgicos entre LTS-CDDP-AH-1 e o farmaco livre.

Tabela 4: Parametros hematoldgicos dos camundongos Swiss tratados com salina, LTS-CDDP,
LTS-CDDP-AH-1 e CDDRP livre

Parametros Salina LTS-CDDP LTS-CDDP-AH-1 CDDRP livre
WBC (10°/uL) 51+0,3 7,8 +0,9%¢ 49+0,6 47+05
LINF (10%/uL) 2,8+0,2 5,0 + 0,63 2,8+0,3 2,8+0,3
RBC (10%/uL) 6,4+0,1 5,2 +0,1%¢ 57+0,1° 5,6 +0,1°

HGB (g/dL) 13,2+0,2 10,5 £ 0,22 11,4 +0,1° 11,4+0,3°

HCT (%) 34,1+0,6 27,7 +0,5" 30,1 +0,5° 31,1+0,9°
RDW (%0) 149+0,3 16,2 +0,1° 155+0,2 15,4+0,6
PLT (10%/uL) 2515+115  283,1+28,38 276,7+16,9 233,6 + 16,3

Dados representados como média + erro padrdo da média (n= 6 animais), exceto para CDDP livre (n=5). 2 representa diferenca
em relacdo ao grupo LTS-CDDP-AH-1. P representa diferenca em relacdo ao grupo Salina. ¢ representa diferenca em relagéo
ao grupo CDDP livre. p<0,05 (teste Tukey). Abreviagdes: WBC: contagem de glébulos brancos; LINF: linfocitos; RBC:
contagem de heméaceas; HGB: hemoglobina; HCT: hematocrito; RDW: distribui¢do de globulos vermelhos; PLT: contagem
de plaquetas.

3.3.3 Investigacao bioguimica

A Tabela 5 apresenta os parametros bioquimicos indicativos de toxicidade renal (Ureia
e Creatinina) e hepatica (ALT e AST). Observou-se uma toxicidade renal causada pelos
tratamentos LTS-CDDP e CDDP livre, devido ao potencial toxico ja esperado para essas
formulacBes. Em contrapartida, a formulacdo contendo AH foi capaz de reduzir o dano renal,
uma vez que a presenca do polimero neutraliza as cargas positivas da estearilamina presente na
composicdo do lipossoma, diminuindo sua interacdo com as células saudaveis, podendo sugerir
uma maior seletividade de acdo. Porém houve um acentuado aumento das enzimas hepaticas

(AST e ALT) no grupo tratado com essa formulacéo.

Tabela 5: Pardmetros bioguimicos dos camundongos Swiss tratados com salina, LTS-CDDP,
LTS-CDDP-AH-1 e CDDRP livre

Parametros Salina LTS-CDDP LTS-CDDP-AH-1  CDDRP livre
Ureia 49,2+2.8 73,1 +£24%® 59,3+4,6 66,5 + 1,0

Creatinina 0,3+0,01 0,33+0,01 0,3+0,01° 0,4+0,01°
AST 89,8 +6,3 94,76 + 5,22 121,1 + 10,2 781+24
ALT 37,2+2]1 44,96 + 2,82 65,1 + 7,6 43,5+ 3,8

Dados representados como média + erro de 6 animais, exceto para CDDP livre (n=5) @ representa diferenca significativa em
relacdo ao grupo LTS-CDDP-AH-1. ° representa diferenca significativa em relagdo ao grupo Salina. ¢ representa diferenca
significativa em relagdo ao grupo CDDP livre. p<0,05 (teste Tukey).
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3.3.4 Investigacao histopatologica

Foi realizada analise histoldgica de figado, baco, intestino, rim e medula 6ssea de todos
0s grupos estudados. Os cortes histologicos estdo apresentados nas Figuras 7 e 8. Néo foi
encontrado nenhuma alteragdo aparente em nenhum 6rgéo no grupo controle e no grupo tratado
com LTS-CDDP-AH-1.

No grupo tratado com a CDDP livre, foi observado um infiltrado inflamatorio e fibrose
no rim em apenas um animal (Figura 8), sugerindo uma injaria crénica, provavelmente ndo
causada pelo uso da CDDP. Alteracgdes renais causadas por CDDP livre, foram encontradas em
estudos anteriores realizados pelo nosso grupo de pesquisa, apenas a partir de 20mg/kg (Leite
et al. 2012).

Para os animais tratados com LTS-CDDP, foi observado lesdo glomerular focal,
indicada por um espessamento da capsula de Bowman (Figura 8), em todos os animais
avaliados desse grupo. Esses resultados mostram uma correlagdo direta entre os niveis elevados
de uréia sanguineos e a presenca de alteracdo renal, corroborando a alta toxicidade observada
para lipossomas catiénicos. No entanto, esse achado foi apenas focal, indicando uma possivel
recuperacdo dos animais. Essa toxicidade renal causada pela formulacdo catibnica, foi
eliminada com sucesso com o uso do ligante de direcionamento (AH), uma vez que 0 grupo
tratado com LTS-CDDP-AH-1 ndo apresentou nenhum tipo de alteragdo histoldgica em

nenhum 6rgdo analisado.
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Figura 7: Fitomicrografia de figado, baco, intestino e medula éssea de camundongos Swiss
tratados com NaCl 0,9% (p/v), CDDP livre, LTS-CDDP e LTS-CDDP-AH-1. Coloragéo de
Hematoxilina & eosina. Aumento de 20x.
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Figura 8: Fitomicrografias de rim de camundongos Swiss tratados com NaCl 0,9% (p/v),
CDDP livre, LTS-CDDP e LTS-CDDP-AH-1. Seta indica espessamento da capsula de
Bowman, o asterisco indica infiltrado inflamatorio e fibrose. Coloracdo de Hematoxilina &
eosina. Aumento de 40x

CDDP livre LTS-CDDP LTS-CDDP-AH-1

4 DISCUSSAO

Sabe-se que o0 uso da CDDP esta relacionado a vérios efeitos toxicos e o principal deles
é a nefrotoxicidade (Alam et al., 2015). O uso de nanosistemas vem sendo estudado na tentativa
de minimizar esses danos causados pela quimioterapia, no entanto, os lipossomas

convencionais apresentam algumas limitages como depuracdo sanguinea rapida, falta de
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especificidade pelo tumor, entre outros problemas (Sercombe et al., 2015). Nesse contexto, 0
uso de ligantes na superficie pode ser aplicado na tentativa de melhorar o tempo de circulacéo
sanguinea além de poder atuar também como um direcionamento para 0 tumor, uma vez que a
regido tumoral superexpressa receptores para alguns ligantes, como o caso do AH (Qhattal et
al., 2014). Outra alternativa para melhorar a eficacia dos lipossomas é o uso de lipides
termossensiveis, capazes de conferir ao lipossoma a liberagdo do farmaco apenas ap6s o
aquecimento, ou seja, apenas na regido tumoral ap6s aplicacdo de hipertermia moderada
(Gomes et al., 2019). Esta nova alternativa terapéutica pode contribuir para uma diminui¢éo ou
eliminag&o dos efeitos toxicos sistémicos.

Nesse estudo foi entdo avaliada a atividade in vitro e a toxicidade in vivo das novas
formulacBes termossensiveis desenvolvidas pelo nosso grupo de pesquisa. A encapsulacao da
CDDP neste novo sistema de liberacdo tem algumas vantagens potenciais, como o
direcionamento ativo pelo uso do AH e a termossensibilidade, com maior liberacdo apds
aquecimento. Para isso, uma série de estudos pré-clinicos foram realizados in vitro, como a
viabilidade celular, Clsg, morfologia nuclear e in vivo, um estudo de toxicidade com analise da
variacdo do peso corporal, mortalidade, perfis hematoldgico e bioquimico (funcdes renal e
hepética) e avaliacdo histopatoldgica apds a administracdo intravenosa em camundongos Swiss
fémeas.

As analises in vitro permitiram observar maior citotoxicidade da formulacgdo catidnica
(LTS-CDDRP) frente a linhagem de cancer de mama MDA-MB-231 apresentando a menor Clsg
guando comparada a CDDP livre (Tabela 2). Esse achado sugere que, LTS-CDDP favorece a
captacdo celular do farmaco, estando as células mais susceptiveis a acdo de CDDP. O mesmo
foi observado por Sun e colaboradores (2014), em um estudo com lipossomas cationicos de
CDDP, no qual o aumento da citotoxicidade também foi relacionado a captacdo celular
aumentada (Sun et al. 2014). Essa maior citotoxicidade observada para LTS-CDDP pode estar
relacionada ao seu potencial zeta positivo (+20 mV) proporcionado pela presenca de SA em
sua composicao, ja que nas outras formulagdes a carga positiva ndo estava pronunciada devido
a interacdo eletrostatica com o AH (LTS-CDDP-AH-1) ou a liga¢éo covalente com o AH (LTS-
CDDP-AH-1). A relacdo da carga superficial positiva com a interagdo com membranas
celulares ja foi relatada na literatura, revelando uma diminuicdo da viabilidade em células
tratadas com lipossomas carreados positivamente (Filion and Phillips 1997; Schwendener,
Lagocki, and Rahman 1984; Sun et al. 2014). Na andlise da viabilidade celular das formulacdes

brancas, foi observado maior citotoxicidade de LTS-AH, isso pode ser devido ao fato de que
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AH é um componente critico da matriz extracelular e desempenha uma importante funcéo
bioldgica de interacdo com diferentes moléculas e receptores. Avaliagdes bioldgicas realizadas
por Han e colaboradores em 2019, indicaram que oligdmeros de AH inibem significativamente
0 crescimento e a migracdo de células MDA-MB-231 de cancer de mama triplo-negativo
(TNBC) (Han et al., 2019), podendo ser uma justificativa do potencial toxico dessa formulacdo
branca (LTS-AH).

Ainda se tratando das analises in vitro, sabe-se que varios mecanismos celulares afetam
a morfologia nuclear e, portanto, podem ser usados para avaliar 0s mecanismos de acao de
farmacos (Filippi-Chiela et al., 2012). O nucleo corresponde a aproximadamente 10% do
volume celular e, devido ao seu envelope nuclear, apresenta formato arredondado e superficie
bem definida e regular em condi¢fes normais in vitro. Condensagdo nuclear e fragmentacédo
sdo observadas no processo de apoptose, aumento no tamanho nuclear indica senescéncia e
aumento na irregularidade ocorre devido ao estresse quimico ou fisico, ou agentes exdgenos
que afetam a dindmica dos microtdbulos (Stevens et al., 2008). Nessa andlise, 0 uso de
hipertermia com as formulacbes LTS-CDDP e LTS-CDDP-AH-1 levou a formacdo de
apoptose. As células em apoptose sofrem uma condensacéo alta e regular do nucleo, que ocorre
antes da fragmentacédo nuclear (Saraste, 1999). Devido a essa alta condensacédo em uma forma
quase esférica, foi formulada a hipdtese de que os nucleos das células em apoptose podem
aparecer como pequenos e regulares (Filippi-Chiela et al., 2012). Além disso, LTS-CDDP
exibiu maior formacdo de ndcleos LR em relacdo a CDDP livre (Figura 4), indicando maior
ocorréncia de senescéncia nas células tumorais tratadas com essa formulacdo. Dessa forma,
mais uma vez é possivel sugerir maior toxicidade da formulacéo LTS-CDDP, devido a sua carga
positiva. Célula cancerosa em senescéncia € um estado de parada celular que frequentemente
ocorre em resposta a terapia. E frequentemente chamada de senescéncia induzida por terapia
(TIS) ou senescéncia celular acelerada, para diferenciar do processo de envelhecimento de
celulas normais conhecido como senescéncia replicativa (Wu et al., 2012). Milczarek e
colaboradores (2020) publicaram uma reviséo a respeito da senescéncia em cancer de mama, e
destacaram que a CDDP desencadeou senescéncia em linhagens MDA-MB-231, mas ressaltou
gue a expressdo de 21 genes responsaveis pela resisténcia do TNBC a CDDP, esta ligada a
senescéncia (Milczarek, 2020).

Porém in vivo, esses achados ndo sdo benéficos, uma vez que essa toxicidade de LTS-
CDDP néo é seletiva para células tumorais, causando danos também em células saudaveis.

Nesse sentido, foram observadas alteracdes nos exames hematoldgicos para 0s grupos tratados
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com LTS-CDDP em relagdo a CDDP livre. A leucocitose e linfocitose observada para essa
formulagdo pode estar relacionada a algum processo inflamatério decorrente da toxicidade
causada pela maior interacdo do lipossoma catiénico com as células do sangue. Resposta
semelhante foi encontrada por Filion e colaboradores (1997), no qual lipossomas catiénicos
formulados com estearilamina (SA), mostraram interagir com proteinas séricas e globulos
vermelhos, induzindo uma resposta de coagulacéo forte e hemdlise e, uma alteracéo laboratorial
importante foi a linfocitose (Filion & Phillips, 1997). O mesmo foi observado nos dados de
exames biogquimicos, uma vez que LTS-CDDP néo foi capaz de evitar o dano renal causado
pela CDDP (Tabela 5), que foi contornado pelo uso de AH na superficie dos lipossomas. Em
contrapartida, o uso desse ligante levou a um aumento de enzimas hepéticas no plasma, que
estd relacionado a alguma injaria no figado, causando morte de hepatdcitos que
consequentemente sdo detectadas no sangue. Esse achado é justificado pela presenca de
receptores para endocitose de AH (HARE), altamente expressos em células endoteliais
sinusoidais de nddulos linféticos, figado e baco (Pandey et al., 2008), ocasionando um
direcionamento do farmaco para o figado. No entanto, dados da analise histolégica mostram
que, apesar dessa alteracdo no exame bioquimico, ndo foi detectada nenhuma alteracédo
histol6gica no figado dos animais tratados com LTS-CDDP-AH-1. Os cortes histologicos em
diferentes niveis do parénquima hepéatico e esplénico mostraram-se dentro dos limites de
normalidade, com a arquitetura dos érgdos preservada (Figura 8).

Ainda como consequéncia da toxicidade devido a carga positiva da superficie de LTS-
CDDP, também foi observado maior perda de peso nos animais em relacdo a CCDP livre
(Figura 5). Por outro lado, o uso do ligante AH foi capaz de diminuir a toxicidade in vivo,
apresentando menor perda de peso dos animais tratados com essa formulagéo, além de eliminar
completamente o dano renal (Tabela 5). Cabe mencionar ainda que as analises histologicas dos
demais 6rgdos dos animais tratados com LTS-CDDP-AH-1, ndo apresentaram nenhuma

alteragdo microscépica em nenhum 6rgéo avaliado (Figuras 7 e 8).

5 CONCLUSAO

Diante do exposto, os resultados sugerem que a formulagdo inovadora termossensivel
de CDDP funcionalizada com AH por interacéo eletrostatica pode representar uma vantagem
terapéutica no tratamento do cancer de mama uma vez que um dos principais problemas

relacionados ao uso de CDDP consiste em toxicidade induzida pelo farmaco. No entanto, se faz
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necessario estudos de toxicidade in vivo com doses mais altas, a fim de avaliar a reducdo da

toxicidade pelo uso dessa formulacéo.
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Os lipossomas responsivos a estimulos configuram uma grande evolucéo na &rea de
nanocarreadores, uma vez que buscam a interacdo entre o sistema e 0 meio, superando
obstaculos previamente existentes com o uso dos lipossomas convencionais (Hatakeyama,
2017; Jing et al., 2015). Dentre esses, 0s sistemas termossensiveis representam uma estratégia
importante no tratamento do cancer em associagcdo com o uso de hipertermia, ja que sdo capazes
de explorar caracteristicas tipicas dos lipides, que possuem uma temperatura de transicdo de
fase (Tc) acima da temperatura fisiologica (a partir de 40°C) e dessa forma, aprimorar a
liberacdo do farmaco especificamente na regido aquecida do tumor (X. L. Liu & Fan, 2014). Tc
é definida como a temperatura necessaria para induzir uma mudanca no estado fisico lipidico
da fase de gel ordenada, onde as cadeias de carbonicas estdo totalmente estendidas e compactas,
para a fase liquido cristalina desordenada, onde as cadeias de carbdnicas sao fluidas (Gomes et
al., 2019; Kneidl et al., 2014). Lipossomas termossensiveis tradicionais sdo compostos
principalmente por DPPC, fosfolipidio com cadeias de &cidos graxos saturados de 16 carbonos
e uma Tc cerca de 41-C (Kneidl et al., 2014; Willerding et al., 2016). A fim de explorar uma
nova alternativa, além de possivelmente agregar outras vantagens ao sistema, o AH pode ser
usado como molécula de direcionamento ativo, uma vez que ja se sabe que tumores
superexpressam receptores para essas moléculas, os receptores CD44 (Almalik et al., 2013;
Ravar et al., 2016). Dessa forma, o presente trabalho objetivou desenvolver lipossomas
termossensiveis de CDDP funcionalizados com AH e foi delineado com o intuito de responder

0s seguintes questionamentos:

1- A formulacgéo desenvolvida apresenta distribuicdo homogénea de tamanho?
2- O sistema desenvolvido é realmente termossensivel?

3
4

A Tc do sistema é compativel com o uso de hipertermia moderada?

AH e CDDP interferem na organizacao e consequentemente na termossensibilidade
do sistema?

5- O sistema desenvolvido é mais seguro, em relacdo a toxicidade in vitro e in vivo?

As etapas iniciais do estudo foram focadas na obtencdo de parametros fisico-quimicos
que nos permitissem compreender a organizacao do sistema, uma vez que essa é de extrema
importancia para a caracterizacdo de lipossomas termossensiveis. No entanto, sabe-se que em
fungdo da complexidade de tais sistemas, na caracterizagcdo fisico-quimica dessas
nanoestruturas se faz necessaria a associacdo de diferentes técnicas como DLS,
microcalorimetria e SAXS. A analise por DLS permitiu-nos avaliar que os lipossomas possuiam

uma distribuicdo homogénea e adequada de didmetro para possibilitar a administracao
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intravenosa. Além disso, essa técnica permitiu avaliar, através de um estudo preliminar, o
comportamento do sistema com a variagdo da temperatura, indicando que o nanocarreador
proposto era realmente termossensivel (Maia, Chaves et al., 2021). A microcalorimetria veio
corroborar os dados obtidos por DLS, confirmando a Tc proxima de 41°C, compativel com o
uso de hipertermia moderada (May & Li, 2013; Woust et al., 2002). Ao avaliar os dados de
SAXS, foi possivel constatar uma organizacdo lamelar observada em todas as formulacbes
estudadas e independente das condicdes de temperatura. A intensidade dos picos, proporcional
ao volume de estruturas ordenadas em uma dada fase, aumentou com a temperatura, sugerindo
que em condicbes de aquecimento ocorre um aumento do tamanho dos lipossomas,
provavelmente devido a uma dilatacdo da bicamada, ocasionada por uma desorganizacdo na
estrutura dos lipides. Esta tendéncia foi observada também por meio do aumento no tamanho
do dominio, corroborando para a confirmacdo da termossensibilidade dessas formulacGes
(Neunert et al., 2018). Além disso, foi possivel constatar que os componentes AH e CDDP néo

alteravam a organizacao lamelar e consequentemente nédo afetavam a Tc do sistema.

Ainda com o intuito de elucidar o comportamento dessas formulagdes, foi realizado um
estudo de liberagdo in vitro, a fim de avaliar a liberagdo do fa&rmaco em funcgéo da temperatura.
Aqui observou-se uma possivel adsor¢cdo de CDDP na bicamada, levando a uma répida
liberacdo em temperaturas inferiores a Tc (42°C), mas que foi controlada pelo uso de AH, que

modulou a liberacdo, gerando um perfil de liberacdo mais lento.

Uma vez realizada uma caracterizagdo que nos permitiu compreender as propriedades
do sistema bem como as interacbes em nivel molecular, e tendo em vista que as principais
preocupac0es e limitagdes quanto ao uso clinico do CDDP dizem respeito aos efeitos tdxicos,
foi conduzido um estudo de avaliacdo pré-clinica para verificar a toxicidade da formulagéo
estudada. Realizamos um estudo in vitro de viabilidade celular em um modelo de céncer de
mama triplo negativo (MDA-MB-231), o qual expressa receptores CD44, além de um estudo
de morfologia nuclear, objetivando avaliar a influéncia da formulacdo lipossomal
termossensivel com direcionamento ativo. Os dados mostraram que mesmo com 0 uso de
direcionamento ativo (AH), a formulacdo sem AH (LTS-CDDP) foi mais citotoxica,
provavelmente devido a sua caracteristica catibnica. Nossa hipotese € que essa maior toxicidade
em células de cancer, resultaria também em uma toxicidade em células saudaveis. Essa hipétese
foi confirmada no estudo de toxicidade in vivo, onde a formulacdo catidnica casou alteracdes
nos exames hematologicos e bioquimicos, indicando também uma nefrotoxicidade. J& com o

uso do ligante AH, a nefrotoxicidade in vivo ndo foi observada, representando uma potencial
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vantagem para essa formulacdo. Dados de andlise histoldgica, sugerem que a formulagéo

contendo AH é segura e, se usada em associagdo com hipertermia, poderia apresentar muitas

vantagens em relacdo ao farmaco livre, no entanto, essa confirmagdo somente podera ser feita

apos testes de atividade antitumoral em modelos experimentais de tumor. Esses achados séo de

extrema importancia, uma vez que a nefrotoxicidade é o efeito adverso mais limitante do uso
clinico da CDDP (Alam et al., 2015; Miller et al., 2010). Além disso, no estudo de morfologia

nuclear, foi possivel observar que, com o uso de hipertermia foi observado maior ocorréncia de
apoptose com o uso das formulacGes LTS-CDDP e LTS-CDDP-AH-1.,

O esquema da Figura 1 destaca os principais resultados obtidos nesse trabalho:

1-

2-

Foi possivel desenvolver uma formulacdo termossensivel contendo vesiculas com
distribuicdo de tamanho homogéneo e adequados para administragdo intravenosa;
Os lipossomas s&o realmente termossensiveis e a Tc obtida por microcalorimetria
foi compativel com uso de hipertermia moderada (42°C);

Por meio de SAXS foi possivel observar uma conformacao lamelar independente da
temperatura e que o uso de AH e CDDP néo alteraram a conformagéao do lipossoma
e consequentemente sua Tc;

A liberacdo de CDDP foi modulada pelo uso de AH;

Uso de hipertermia aumenta a formacdo de nucleos com apoptose;

A formulacdo contendo AH trouxe beneficios quanto a eliminacdo da
nefrotoxicidade, ndo apresentando nenhuma alteracdo histolégica em nenhum dos
6rgaos estudados, podendo ser mais segura in vivo, quando comparada a CDDP e
LTS-CDDP.
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Figura 1: Resumo dos principais resultados obtidos nesse estudo
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CONCLUSAO GERAL

Este trabalho apresenta um estudo de caracteriza¢do aprofundado, bem como estudos
bioldgicos de uma nova formulagéo termossensivel de CDDP funcionalizada com AH, a qual
apresentou propriedades fisicas e bioldgicas vantajosas em relacdo ao uso do farmaco livre.
Sendo assim, conseguimos apresentar informacdes de extrema importancia para compreender
as principais caracteristicas dessa nova formulacdo, bem como nortear as perspectivas para
otimizacdo desse tipo de nanosistema, que se mostrou promissor como alternativa para
veiculacdo de CDDP.
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PERSPECTIVAS

A partir do estudo realizado foi possivel propor as seguintes perspectivas:

- Realizar um estudo de captacdo celular usando a linhagem de células tumorais MDA-
MB-231, a fim de avaliar o potencial de internalizacdo dessas formulacoes;

- Realizar um estudo de toxicidade in vivo, em camundongos Swiss sadios, em doses
acima de 10 mg/kg a fim de avaliar a reducdo da toxicidade pelo uso da formulagdo LTS-
CDDP-AH-1;

- Realizar estudos de atividade antitumoral in vivo, em camundongos portadores de
tumor de mama, utilizando hipertermia moderada para comparagdo com um grupo sem uso de
aquecimento;

- Realizar um estudo de estabilidade da formulacéo, a fim de uma possivel viabilizacdo

comercial.
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Abstract: Conventional chemotherapy regimens have limitations due to serious adverse effects.
Targeted drug delivery systems to reduce systemic toxicity are a powerful drug development platform.

Encapsulation of antitumor drug(s) in thermosensitive nanocarriers is an emerging approach with a
promise to improve uptake and increase therapeutic efficacy, as they can be activated by hyperthermia
selectively at the tumor site, In this review, we focus on thermosensitive nanosystems associated with
hyperthermia for the treatment of cancer, in preclinical and clinical use.

Keywords: hyperthermia; thermosensitive systems; cancer treatment

1. Introduction

Cancer is considered a public health problem due to the high incidence and mortality. The World
Health Organization (WHO) estimates 27 million cases of cancer and 17 million deaths from this
disease for the year 2030 [1]. Currently, conventional chemotherapy regimens have limitations, such as
low specificity, which generates adverse effects that compromise the treatment and the health of the
patient. Targeted drug delivery systems are emerging as a powerful strategy to overcome the toxicity
that can limit the successful treatment of cancer patients, Specifically, thermosensitive nanomaterials
are promising in the treatment of cancer because of their ability to act at specific sites when associated
with hyperthermia [2—t]. Thermosensitive carrier systems are composed of lipids or polymers that
transition from the gel phase to the crystalline liquid phase in response to heat, thus allowing drug
release specifically in the heated region [S]. Hyperthermia is a method used to treat tumors by raising
local or regional temperature through the use of controlled heat sources. The treatment might be
applied in combination with other approaches in order to allow greater accumulation of drugs in the
heated region and may increase efficacy and decrease side effects [6,7]. Therefore, the purpose of
this review was to describe the most common thermosensitive nanocarriers used for tumor-specific
drug release. In addition, we reviewed the most recent preclinical studies {2009-2019) involving
thermosensitive systems associated with hyperthermia for the treatment of cancer.
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2. Hyperthermia

Hyperthermia is a highly controlled method of heating of tumors, tissues, or systems to
temperatures above the physiological temperature (37 °C) [8]. Heat induces physiological alterations
in cells in a time-dependent and temperature-dependent manner [8]. Hyperthermia treatment in
oncology was first described in 1898 by Frans Westermark, a gvnecologist who obtained an excellent
response in advanced cervical carcinomas by running hot water into an intracavitary spiral tube [].
It has subsequently been shown that there is a tumor-selective effect of hyperthermia at temperatures
between 40 °C and 43 °C [9]. There are three zones impacted by hyperthermia: Central, peripheral,
and outer [10]. The central zone is the direct and immediate site of heat transfer and cells generally die
of necrosis, As the heat disseminates to the peripheral and outer zones, the impacts are more indirect
and associated with apoptotic pathways and influenced by altered microenvironment. Hyperthermia
leads to membrane fluidity and dysfunction through alterations in transport proteins, ion channels,
receptors, and lipids [10]. Within the cell, hyperthermia denatures proteins, altering their structure and
function. This process can be reversible if proteins recover through refolding pathways. Hypoxia in
the core of tumors has shown to be a clinical challenge due to the low pH levels and poor blood
supply [11]. The tumor region is known to have acidic pH, altered vasculature, and poor lymphatic
drainage. These features can be used in favor of cancer treatment through enhanced permeability and
retention (EPR) effect [12]. In combination with warming, hypoxia conditions render tumors more
sensitive to hyperthermia, especially in areas with low perfusion. Thus, hyperthermia may induce
direct cytotoxicity, as well as lead to selective destruction of tumor cells in hypoxic and, consequently,
acidic parts of solid tumors [6,10,13].

Ablation and mild hyperthermia are two standard methods to achieve hyperthermia clinically
(Figure 1). Ablation refers to a short burst of high temperatures (> 50 °C, for 10 min), whereas mild
hyperthermia is achieved by applying lower temperatures for long periods {39-42 °C, for approximately
60 min) [11,14]. The physiological response to these strategies is distinct. During ablation, hyperthermia
may provoke denaturation and coagulation of cellular proteins, rapidly destroying the cells inside the
target tissue [15]. Although thermal ablation can effectively destroy tumor tissue, a major limitation is
the difficulty of heating large tumors, since the entire tumor cannot reach an adequate temperature for
coagulation and necrosis [16].

In contrast, a mild heat treatment may induce numerous changes in cellular and molecular
physiology, and it has not been associated with any toxicity. Several targets within the cell may be
affected due to an increase in temperatures, including membranes, cytoskeleton, and synthesis of
macromolecules [17,18]. Mild hyperthermia may also trigger changes in perfusion and oxygenation,
along with inhibition of DNA repair mechanisms. Additionally, there is evidence of immune stimulation
and the development of systemic immune responses [19]. Hyperthermia causes biochemical changes
due to a thermal shock within the cell, including a reduction in cell division and an increase in
sensitivity to ionizing radiation therapy. It can also improve blood flow to the heated area, doubling
the perfusion in the tumors [1 1], which intensifies drug delivery and prevents cells from repairing the
damage induced during the radiation session [15,17,20].

There have also been reports of increased blood flow in most human tumors under
conditions of hyperthermia, even hours after treatment induction. This increase in blood
perfusion occurs preferentially at the onset of tumor warming, through an improvement of the
microcirculation [13,21]. This may play a pivotal role in altering hypoxic conditions which are known
to contribute to radioresistance. Specifically, hypothermia treatment coupled with radiation leads
to radiosensitization [19]. Thermal damage can alter the protein structure of non-histone nuclear
proteins, which are especially sensitive to heal, causing their unfolding and aggregation due to the
exposure of hydrophobic groups, and subsequent association with the nuclear matrix, Consequently,
functions dependent on the nuclear matrix, such as transcription, replication, or DNA repair, are
compromised [22].

111



Pharmacewtioals 2019, 12, 171 Jof22
Hyperthermia
>
Ablation LM Id hyperthermla
3
>50 °C for 10 min [ 39 -42 °C 60 min
\
: ; | dperfusion |
ncreased perfusion
. Apoptosis Improve blood flow
Increased drug delivery
Active immune response y

Figure 1. Ablation and mild hyperthermia induce distinct cell injury based on the intensity and duration.

Issels and co-workers proposed six important characteristics as “hyperthermia marks”: (1) block
cell survival, (2) induce a cellular response to stress (3) modulate the immune response, (4) prevent
DNA repair, (5) alter tumor microenvironment, and (6) radiation and chemotherapy sensitization [23].
Specifically, the use of extreme hyperthermia (= 50 °C) causes endothelial damage, diminishing blood
flow, and enhances hypoxia and acidosis, while moderate hyperthermia (< 42 °C) improves the
blood flow of the tumor and can therefore act as a radiosensitizer, enhancing oxygenation, and as a
chemosensitizer in the tumor environment [5).

Leveraging hyperthermia treatment strategies combined with radiation and chemotherapy is
an emerging therapeutic platform with promising traction [24,25], Combinations of hyperthermia
with conventional therapies have the significant advantage of yielding lower doses of chemotherapy
and radiation, leading to more effective treatment with fewer side effects and reduced resistance of
cancer cells [7,17]. Some studies have shown a synergistic effect when hyperthermia and radiation
are coupled, which is called “thermal radiosensitization”, This effect induces an increase in cell
death even at lower temperatures and seems more pronounced at the S-phase of cell division, whose
cells are normally resistant to the isolated radiation [26]. Furthermore, other studies show that heat
modifies the cytotoxicity of many chemotherapeutic agents, and this process is known as "thermal
chemosensitization” [6,11,17,27 28], It has been demonstrated thatalkylating agents (cyclophosphamide
and ifosfamide), platinum compounds (cisplatin), and nitrosoureas (carmustine (BCNU) and lomustine
(CCNU)) have a more potent cytotoxic effect if the temperature is increased from 37 to 40 °C [24].
Doxorubicin (DOX) or bleomycin was shown to induce enhanced cell death at higher temperatures,
425 °C [11,29]. Table 1 shows some clinical trials using the combination of hyperthermia and
chemotherapy or radiotherapy.
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Table 1. Clinical studies using hyperthermia associated with radiotherapy or chemotherapy.
Hyperthermia and Chemotherapy
Drug Target Clinical Trial Response Reference
Etopeside, High-risk soft Randomized phase  Local control, overall survival and
ifosfamide, and PP SRS I multicenter response rate were better with [30)
doxorubicin study HT+CT
Cisplatin and Pancreatic Retrospective HT+CT was well tolerated, and 151]
gemcitabine carcingma chinical study had an acceptable survival profile ?
& aa e Malignant - y )
Cm_plnhn wrd mesothelioma of Case report lnc;v e i survival withoal any [32]
irinotecan disease for more than 7 years
the pleura 3
- HT+CT was tolerable in patients
Nimustine ~ Highgradeglioma ol chnicel with relapse of high-grade 133]
y gliomas
High feasibility, no uncommon
Tral ki . Randomized side effects, did not increase N
T M AR tiwac sarvouis clinical trial toxicity, and progression-free (231
survival
Hyperthermia and Radiotherapy
Drug Target Clinical Trial Response Reference

Long-term result B
5 Local control and survival were

% Nervi : ny
Cervical carcinoma after the 12-vear botter with HT+RT [34]
segment
Ry Prospective, Complete response rates, local
- B':::cr:c?‘:nm' randomized, control, and survival were better [20]
multicenter study with HT+RT
HT+RT was more effective for
- Breast cancer Toxicity study locally advanced or recurrent [35]

breast cancer than RT alone
HT: Hyperthermia; RT: Radiotherapy; CT: Chemotherapy.

Types of Hyperthermia Treatments

Achieving temperatures above the physiological temperature of 37.5 °C at a defined target is
a great challenge and depends on the size of the tumor and depth of target tissues [30]. In general,
elevated temperatures are achieved using external devices, which transfer the energy to the tissue,
resulting in clinically effective thermal doses without provoking intolerable tissue temperatures [15].
There are two basic strategies to achieve hyperthermia; the first uses high energy waves from an
external machine, and the second uses a thin needle or probe inserted directly into the target tissue
guided by ultrasound, magnetic resonance imaging (MRI), or computed tomography (CT). According
to the National Cancer Institute, hyperthermia can be applied locally, regionally, or systemically.

Local hyperthermia is appropriate for relatively small tumors (< 3 to 5-6 cm), located superficially
or inside a body cavity, such as the rectum or esophagus [6]. Using a probe, heat is applied to a
small area and there are a variety of approaches depending on the location of the tumor: External,
endocavitary, and interstitial. External measures are used to treat more superficial tumors. External
applicators are positioned around the region, and energy is specifically directed to the tumor [37].
This heating process can be performed by using applicators, which emit mainly microwaves or radio
waves [36]. The endocavitary method can be used to treat tumors within or near body cavities,
The probes are placed into the cavity and inserted into the tumor in order to provide energy, heating the
area directly [37]. Interstitial techniques allow higher temperatures than external techniques. They are
performed under anesthesia and can be used to treat deeper tumors, such as brain tumors. Imaging
techniques can also be implemented to ensure that the probe is correctly positioned within the tumor,
Various types of applicators are available, including microwave antennas, radiefrequency electrodes,
ultrasonic transducers, and laser fibers [36].
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In regional or isolated perfusion hyperthermia, some of the patient’s blood is removed, heated, and
then pumped (perfused) back into the limb or organ, and anticancer drugs are commonly given during
this treatment [6]. Thus, large areas of the body undergo heating, such as tissues, body cavities, organs,
or limbs [37], in order to reach deeper tumors such as the pelvis or abdomen. Treatment monitoring can
be performed by MRI by indicating temperature and perfusion [36]. However, regional hyperthermia
is more complicated than local heating, due to variability in the physical and physiclogical properties
of different tissues. Thus, further refinement, temperature measurement, and quality assurance are
required. This method has been approved in phase III studies using slightly invasive thermometry
catheters with no significant side effects [6].

Finally, whole body hyperthermia is commonly applied, isolated or in combination with
chemotherapy, for the treatment of metastatic disease [19]. The principal behind whole body
hyperthermia is to achieve “fever range” (107 °F or 41 °C) as an effective means to achivate immune
cells, It can be performed by several techniques that increase body temperature, including the use of
thermal chambers (similar to large incubators), warm water immersion tanks, or warming blankets [37].
These procedures can only be executed with deep analgesia and sedation or general anesthesia,
Currently, only radiation systems are in clinical use, with preheating times of 60-90 min (above
37.5 °C) [36,38].

3. Heating Modalities Used to Induce Hyperthermia

Different types of energy can be used to apply heat, including ultrasound, radiofrequency,
and microwave [5,17]. Ultrasound involves the propagation of sound waves at a frequency of
2 to 20 MHz through the tissue that leads to their absorption and results in regional elevated
temperatures [35,39], The high-intensity focused ultrasound (HIFU) technique allows both ablation
and moderate hyperthermia of the tumor. This technique concentrates ultrasound waves from outside
the body into a target deep beneath the intact skin, without affecting nearby tissue [40]. The latter
also allows the targeted delivery of drugs. Thermometry is the use of MRI to measure changes of
temperature within a magnetic field. Mapping of temperature change in vivo, induced by HIFU,
is possible employing MRI-HIFU, providing, therefore, accurate tissue heating over an extended
time [16]. One advantage of this modality is that multiple exposures side-by-side allow more effective
treatments to larger volume tumors. This methodology is clinically approved for the treatment of
non-malignant tumors of the uterus and bone metastasis and is under current investigation for the
treatment of prostate cancer and various other cancer indications [40].

In order to heat large tumors in depth, radiofrequency (RF) fields in the range of 10 to 120 MHz
are generally used with long wavelengths, compared to body dimensions, and thus depositing energy
over a considerable region [38]. They consist of pairs of dipole antennas around the patient. Each pair
of antennas can be controlled in phase, amplitude, frequency, and electric field to focus the heat on the
tumor area with an accuracy of a few centimeters. This method generates high frequency alternating
currents that cause rapid oscillations to nearby cells to yield frictional heat. Treatment monitoring
can be achieved with MRI, which may characterize temperature change as well as perfusion [40].
In the types of equipment used in the RF technique, the radiofrequency is emitted by a generator and
passes through the tumor tissue from the tip of a needle-like probe (active electrode) that is inserted
into the tumor. The radiofrequency current transmitted by the active electrode traverses the tumor
toward a dispersive electrode, which is usually firmly attached behind the patient’s right shoulder
or thigh. Active and dispersive electrodes have different dimensions, which results in a difference
in current density between them. This situation contributes so that the energy generated at the tip
of the active electrode causes agitation of the jons present in the tumor tissue. The tissue ions are
agitated as they attempt to follow the changes in direction of alternating electric current. Finally,
this agitation is transformed into heat that causes the destruction of tumor tissue by induction of
necrosis [41], Several clinical trials support the viability and efficacy of this method in combination with
standard chemotherapy or radiotherapy for the treatment of solid tumors [26,31]. These studies provide
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preliminary evidence that hyperthermia, in addition to standard radiotherapy, may be especially useful
in locally advanced cervical tumors. However, studies of larger numbers of patients are needed.

Another non-invasive technique and effective strategy for heating tumors utilizes microwave
energy, which predominantly use antennas that run at 434, 915, and 2450 MHz [38]. A microwave
system includes the antenna and a non-contact temperature sensor that sweeps a predetermined path
over the surface of the tissue to be treated. Since the body tissues contain a high-water content, when
they are irradiated with microwave energy, the temperature rises in the tissue due to the transfer of
microwave energy into heat. This method generates an oscillating electromagnetic field that uses ions
and dipoles to align and rotate, causing friction that heats the tissue within an effective range of 3 am.
It has been widely used in patients suffering from prostate or breast cancer [38,42]. In conclusion, the
results validate the capability of the proposed technique in focusing power at the exact location and
volume of the tumor, but there is still room for further technological improvements.

Laser-induced hyperthermia is a promising method for the treatment of superficial malignant
tumors [43]. During this procedure, light energy is absorbed into the tissue, starting from the surface
of the skin. Consequently, the maximum thermal energy produced is set in the skin and in the layers
immediately below its surface (dermis and subcutaneous layers). The epidermis contains melanin,
which is characterized by high light absorption, allowing thermal laser [43,44]. In conclusion, the
correct choice of the parameters used for treatment and planning should be studied. As a result, this
technique is recommended for (and limited to) soft thermal treatment of superficial tumors.

The use of magnetic fluid hyperthermia destroys cancer cells by heating tissue impregnated
with ferrofluid and a magnetic field, causing minimal damage to the surrounding healthy tissue [15].
While the potency of the magnetic field should be sufficient to induce hyperthermia, it is also limited
by the human capacity to stand safely. The ferrofluid material used for hyperthermia should be
non-toxic and also be able to provide adequate heating [45]. Magnetic nanoparticles (MNPs) have
been extensively used as agents of magnetic fluid hyperthermia. Optimizing MNP-based nanoagents
for early diagnosis and efficient therapeutics associated with hyperthermia is required. With a
multidisciplinary approach leveraging chemistry, physics, biology, and pharmaceutical sciences, it can
postulated that MNP agents will achieve the high sensitivity and efficacy for clinical diagnostics and
therapeutics in the future [46].

The development of superparamagnetic iron oxide nanoparticles (SPIONs) for diagnosis and/or
bimodal cancer therapy, using magnetic hyperthermia and radionuclides, has grown considerably over
recent years [47-5]. Mokhodoeva and collaborators described the incorporation of 223Ra (radium-223),
the first clinically approved alpha-emitter, into SPIONs. The authors highlighted that the application
of these SPIONs for theranostic purposes would benefit effective targeting and dose-delivery to
target regions [48]. Another study published in the same year reported the incorporation of three
radionuclides, technetium-99 (99m’c), yttrium-90 (90Y), and lutetium-177 (177Lu), into SPIONs. It was
postulated that the nanoparticles with high energy beta emitters 90Y and 177Lu can be a promising
system for magnetic hyperthermia and radionuclide therapy. On the other hand, SPIONs with 99mTc
could be used for diagnostic imaging purposes [49]. Studies by Pospisilova and collaborators reported
the incorporation of radionuclide 59Fe (iron-39) into SPIONs [50]. Separate studies showed the
incorporation of 59Fe and 111In (indium-111) into SPIONs [47]. This study was the first to describe the
in vivo integrity of radiolabeled SPIONs intended for use with nuclear medical imaging technologies.
Itis well known that the application of external magnetic fields has the potential to influence SPION's
physiological biodistribution and concentrate them to a specific body region [51]. In this context, a
recent study demonstrated that the micro positron emission tomography (PET) and the micro CT
were able to provide a multimodal three-dimensional (3D) data set, about biodistribution of SPIONs
radiolabeled with 18F-2-fluoro-2-deoxyglucose (18FDG), following intravenous administration in a
small animal model, with and without the application of a permanent magnet onto the skin [52].
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4. Thermosensitive Systems for Cancer Treatment

Drug targeting systems have been developed specifically for the desired target, which may
increase the effectiveness of therapeutic agents and delay the development of resistance. Given that
the bicavailability of drugs at the cancer cells is very important, a nanocarrier system incorporated
with temperature would be useful to overcome some of the systemic and intracellular delivery barriers.
Therefore, the advancement in material science has led to the design of a variety of materials, which
are used for the development of thermo-responsive nanocarrier systems [53]. Nanoparticle-based
hyperthermia strategies have been considered promising nanocarriers for antitumoral drug delivery
systems and their development has increased considerably in the last few decades [3,54].

These thermosensitive nanocarriers stand out for their stability at physiological temperature;
however, they quickly release the drug into pre-selected sites in response to changes in the local
temperature [4,55]. The use of these systems has assumed an important role as an alternative to improve
the biodistribution profile of drugs, since they can increase the intratumoral drug accumulation and
reduce systemic toxicity [56]. The literature is vast in advances in synthesis, characterization, and
application of different thermosensitive nanoparticles, Although they can be composed of different
kinds of materials, including biocompatible polymers, lipids, and self-assembling amphiphilic micelles,
most of them have shown a polymeric composition [53,57]. In this review, we describe the most
common nanocarriers used for a thermo-responsive antitumor drug release. In addition, we review
the most recent preclinical studies (2009-2019) involving thermosensitive systems associated with
hyperthermia for the treatment of cancer,

4.1. Polymeric Nanocarriers

The thermo-responsive propriety of polymers is based on their response to thermal stimuli due to
chain modification [55]. In thermo-responsive nanosystems, a temperature-sensitive polymer is used
as a fabrication material, which displays a critical solution temperature at which the polymer system
undergoes a phase change within a temperature, thus allowing the delivery system to release the cargo
upon the changes in temperatures [55]. The temperature is dependent on the interactions between
polymer-polymer or polymer-solvent. At a critical solution temperature, the polymeric solution
undergoes separation into two phases [58,59], Many challenges are involved in the development of
polymers with transition temperatures within the required temperature range of 38-40 °C, since the
phase transition temperature is strongly influenced by polymer concentration, pH, ionic strength,
as well as the presence of specific molecules or ions in solution [60,61]. These thermosensitive
polymers are characterized by a reversible phase transition. At low temperatures, they are
water-soluble, while above a critical transition temperature, they change their conformation and the
hydrophilic/hydrophobic balance, which provokes phase separation and presence of aggregates [62,63],
Temperature-responsive amphiphilic polymers often have thermosensitive hydrophilic segments and
a suitable hydrophobic segment in their structure. An example of this type of polymer is the family of
poly-polymers (N-substituted acrylamide), as the poly{N-isopoprylacrylamide) (pNIPAAm) [63,64].
Hruby and collaborators described systems based on pNIPAAms with isotopically labeled end groups
(L-tyrosinamide or diethyltriaminepentaacetic acid) designed for local radiotherapy [65]. The binding
capacity for radionuclides and chemical stability was demonstrated using iodine-125 (125I) and 90Y
labeled polymers [65]. The same group performed the radiolabeling of a thermo-responsive system
with copper-64 (64Cu) [66]. The system is based on the copolymers of N-isopropvimethacrylamide
with three different monomers containing hydrophobic n-alkyls groups of different sizes bound to
the methacrylamide unit by a hydrolytically labile hydrazone bond [66]. Another study from the
same group described a new thermo-responsive polymeric system, based on pNIPAAms, for local
chemoradiotherapy using DOX and the radionuclide 1251 [67].

Thermo-responsive polymers used in the biomedical field can get in contact with ionizing
radiation when used as carriers of radiopharmaceuticals or during radiation sterilization procedures,
In this context, a recent review described the effect of ionizing radiation on the physicochemical
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and phase separation properties of some thermo-responsive polymers [68]. In this study, the
poly(2-isopropyl-2-oxazoline-co-2-n-butyl-2-oxazoline) (POX) was presented as the most suitable
polymer for the development of delivery systems that can be exposed to radiation. On the other hand,

the polymer poly(N-vinylcaprolactam) {PVCL) was considered the least suitable for this purpose.

PNIPAAms and poly[N-(2,2-difluoroethyljacrylamide (DFP)] are considered suitable only for low
radiation exposures [65].

It has been also reported that the copolymerization causes alteration of the phase transition
temperature [61]. Thus, an increase in hydrophobic monomers or an increase in molecular weight may
result in a decrease of the critical solution temperature [69]. On the other hand, the incorporation of
hydrophilic monomers forms hydrogen bonds with thermosensitive monomers, increasing the critical
solution temperature point [69,70],

Another class of thermosensitive polymers is Pluronic. They are triblock copolymers
of polypropylene oxide (PPO) middle blocks flanked by polyethylene glycol (PEG) blocks
(PEG-b-PPO-b-PEG) [71]. Pluronic F-127 or poloxamer 407 (Pluronic™, St. Louis, MO, USA) is
a commercially available polyoxyethylene-propylene copolymer, which contains around 70% ethylene
oxide, responsible for its hydrophilicity [72]. It has been widely used due to its thermosensitive
character, low toxicity, and high solubilizing capacity of poorly water-soluble drugs, such as the various
chemotherapeutic drugs, and newly developed anticancer compounds have high lipophilicity [71,72].

Among the wide variety of thermosensitive nanosystems, micelles, polymer nanoparticles, and
polymersomes are the most frequently studied.

4.1.1. Polymer Micelles

Thermo-responsive polymeric micelles are formulated through a self-assembly process using
amphiphilic block copolymers that spontaneously assemble into a core—shell structure in an aqueous
environment above the critical micelle concentration (CMC) [55]. A low CMC is required to
guarantee the stability of micelles after injection, since the bloodstream dilution might result in
the disruption of self-assembled particles [55]. The hydrophobic core of micelles allows carrying cargo
of a chemotherapeutic agent, normally a water-insoluble drug, while the temperature-responsive
hydrophilic shell polymer favors the delivering of the drug at a specific site [72].

Many thermosensitive polymer-based micelles have been described in the literature, among which
pNIPAAm, Pluronics, and poly(hydroxypropyl methacrylamide-lactate) (p(HHPMAm-Lacn)) are the
most frequently studied, and some drug-loaded formulations based on thermosensitive polymers have
reached clinical trials [74]. They are water-soluble polymers below these phase transition temperatures
and water-insoluble polymers above this temperature. Although PNIPAM-based systems were the
focus of various studies as drug nanocarriers, many did not present satisfactory release results, because
pNIPAAm is not suitable for in vivo applications as its phase transition temperature is below body
temperature [73]. Polymers synthesized using oligoethyleneglycol (OEG) monomers are attractive
alternatives to PNIPAAm, with several advantages; the polymers can be synthesized by controlled
radical polymerization, they have reversible phase transitions, and they form effective shields against
protein adsorption [75]. However, it remains a challenge due to the molecular weight and the slow
degradation profile of the polymers exhibiting the phase transition in the desired range. One strategy
to overcome these limitations would be the development of thermosensitive nanostructures formed by
phospholipids [75].

The preclinical study by Liu et al. is an example of a novel docetaxel-loaded micelle based on the
biodegradable thermosensitive copolymer poly(N-isopropylacrylamide-co-acrylamide}-b-poly(DL-lac
tide) that demonstrated that hyperthermia increased the antitumor efficacy of these thermosensitive
micelles [76]. This formulation was extended to evaluate the efficacy in BGC (human gastric
carcinoma xenograft models). These studies showed that at the same dose level of docetaxel/paclitaxel,
hyperthermia greatly enhanced the antitumor effect through growth inhibition of more than 8(0%.
The present results suggest that poly(IPAAm-co-AAm)-b-PDLLA micelles could be a clinically
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useful chemotherapeutic formulation and merit further research to evaluate the feasibility of clinical
application [77].

In another preclinical study, Chen et al. investigated thermosensitive folate micelles composed of
P{FAA-NIPA-co-AAm-co-ODA) and P(FPA-NIPA-co-AAm-co-ODA) containing paclitaxel associated
with hyperthermia in the treatment of lung cancer [75]. The encapsulation in P-NIPAm micelles and
local heating drastically increased the accumulation of paclitaxel at tumor sites, local drug concentration
was greatly enhanced, and thus the treatment effect improved, demonstrating that these micelles are a
promising candidate for high treatment efficacy in tumor therapy [75]. Table 2 summarizes the most
recent preclinical studies using hyperthermia and thermosensitive micelles.
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Table 2. Recent preclinical studies using hyperthermia and thermosensitive micelles.

Thermosensitive Micelles
Composition HT Drug Target Response Ref.
Higher antitumor efficacy
in mice treated with
Poly(N-isopropylacrylamide-co-acrylamide)-b-poly(DL-lactide) Water bath Docetaxel Lung cancer docetaxel-loaded micelles [76]
accompanied by
hyperthermia

Weight growth percentage
Gastric Cancer inhibition of more than [77]
B0
Increased accumulation of
paclitaxel at tumor sites,
local drug concentration
was greatly enhanced

HT: Hyperthermia; P(FAA-NIPA-co-AAm-co-ODA): Poly(folate acrylic acid-N-Isopropylacrylamide-co-octadecyl acrylate); P(FPA-NIPA-co-AAm-co-ODA): Poly(folate-PEG acrylic
acid-N-fsopropylacrylamide-co-octadecyl acrylate).

Docetaxel and

Poly(N-isopropylacrylamide-co-acrylamide)-b-polviDL-lactide} Water bath Paclitaxel

P(FAA-NIPA-co-AAm-co-ODA) and

75
P(FPA-NIPA-co-AAm-co-ODA) 1751

Water bath Paclitaxel Lung cancer
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4.1.2, Core-Shell Nanoparticles

Nanoparticles with inorganic cores and thermosensitive polvmer shells are an interesting
class of composite materials. They combine the properties of both the core and the shell [58].
Thermo-responsive core-shell nanoparticles are also studied for drug delivery applications [58].
In general, the thermo-responsive molecule is located on the surface and the core can be
constituted by either a hard metallic (gold, magnetic) or a soft (dendrimers, chitosan, silica, nanogels)
nanoparticle [2,75]. The rationale is to combine polymers and superparamagnetic nanoparticles to
trigger drug release. Their incorporation into biopolymer coatings enables the preparation of magnetic
field-responsive, biocompatible nanoparticles that are well dispersed in aqueous media [78]. Therefore,
thermo-responsive nanomaterials of greater interest are those that respond to other stimuli besides
temperature. With this, additional stimuli-responsive characteristics (magnetic field, ultrasound,
light, and heat) can be added to the thermal response [53]. In order for the nanomaterials to exhibit
such a response, either iron oxide or gold can be incorporated in the form of nanoparticles to
the polymer matrix [79]. Iron oxide-based magnetic nanoparticles are extensively investigated in
nanomedicine for their biocompatibility, their contrast agent properties, and their ability to generate
heat when submitted to an alternating magnetic field [80,%1]. Wang et al. designed a multiple magnetic
hyperthermia-mediated release system for combination therapy using an injectable, biodegradable,
and thermosensitive polymeric hydrogel [82]. Wang et al. noted that the therapeutic effect of the
combination therapy in vivo significantly reduced the tumors and was dependent on the number of
cycles of hyperthermia [52].

Li et al. synthesized magnetothermal responsive nanocarriers of DOX with targeting molecules,
which allows the antitumor drug to locate tumor sites efficiently [83]. Magnetic nanoparticles
composed of manganese—zinc (Mn-Zn) could target hepatoma cells actively and improved the drug
concentration in the tumor sites. The shell of the nanoparticles was composed of an amphiphilic and
thermosensitive copolyvmer to which DOX was associated. Therefore, an external alternating magnetic
field elevated the temperature of the thermomagnetic particles, resulting in structural changes in the
thermosensitive copolymer, thereby releasing DOX [53]. In another study, Shen et al. synthesized a
thermo-responsive system, which encapsulated magnetic iron oxide nanoparticles and 5-fluorouracil
using PNIPAM polymer. The results showed great potential in drug delivery and cancer therapy [84].
Other applications of hyperthermia-associated magnetic nanoparticles are described in Section 5 of
this article,

Hydrogels have a cross-linked three-dimensional structure and are composed of hydrophilic
polymers. The presence of hydrophilic groups such as amino (-NH2), carboxylic (<=COOH), and
sulfate (~-SO3H) groups provides the ability to mimic natural living tissues [85]. Moderate temperature
increases alter the interaction between the hydrophilic and hydrophobic segments in the polymer,
inducing a change in network solubility, causing the sol-gel phase transition. Thus, the polymer
is soluble below a certain critical temperature and insoluble when it is above this temperature [86].
The most common release mechanism of thermosensitive hydrogels occurs through passive diffusion,
and different biotherapeutic molecules which are entrapped in the gel matrix can diffuse freely
depending on the size of the mesh of this matrix. The hydrogels most studied are also based
on pNiPAAm [87]. Copolymerization of pNiPAAm with more hydrophilic monomers increases
polymer hydrophilicity, and stronger polymer-water interactions allow changes in the critical system
temperature value. [88,89]. This copolymerization can be performed with polysaccharides, such as
cellulose or chitosan, which are biodegradable and non-toxic compared to other natural polymers [90].
Turabbe and collaborators designed a thermosensitive hvdrogel from pluronic F127 (PF127) and
N,N,N-trimethyl chitosan in order to deliver DOX for glioblastoma multiforme [91]. This hydrogel
showed a sustained release of tumor-suppressed DOX, suggesting it as a potential candidate for
an anticancer chemotherapeutic delivery system for brain tumors [91]. In the same year, Pesoa
and co-workers prepared paclitaxel-loaded poly(lactide-co-glycolide) microparticles contained in a
chitosan-sensitive gelling solution. This system allowed a more sustained and controlled administration
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of paclitaxel, leading to a long-term effect at the site of action. The formulation showed a tumor volume
inhibition of 63.0% compared to the control group [92].

4.2. Liposomes

Liposomes are spherical vesicles composed of a lipid bilayer, usually consisting of phospholipids,
which involve an aqueous core [2,93]. These systems allow encapsulating the hydrophilic or lipophilic
drugs into the aqueous core or the lipid membrane, respectively [93]. The first paper on the concept of
using temperature-sensitive liposomes to achieve enhanced delivery of anticancer agents was published
in 1978, After decades of research, several types of thermosensitive liposomes were constructed,
including the commercially available liposome known as ThermoDox® [29]. Thermosensitive liposomes
are designed to provide the drug release at mild temperatures due to the phase transition temperature
(Te) of the lipid composition [94]. Tc is defined as the temperature required to induce a change in the
lipid physical state from the ordered gel phase, where the hydrocarbon chains are fully extended and
closely packed, to the disordered liquid crystalline phase, where the hydrocarbon chains are randomly
oriented and fluid. This parameter consists of altering of the hydrocarbon chain from a gel phase to
a liquid crystal phase (Figure 2), which results in the disorganization of the bilayer and consequent
drug release. In the gel phase, the chains are ordered allowing the formation of nanostructures. In
the liquid crystal phase, the mobility of the molecules in the bilayer increases gradually and they
become more disordered, and cannot maintain the liposomal structure. Thus, it is important to choose
a phospholipid mixture with a suitable phase transition temperature within a hyperthermia range
recommended for clinical application [24,95].

Liquid crystal

A Mydrophilc doug
» Hydrophob ¢ orug
¥ uoud

Figure 2. Mechanism of drug release from thermosensitive liposomes. (A) Schematic illustration of
the mechanism of phase transition of the lipids that form the liposome bilayer. The increase of the
temperature above the transition phase temperature (47 “C) leads to higher bilayer permeability, and
consequently, the drug release is favored. (B) Amphiphilic molecules forming lamellar structures and
their transition phase temperatures. Te: Phase transition temperature.

Traditional thermosensitive liposomes are based on dipalmitoyl phosphocholine (DPPC), a
phospholipid with 16-carbon saturated fatty acid chains and a phase transition temperature of about
41 °C [96]. Supplementation of DPPC with other lipids, predominantly distearoyl phosphocholine
(DSPC) and hydrogenated soy phosphocholine (HSPC), has an effect of improving the rate of drugs
released [97]. Although the DPPC supplementation with other lipids can increase the permeability of
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the membrane, the inclusion of lipids with carbon chains longer than DPPC may have undesirable
effects on the phase transition behavior [29,96,97]. In 1999, Anyarambhatla and Needham launched
the idea of incorporating lysolipids into PEGylated DPPC membranes of traditional thermosensitive
liposomes in order to reduce the phase transition temperature and promote rapid drug release [29].
The incorporation of the lysolipid monopalmitoyl phosphocholine (MPPC) reduced the phase transition
of traditional thermosensitive formulations from 43 to 39—40 °C and provided a rapid release upon
heating. This formulation, composed of DPPC, 1-stearoyl-2-hydroxy-sn-glycero-3-phosphatidylcholine
(MSPC), and DSPE-PEG (in the molar ratio of 86:10:4) and containing encapsulated DOX, was marketed
under the name ThermoDox®. This thermosensitive liposome exhibits a phase transition temperature
of 41.5 °C and is the most advanced and effective temperature-activated nanocarrier available [29,94,95].

Thermosensitive liposomes composed of lysophospholipids constitute an important class of these
nanosystems responsive to temperature, since the incorporation of a small quantity of lipids results in
changes in the curvature of the phospholipids and leads to reduction in the membrane’s ability to act
as a barrier [98]. However, further destabilization of the bilayer may cause premature drug leakage
at physiological temperature, invalidating the clinical success of thermosensitive vesicles containing
lvsophospholipids [99].

Some studies have focused on the design of the generation of thermosensitive liposome that
combines targeting and triggered drug release [94]. Various ligands such as folate, antibodies, receptors,
and peptides have been conjugated to thermosensitive liposome [94]. Another approach is to sensitize
non-thermosensitive liposomes by functionalizing them with temperature-responsive polymers that
disrupt the membrane in response to heating [97].

There have recently been many preclinical studies involving this type of formulation. A DPPG2
liposome developed by Limeer et al. showed a higher release of gemcitabine above 40 °C. The plasma
half-life of the drug was greatly increased from (.07 to 2.59 h by using the thermosensitive liposome.
Treatment of tumor BN175 with encapsulated gemcitabine associated with hyperthermia showed
significant improvement in tumor growth inhibition compared to free gemcitabine [100]. Peller et al.
intravenously administered doxorubicin thermosensitive liposome (DOX-TSL) associated with tumor
heating above 40 °C for 1 h using laser light [101]. The result was a highly selective uptake of DOX,
and the concentration of DOX in the heated tumor tissue compared to the unheated tumor showed an
almost 10-fold increase [101]. Willerding et al. performed another study involving the encapsulation
of DOX [102]. This group used different methods of hyperthermia and showed through preclinical
studies that, regardless of the hyperthermia methods used, higher levels of DOX were found in
tumors. This shows the increase in the concentration of drugs in the tumor after application of
hyperthermia [102].

In vivo studies by Wang and co-workers, after three injections of a thermosensitive liposome
containing paclitaxel in the lung tumor model, showed suppression of tumor growth compared to
non-temperature-sensitive liposome and free drug [82]. Lokerse et al,, in 2017, examined the potency of
the combined therapy of a thermosensitive liposome with hyperthermia in two experimental models of
human breast cancer-bearing mice [103]. Both cell lines showed improved in vitro chemosensitivity and
increased uptake of DOX in the presence of hyperthermia [103]. Table 3 summarizes other examples of
the most recent preclinical studies using hyperthermia and liposomes.
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Table 3. Recent preclinical studies using hyperthermia and thermosensitive liposomes.

Th itive Lip
Composition HT Drug Target Response Ref.

Significant increase in
DPI’C/DSP%/&S;E—PEG;M Water bath DOX Breast cancer :‘:P";‘;Lﬁm‘;';’ [103]
treatment
High selective DOX
DPPC/DSPC/DPPG, 50720730 Laser light DOX Softtissuesarcoma  biakeand increase of o1
heated tumor bssue

Effective DOX delivery by
liposome found in the
DPPC/DSPC/DPPG; 50720430 Laser light DOX Soft tissue sarcoma heated tumors in [102}
comparison with the
non-heated tumors

AR 7 Significant improvement
DPPC/DSPC/DPPG, 50/20/30 HIFU Gemcitabine Soft tissue sarcoma in tumer growth delay [1o0}

Tumor growth

PC/DSPE- DSPG suppression, compared
DPEC/MS] SSI;;EO ;:EG! Water bath Paclitaxel Lung cancer with [82]
non-temperature-sensitive
liposome and free drug
HT: Hyperthermia; DPPC: 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine; DSPC: 1,2-Distearoyl-sn-glycero-3-phosphocholine; DSPE: 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine;
DPPG2: 1,2-Dipalmitoyl-sn-gly 3-phospho-rac-glycerol; MSI'C: 1-Myristoyl-2-stearoyl-sn-glycero-3-phosphocholine; PEG: Polyethylene glycol
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5. MRI-Guided Thermometry: A Strategy for Real-Time Monitoring and Control of Drug Release

Recently, there has been an increase in interest in exploring the synergy between imaging
and drug delivery. This interest increased in vivo studies reporting the release of a drug from
nanocarrier [104,105]. Among the available imaging modalities, MRI is an excellent candidate because
of the excellent space-time resolution, the possibility of obtaining deep tissue/organ images, and the
vast portfolio of available probes and contrast generation modalities [104]. A practical approach to
visualize the release of the drug from liposomes is to encapsulate a hydrophilic paramagnetic agent
(based on Gd* or Mn?* ions) in the aqueous nanovesicle interior. After entrapment, the MR contrast
is "silenced” and its activity is recovered when the agent is released [105].

A thermosensitive liposome formulation co-encapsulating DOX and a contrast agent was
developed by Negussie et al. [106], The stability of the technique, visualization ability, and
content monitoring by magnetic resonance imaging associated with high-intensity focused ultrasound
(MRI-HIFU) suggested that this technique combined with thermosensitive liposome could enable
real-time monitoring and spatial control of drug release [106]. Temperature-sensitive liposomes
(TSLs) co-encapsulating DOX and 250 mM Gadolinium [Gd (HPDO3A) (H20}], a clinically approved
Ti-weighted MRI contrast agent, were also evaluated for delivering HIFU-mediated drugs under
MRI[107]. A good correlation between the uptake of DOX and the concentration of gadolinium in the
tumor was found, implying that the in vivo release of DOX from TSLs can be probed in situ with the
time of longitudinal relaxation of the co-encapsulated MRI contrast agent. Anatomical MRI images
of the tumor and surrounding mouse muscle were acquired before the administration of TSLs and
directly after the first and second local hyperthermia treatment (Figure 3). It was possible to observe the
difference of the tumors with MRI, before the administration of the TSLs and after the administration
of TSLs in combination with mild hyperthermia, which induced significant changes in the tumor [107],

HIFU (rat1) HIFU (rat2) No HIFU (rat 4)

my .’r v‘“‘,v;v TS .
P I L P T

lem v

Figure 3. Anatomical MRI of tumor-bearing rats in the small animal HIFU setup {upper row) and
T1 maps of the tumor and leg overlaid on the anatomical images at different time points: Before the
TSL injection, after the first hyperthermia period (t = 20 min), after the second hyperthermia period
{t =40 min), and 70 min after TSL injection. Left: HIFU-treated tumor showing a large T1 response {rat
1); middle: HIFU-treated tumor showing a less sensitive response (rat 2); right: Untreated tumor (no
HIFU, rat 4). Reproduced with permission from [107]

Staruch in 2015 evaluated the efficacy of DOX encapsulated in a thermosensitive liposome in
combination with mild hyperthermia produced by high-intensity focused magnetic resonance-guided
ultrasound (Figure 1) [108]. The authors concluded that tumors treated with a single thermosensitive
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liposome infusion during MRI-HIFU light hyperthermia reduced tumor growth compared to tumors
treated with liposome without hyperthermia [105].

(A)

(C)

Figure 4. Experimental set-up for mild hyperthermia in rabbit V x 2 tumors using a clinical MRI-HIFU
system.  Axial survey image of a rabbit on top of a water-filled animal adaptor. A waterproofed
receive-only imaging coil is fitted around the lower leg. The bottom film of the animal adaptor is coupled
to the window of the clinical HIFU system by a gel pad; the HIFU transducer is in the o1l bath below,
Overlays indicate the relative size of the ultrasound beam path (dashed) and treatment cell (shaded)
Right: Rendering of the animal adaptor designed for the clinical HIFU system. The detachable hid
(A) is a polyimide film glued to an acrylic ring, The cylindrical water bath (B) is a 3D-printed shell
that holds a volume of degassed water, which is heated by water pumped through a coiled channel
printed into the walls of the cylinder. Polvimide film (C) forms the base, Reproduced with permission
from [108].

Hijnen et al., also investigated the use of MRI-HIFU with the intravascular release of DOX

encapsulated in TSLs in a preclinical setting using a rhabdomyosarcoma mouse tumor model [10Y].

All HIFU heating strategies combined with TSL resulted in increased DOX cell uptake in the
interstitial space and a significant increase in drug concentrations in the tumor compared to a free DOX
treatment [109).

6. Clinical Trials

The first thermosensitive formulation of liposomes in the clinical trial phase is ThermoDox®

(Lawrenceville, GA, USA) [24]. This formulation is composed of DPPC/MSPC/DSPE-PEGaqgg
(86.5/2.7/3.8) with a concentration of 2 mg/mL Doxorubicin. DPPC presents a phase transition

temperature of DPPC near 42 °C and the presence of MSPC provokes a reduction in this temperature,

Thus, phase changes are easily reached by the use of mild hyperthermia [75]. ThermoDox¥ is
administered by the intravenous route in combination with radiofrequency ablation (RFA) for treatment
of primary liver cancer, as well as recurring chest wall breast cancer. As the Phase 1 results in patients
with hepatocellular carcinoma were promising, this combination of treatment was directly evaluated
in Phase [11. The initial Phase III results did not show any progression of survival with the combination
(TermoDox® plus RFA, Lawrenceville, GA, USA) compared to RFA alone. The reasons for the failure
of the heating test were related to problems with the clinical trial design, few preclinical supportive
data, and required improvements in heating control. However, an analysis of the patients’ subgroup
who received RFA for at least 45 min showed an improvement in overall survival [24].

Another thermosensitive nanosystem under clinical investigation is a core-shell, a gold

nanoparticle coated by polyethylene glycol (PEG), AuroLase™ (Houston, TX, USA) [110].

The multicenter, single-dose pilot study of AuroLase™ therapy was applied in the treatment
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of patients with refractory and/or recurrent tumors of the head and neck. Three treatment groups of
five patients each were enrolled and observed for six months following treatment. Each group received
a single dose of this nanoparticle, followed by one or more interstitial illuminations with an 808 nm
laser. This gold nanoparticle consists of a non-conducting silica core and acts as the exogenous absorber
of the near-infrared laser energy delivered by the probe. A currently active trial uses AuroLase™
as an imaging technology during focal ablation of prostate tissue using nanoparticle-directed laser
irradiation. Since no active drug is used in this approach, AuroLase™ is activated externally at the
target site, thus avoiding any toxicity towards the normal cells [110,111].

7. Conclusions

In conclusion, mild hyperthermia is not associated with toxicity in contrast to radiotherapy and
chemotherapy. However, hyperthermia has not been widely used in the clinic. The major hurdles in the
clinical translation and widespread use of hyperthermia are largely centered on technical challenges
and infrastructure. Contrary to most other nanoparticle approaches, thermosensitive liposomes
can be easily employed for image-guided drug delivery, where the goal is to deliver the drug to a
region identified by medical imaging. Based on the studies carried out in recent vears, therapy with
thermosensitive nanosystems associated with hyperthermia has been shown to overcome challenges
faced by therapies based on free drugs or non-thermosensitive nanosystems. A large number of
available approaches to generate these smart nanocarriers illustrates the versatility of the system and
the great potential to be explored for future applications.

The key to future research and development of nanosystems associated with hyperthermia relies
on the development of valid and non-invasive ways to promote and measure temperature, as well as
to understand the variability in the individual physiological responses and extrapolating laboratory
studies to field settings. Thus, more advanced preclinical studies are required, in addition to clinical
studies, to prove the efficacy of these systems.
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