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RESUMO 

 

O glioblastoma é um glioma de grau IV, ocorrendo predominantemente em adultos 

e com características altamente agressivas. O tratamento convencional para este 

tipo tumoral compreende ressecção cirúrgica, seguida de radioterapia combinada 

com quimioterapia utilizando temozolomida. Estas abordagens terapêuticas 

desempenham um papel essencial na gestão clínica da doença, embora ainda 

resultem em um prognóstico desfavorável, com uma média de sobrevida global de 

apenas 14 a 19 meses. Isto ocorre principalmente devido à natureza inoperável da 

maioria dos tumores e à resistência crescente à quimioterapia quando estes são 

diagnosticados em estágios avançados, o que justifica a necessidade pela busca 

de novas moléculas e estratégias terapêuticas para o seu tratamento. O recente 

progresso na área da nanotecnologia, com o desenvolvimento de sistemas de 

entrega de fármacos como as nanoemulsões, e a ação sensibilizante tumoral e 

geradora de espécies reativas de oxigênio do ferroceno, têm trazido novas 

possibilidades à complementação da quimioterapia em diversos tipos de câncer, 

aumentando a eficácia dos tratamentos. Neste contexto, esta tese apresenta dois 

capítulos abordando (i) as diferentes nanoestruturas já desenvolvidas para a 

entrega de moléculas no tratamento do câncer, como estas conseguem atingir o 

ambiente tumoral e aumentar a toxicidade nos tecidos-alvo, e as barreiras que 

estes sistemas enfrentam para alcançar resultados positivos, bem como (ii) o 

desenvolvimento, a caracterização e a avaliação da citotoxicidade de uma 

nanoemulsão contendo temozolomida e sua combinação com ferroceno em 

linhagens celulares de glioblastoma humano. A caracterização físico-química da 

nanoemulsão revelou a presença da temozolomida na interface do sistema, 

permitindo sua rápida liberação. Em combinação com o ferroceno, reduziram a 

viabilidade celular em tratamentos agudos e em regime de dois ciclos, aumentando 

a sensibilidade à temozolomida da linhagem celular T98G por meio da alteração do 

potencial da membrana mitocondrial, com uma indução de espécies reativas de 

oxigênio, com consequente morte celular. Estes resultados demonstraram a 

eficácia do uso de uma nanoemulsão contendo temozolomida e sua combinação 

com ferroceno como uma efetiva abordagem ao tratamento do glioblastoma. Além 
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disso, o rápido desenvolvimento da nanomedicina e o constante melhoramento das 

técnicas relacionadas apontam para um futuro promissor no tratamento de diversos 

tipos de câncer com um possível aumento da qualidade de vida destes pacientes. 

 

Palavras -chave: Glioblastoma. Temozolomida. Nanomedicina. Nanoemulsão. 

Ferroceno. Espécies reativas de oxigênio. 
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ABSTRACT  

 

Glioblastoma is a grade IV glioma, occurring predominantly in adults and with highly 

aggressive characteristics. Its conventional treatment involves surgical resection 

followed by combined radiotherapy and chemotherapy using temozolomide. These 

therapeutic approaches play an essential role in the clinical management of the 

disease, although they still result in a poor prognosis, with an average overall 

survival of only 14 to 19 months. This is mainly due to the inoperable nature of most 

tumors and the increasing resistance to chemotherapy when diagnosed at 

advanced stages, justifying the need to search for new molecules and therapeutic 

strategies for its treatment. Recent progress in the field of nanotechnology, with the 

development of drug delivery systems such as nanoemulsions, and the tumor-

sensitizing and reactive oxygen species generating action of ferrocenes, have 

brought new possibilities for complementing chemotherapy in various types of 

cancer, increasing treatment effectiveness. In this context, this thesis presents a 

compilation of two chapters addressing (i) the different nanostructures already 

developed for the delivery of molecules in cancer treatment, how they can reach the 

tumor environment and increase toxicity in target tissues, and the barriers these 

systems face to achieve positive results, as well as (ii) the development, 

characterization, and evaluation of the cytotoxicity of a nanoemulsion containing 

temozolomide and its combination with ferrocene in human glioblastoma cell lines. 

The physicochemical characterization of the nanoemulsion revealed the presence 

of temozolomide at the system interface, allowing its rapid release. In combination 

with ferrocene, it reduced cell viability in acute treatments and in a two-cycle 

regimen. This reduction in viability in the T98 cell line appears to be associated with 

changes in mitochondrial membrane potential, increasing the generation of reactive 

oxygen species, therefore leading to cell death. These results demonstrated the 

effectiveness of using a nanoemulsion containing temozolomide and its combination 

with ferrocene as an effective approach to glioblastoma treatment. Furthermore, the 

rapid development of nanomedicine and ongoing improvements in related 
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techniques point to a promising future in the treatment of various types of cancer 

and the improvement of the quality of life for these patients. 

 

Keywords: Glioblastoma. Temozolomide. Nanomedicine. Nanoemulsion. 

Ferrocene. Reactive oxygen species. 
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1 INTRODUÇÃO 

 
 O câncer é caracterizado pelo crescimento desordenado de células 

anormais, apresentando desorganização parenquimal de tecidos e órgãos e o 

consequente comprometimento fisiológico do sistema acometido. A etiologia da 

doença envolve diversas características, como a ocorrência de danos ao DNA e o 

estresse replicativo, que geralmente geram algum tipo de instabilidade genômica, 

bem como desordens no sistema imunológico, o aporte angiogênico e a recorrência 

de tumores em razão da invasão tecidual e metástase (Negrini et al., 2010). 

Considerando a diversidade de tipos celulares presentes no conjunto 

tumoral, a comunidade científica enfrenta um desafio significativo não apenas na 

compreensão abrangente das vias afetadas, mas também na busca por 

abordagens terapêuticas que alcancem eficácia com taxas reduzidas de efeitos 

colaterais. Esse desafio é facilmente evidenciado quando observados os dados 

epidemiológicos da doença em anos recentes. Conforme a World Health 

Organization (WHO), o câncer foi responsável por quase 10 milhões de mortes em 

2020, o que representa em torno de uma em cada seis mortes, desta forma 

ocupando o 2º lugar entre as principais causas de morte no mundo, atrás apenas 

das doenças cardiovasculares (Bray et al., 2018; WHO, 2020). De acordo com a 

International Agency for Research on Cancer (IARC, 2020), para o período entre 

2020 e 2040, é esperado um total de 30,2 milhões de novos casos de câncer em 

todo o mundo, representando um aumento de aproximadamente 60% em relação 

ao número atual, além de 19,3 milhões de óbitos.  

No Brasil, no ano de 2020, foram registrados 552.212 novos casos de câncer 

e ocorreram 259.949 mortes relacionadas a essa doença (Bray et al., 2018). 

Conforme dados do Instituto Nacional do Câncer (INCA, 2020), as estimativas para 

o Brasil nos anos de 2020 a 2022 previam cerca de 625 mil novos casos, com uma 

projeção de aumento de até 50% até 2025, principalmente devido ao 

envelhecimento e ao crescimento da população. Estimativas indicam que a 

incidência de câncer deverá aumentar em quase 80% até 2040, acompanhada por 

um crescimento de 83% nas taxas de mortalidade. Em geral, a incidência e a 

letalidade do câncer estão em ascensão globalmente, impulsionadas tanto pelo 

envelhecimento quanto pelo aumento populacional, bem como pelas mudanças 
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nos padrões de risco da doença, especialmente aqueles relacionados ao 

desenvolvimento socioeconômico (Rezende et al., 2019). 

Ao se concentrar exclusivamente nos tumores que afetam o sistema nervoso 

central (SNC), os gliomas representam 28% de todos os tumores primários 

cerebrais e 80% dos tumores malignos deste sistema (Ostrom et al., 2015). De 

maneira geral, o termo "glioma" engloba uma variedade de tumores gliais, tanto 

benignos quanto malignos e, apesar de sua incidência relativa ser baixa, 

apresentam um prognóstico desfavorável e impacto negativo na qualidade de vida 

e função cognitiva dos pacientes (Guntuku et al., 2016). Estes tumores são 

categorizados com base em sua histopatologia, e os astrocitomas de grau IV, 

conhecidos como glioblastomas (GBM), são os mais agressivos (R. Chen et al., 

2017), representando a maioria dos casos entre todos os gliomas e apresentando-

se como a forma mais severa e com o prognóstico mais desfavorável (Bray et al., 

2018). 

 

1.1 Glioblastoma  

 

Os GB, também conhecidos como gliomas de grau IV, possuem uma alta 

prevalência, compreendendo 45% dos tumores malignos que afetam o SNC (Bush 

et al., 2017). Essa variante tumoral é histologicamente definida como astrocitoma e 

sua classificação molecular ocorre com base no status da enzima isocitrato 

desidrogenase (IDH) e na metilação do promotor da enzima O6-metilguanina-DNA 

metiltransferase (MGMT) (Louis et al., 2021; Yeon Nam & de Groot, 2017). A 

enzima IDH do tipo selvagem é frequentemente encontrada em níveis excessivos 

no GB (Calvert et al., 2017), e desempenha um papel significativo na geração de 

NADPH, exibindo uma atividade enzimática superior a outras enzimas envolvidas 

na produção deste cofator, principalmente através de sua ação de descarboxilação 

oxidativa. Essa característica impulsiona a progressão do tumor e promove a 

resistência à morte celular ao favorecer a síntese eficaz de ácidos graxos, bem 

como a participação em mecanismos de hipóxia mediados pela geração de 

espécies reativas de oxigênio (ROS) (Alzial et al., 2022). 
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O GB se caracteriza por sua natureza difusa, embora sua etiologia e 

fisiopatologia completas ainda não estejam plenamente compreendidas. Apesar de 

ser possível ocorrer em qualquer faixa etária, é importante destacar que a 

incidência aumenta com o envelhecimento, sendo a idade média do diagnóstico em 

torno dos 65 anos (Le Rhun et al., 2019). Após o diagnóstico, a taxa de sobrevida 

em longo prazo é baixa, com apenas 4 a 5% dos pacientes sobrevivendo por mais 

de 5 anos. Mesmo com os avanços recentes nas estratégias terapêuticas, a média 

de sobrevida após diagnóstico e com tratamento gira em torno de 15 meses (Batash 

et al., 2017). Por conseguinte, apesar da aplicação de todas as abordagens de 

tratamento disponíveis, essa doença continua sendo praticamente intratável. 

Atualmente, a abordagem padrão de tratamento para pacientes com GB 

consiste em uma combinação de ressecção cirúrgica, radioterapia e quimioterapia 

adjuvante. Contudo, devido à alta capacidade de infiltração do tecido normal pelo 

tumor, a completa ressecção se torna praticamente inviável e, mesmo quando 

realizada, a taxa de recorrência é elevada uma vez que células invasivas 

remanescentes acabam originando novos tumores próximos à região original. 

Avaliar a extensão da ressecção e ponderar os benefícios em relação aos riscos 

da cirurgia são desafios complexos. Embora haja uma tendência geral de maiores 

taxas de ressecção estarem associadas a uma melhor sobrevida, é crucial uma 

análise criteriosa para entender como essa melhora na sobrevivência se compara 

aos potenciais déficits neurológicos que podem surgir após a cirurgia (Morás et al., 

2021). 

Neste contexto, as limitações da cirurgia sugerem a necessidade de 

abordagens terapêuticas combinadas, como a radioterapia por radiação ionizante 

(J. Wang et al., 2018) que gera quebras de fita simples e dupla e ligações cruzadas 

na molécula de DNA, além de danos indiretos por meio da geração de ROS (Morás 

et al., 2021). A radiação, no entanto, não apenas reduz a proliferação e metástase 

das células cancerosas, mas também pode geneticamente alterar os tecidos 

normais, causando prejuízos às células não tumorais (J. Wang et al., 2018). Além 

disso, as células tumorais podem adaptar suas respostas à radiação ao se 

utilizarem de sua condição ambiental de hipóxia, reduzindo o fornecimento de 

oxigênio e limitando a produção de ROS. Similarmente, as células tumorais podem 
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fortalecer suas defesas antioxidantes para neutralizar moléculas oxidativas antes 

que causem dano celular (Morás et al., 2021). 

Por fim, a quimioterapia é o terceiro componente terapêutico empregado em 

conjunto com as abordagens já mencionadas. O fármaco mais comumente utilizado 

é a temozolomida (TMZ), um pró-fármaco da classe de agentes alquilantes, cujo 

mecanismo de ação baseia-se na transferência do seu grupo alquil eletrofílico para 

o sítio mais nucleofílico do DNA. A inclusão da TMZ no protocolo de tratamento de 

GB recém-diagnosticados, sem dúvida, melhorou a sobrevida dos pacientes. 

Entretanto, sua administração sistêmica apresenta desvantagens significativas, 

como efeitos adversos gastrointestinais e hematológicos. Ademais, sua eficácia 

clínica é limitada pela necessidade de doses sistêmicas mais altas para alcançar 

efeitos terapêuticos no cérebro, e diversos mecanismos de resistência estão 

associados ao fracasso do tratamento, incluindo mecanismos de reparo do DNA e 

a presença da barreira hematoencefálica (BHE) (Miranda et al., 2017; Morás et al., 

2021; Strobel et al., 2019). 

 

1.2 Temozolomida  

 

 A TMZ é um derivado imidazotetrazina, resultante da modificação do agente 

alquilante dacarbazina, sendo comumente conhecida pelo seu nome comercial 

Temodal®. A descoberta de sua ação antitumoral ocorreu em 1987 (Lee, 2016; 

Stevens et al., 1987) e desde sua aprovação em 2005 pela Food and Drug 

Administration (FDA) (Stupp et al., 2005) tem sido amplamente utilizada como 

tratamento quimioterápico de primeira linha para pacientes com GB. 

A administração da TMZ é predominantemente oral, e sua absorção ocorre 

no intestino delgado, seguida de uma hidrólise espontânea no meio intracelular, 

gerando o metabólito reativo e alquilante 3-metil-(triazen-1-il)imidazol-4-

carboximida (MTIC). O MTIC, por sua vez, penetra no núcleo das células e adiciona 

grupos metil às bases do DNA, especificamente nas posições N3 da adenina e N7 

e O6 da guanina. As metilações na guanina levam à incorporação errônea de uma 

timina durante o processo de replicação, resultando em danos nas fitas do DNA e 

morte celular por apoptose.  
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Entretanto, suas propriedades eletroquímicas levam a diferentes taxas de 

metilação, com maior frequência (cerca de 90%) e menor grau de citotoxicidade 

nas posições N3 da adenina e N7 da guanina, fato este relacionado à ação do 

mecanismo de reparo por excisão de bases (BER). Apenas 5 a 10% das metilações 

ocorrem na posição O6 da guanina, resultando no estabelecimento de uma O6-

metilguanina (O6-MG) ao DNA, uma lesão altamente citotóxica e mutagênica. Neste 

caso, a via de reparo por mal pareamento do DNA (MMR) é ativada, mas ela só 

atua no reparo da fita de DNA recém-sintetizada, mantendo a metilação na fita 

molde. Isso acaba por gerar ciclos fúteis de substituição, aumento do gasto 

energético e a potencial parada da forquilha de replicação, levando a célula à morte 

por apoptose (Figura 1) (Erasimus et al., 2016; Morás et al., 2021; Ortiz et al., 2021; 

Wesolowski et al., 2010). 

 

 
Figura 1: Mecanismo de ação da temozolomida. A temozolomida (TMZ) é convertida 
intracelularmente na sua forma ativa imidazólica (MTIC), que transfere de seu grupo alquil eletrofílico 
para o átomo mais nucleofílico do DNA. Na ausência e/ou ineficácia dos mecanismos de reparo de 
DNA, os danos gerados por esta metilação acabam levando a célula à morte por apoptose. Fonte: 
adaptado de Morás et al. (2021), com o auxílio da ferramenta BioRender. Abreviaturas: BER 
(reparo por excisão de bases); MGMT (O6-metiguanina-DNA metiltransferase); MMR (reparo por 
mal pareamento do DNA). 
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Não obstante, muitos pacientes não respondem ao tratamento com TMZ 

devido à influência de seu perfil genético, que afeta a resposta do organismo ao 

quimioterápico. Isso se relaciona à ação de diferentes vias de sinalização e      

reparo do DNA, que reconhecem e corrigem erros na molécula a fim de evitar o seu 

colapso e a parada do ciclo celular. Tais vias estão comumente superativadas em 

células tumorais, que as usam para sobreviver em condições de instabilidade 

genômica, consequentemente contribuindo para a resistência a diversos 

quimioterápicos e piora do prognóstico dos pacientes (Lee, 2016). 

O GB se utiliza de várias vias para reparar os danos causados ao DNA pela 

TMZ: os já mencionados BER e MMR, além do reparo direto pela enzima O6-

metiguanina-DNA metiltransferase (MGMT), o reparo por recombinação homóloga 

(HR) e o reparo por junção de extremidades não-homólogas (NHEJ). De um modo 

geral, as lesões menos citotóxicas são frequentemente reparadas pela via BER, 

que envolve uma série de etapas de quebras, clivagens e polimerização da fita de 

DNA. As lesões do tipo O6-MG são reparadas em um passo pela enzima MGMT, 

especialmente em pacientes com alta expressão do gene codificante desta enzima. 

Além do mais, as quebras duplas também podem ser reparadas pelas vias HR, 

uma via livre de erros, mas que depende da ressecção de extremidades do DNA e 

disponibilidade de uma fita molde para a ressíntese, ou via NHEJ, que repara o 

dano pela simples remoção e junção das extremidades, sendo por esta razão mais 

propensa a erros (Figura 2) (Erasimus et al., 2016). 
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Figura 2: Vias de reparo de DNA relacionadas ao tratamento com temozolomida e 
radioterapia. Aproximadamente 90% das lesões causadas pela forma ativa imidazólica (MTIC) da 
temozolomida (TMZ) ocorrem nas posições N3 da adenina e N7 da guanina, enquanto apenas 5 a 
10% atingem a porção O6 da guanina. A radioterapia causa danos ao DNA por meio de quebras ou 
da geração de espécies reativas de oxigênio (ROS). De um modo geral, cada uma destas lesões 
pode ser reparada por vias específicas de reparo (BER, MGMT, MMR, NHEJ e HR), induzindo 
resistência ao tratamento. Fonte : adaptado de Morás et al. (2021), com o auxílio da ferramenta 
BioRender. Abreviaturas: BER (reparo por excisão de bases); HR (recombinação homóloga); 
MGMT (O6-metiguanina-DNA metiltransferase); MMR (reparo por mau pareamento do DNA); NHEJ 
(reparo por junção de extremidades não-homólogas). 

 

No contexto dos tumores cerebrais, a localização anatômica desempenha 

um papel significativo na resistência ao tratamento. A BHE, composta de uma 

complexa rede angiogênica e junções celulares extremamente apertadas e 

restritivas, dificulta a entrega de moléculas em níveis terapêuticos, desta forma 

restringindo a eficácia da quimioterapia (Morás et al., 2021; Ortiz et al., 2021). Logo, 

apesar da TMZ constituir o padrão-ouro para o tratamento do GB, diversos 

obstáculos como a natureza invasiva do tumor e sua resistência inerente e 

adquirida podem levar a resultados insatisfatórios. Tais complexidades ressaltam a 

urgência em se desenvolver novas estratégias terapêuticas para melhorar a 

eficácia do tratamento desta doença. 

 



22 
 

 
 

1.3 Ferroceno  

 

 O ferroceno (Fc) foi acidentalmente descoberto no início dos anos 1950, 

através de uma reação entre C5H5BrMg e FeCl3 (Peter & Aderibigbe, 2019). Este 

composto organometálico do tipo metaloceno apresenta uma estrutura constituída 

por dois anéis ciclopentadienil ligados em posições opostas a um átomo metálico 

central de ferro (Fe) (Figura 3) e, devido às suas propriedades eletrônicas 

favoráveis e fácil funcionalização, tem sido amplamente utilizado na ciência dos 

materiais. Ademais, sua estrutura única, aliada a propriedades de permeação de 

membrana, estabilidade em ambientes aquosos e aeróbicos, e baixa toxicidade, 

despertaram interesse da comunidade científica para possíveis aplicações 

biológicas. Desde então, tem sido incorporado em estruturas contendo compostos 

bioativos para potencializar suas atividades ou descobrir novas propriedades 

terapêuticas. Suas aplicações já demonstraram atividades antifúngica, 

antibacteriana, antimalárica, anticancerígenas e supressoras do vírus da 

imunodeficiência humana (Atmaca et al., 2017; Ornelas, 2011). 

 

 
Figura 3: Representação esquemática d o composto ferroceno. O ferroceno e seus derivados 
são compostos organometálicos do tipo metaloceno, e consistem em dois anéis ciclopentadienil 
opostamente ligados a um átomo central de ferro (Fe). Fonte: elaboração própria. 

 

O mecanismo de ação do Fc e seus derivados parece estar centrado no 

átomo de Fe, que é transportado no plasma pela transferrina e armazenado nas 

células retículo-endoteliais do fígado, baço e da medula óssea sob as formas de 

ferritina e hemossiderina. Essa estocagem é fundamental para evitar a presença 

do Fe na sua forma livre, uma vez que esta, quando em contato com o oxigênio 

circulante, pode induzir a síntese anômala de ROS, que podem causar danos a 

proteínas, lipídios e ao DNA (Grotto, 2008). Por outro lado, sabe-se que células 
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tumorais frequentemente apresentam níveis elevados de ROS devido ao 

hipermetabolismo necessário à sua proliferação, especialmente o peróxido de 

hidrogênio (H2O2), que gera radicais hidroxila (·OH) através da reação de Fenton, 

um processo em que o Fe2+ desempenha papel crucial. Neste contexto, o Fc pode 

ser utilizado como fonte exógena de Fe2+, potencializando a catálise de H2O2 e a 

geração de radicais ·OH que, devido ao curto tempo de meia-vida, acabam gerando 

danos específicos às células tumorais, poupando as células saudáveis adjacentes 

(Murillo et al., 2022). 

O Fc exibe propriedades redox interessantes, e sua estabilidade é 

assegurada pela regra dos 18 elétrons. Entretanto, ao sofrer oxidação, percebe-se 

a formação de um cátion correspondente, que possui um elétron desemparelhado 

em um de seus orbitais. Desta forma, o equilíbrio intracelular entre Fe2+ e Fe3+ pode 

ser exogenamente modulado pelo Fc através de transferências eletrônicas rápidas 

e reversíveis, gerando radicais livres e, potencialmente, contribuir para a geração 

de mais danos às células tumorais (Figura 4) (Köpf-Maier et al., 1984; Murillo et al., 

2022; Neuse, 2008). A nível molecular, este composto também já demonstrou a 

capacidade de suprimir a viabilidade celular e inibir as vias de sinalização PI3K/AKT 

e ERK1/2, que são cruciais para a promoção da tumorigênese (Atmaca et al., 2017; 

Tian et al., 2016). 

 

 
Figura 4: Representação esquemática do mecanismo de ação do ferroceno no ambiente 
intracelular. Em situações fisiológicas, Fe2+ e Fe3+ encontram-se em equilíbrio no interior da célula. 
O ferroceno pode atuar como fonte exógena de Fe2+, que via reação de Fenton gera o radical 
hidroxila, e eventualmente levando a célula à morte por apoptose. Fontes: elaboração própria com 
o auxílio da ferramenta BioRender; Ornelas, 2011. 

 

Contudo, apesar dos resultados promissores evidenciando a atividade 

supressora tumoral do Fc, ainda há carência de dados concretos sobre sua 

interação com agentes quimioterápicos diversos, bem como seu comportamento 

em relação a tumores cerebrais devido à presença da BHE. Dada a contínua 

necessidade de se encontrar alternativas terapêuticas para o câncer e os desafios 
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clínicos associados, é crucial aprofundar o estudo deste composto, buscando novos 

caminhos de tratamento para diferentes tipos de câncer, especialmente os de alta 

letalidade, como o GB. Adicionalmente, os obstáculos impostos pelo microambiente 

tumoral, acrescidos da BHE no caso do GB, requerem o uso de sistemas de entrega 

de fármacos (DDS) diretamente ao tumor, com o intuito de aumentar a eficácia 

terapêutica e, ao mesmo tempo, reduzir os efeitos colaterais. 

 

1.4 Sistemas de entrega de fármacos para o tratamento do câncer  

  

Os DDS são empregados principalmente para obter controle preciso em 

termos de tempo e local durante a administração de fármacos e/ou agentes 

biológicos (Pillai & Panchagnula, 2001). De um modo geral, estes sistemas 

permitem que moléculas tenham seus perfis de liberação modulados e que sejam 

liberadas de maneira sítio-específica por meio de nanocarreadores com tamanhos 

variando entre 1 e 500 nm, melhorando a segurança e eficácia do tratamento, e a 

adesão do paciente em razão da minimização dos efeitos colaterais e do melhor 

manejo dos esquemas de administração (Wakaskar, 2018; Whittlesey & Shea, 

2004). Tais modificações são atingidas por meio de alterações do perfil 

farmacocinético intrínseco das moléculas pelas propriedades da matriz do sistema, 

incluindo sua composição e suas características de superfície. Além disso, os DDS 

possibilitam a administração de fármacos potentes, mas de natureza instável, com 

mínimas flutuações de doses, garantindo a uniformização prolongada da sua 

concentração plasmática aliada a uma menor incidência de toxicidade sistêmica 

(Berkland et al., 2002). 

Para uma aplicação eficaz destes sistemas, é essencial compreender as 

características tanto do fármaco quanto da matriz escolhida, uma vez que 

modificações nestes parâmetros serão determinantes na taxa de liberação de uma 

molécula. Além disso, o tecido-alvo no qual o DDS deve atuar influencia na escolha 

da matriz, dos fármacos e do sistema, evidenciando que uma abordagem 

multifacetada é fundamental para o sucesso na administração de moléculas por 

meio de DDS (Allen & Cullis, 2004; Hicks et al., 1985). 
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 Ao permitirem a combinação de diferentes materiais e técnicas, estas 

nanoestruturas também toleram o carreamento e a conjugação de moléculas que 

são incompatíveis aos sistemas de administração convencionais, bem como as 

protegem da degradação precoce. Da mesma forma, os DDS facilitam o 

encapsulamento de moléculas de baixa solubilidade, a modificação dos seus alvos, 

o aumento de sua interação com membranas e sua passagem por barreiras 

celulares (Bertrand et al., 2014).  

Recentemente, as estratégias de DDS vêm desempenhando um papel 

crucial na transformação de moléculas promissoras em terapias eficazes, e a 

versatilidade destes sistemas permite o acompanhamento da evolução do 

panorama de novas terapias contra o câncer (Allen & Cullis, 2004; Hicks et al., 

1985; Vargason et al., 2021a). Atualmente, estas nanoestruturas podem se 

apresentar de diferentes formas e com os mais variados materiais, incluindo 

lipossomas, micelas, exossomas, nanopartículas (NPs) poliméricas, conjugados 

poliméricos e NPs inorgânicas (Figura 5), que serão brevemente discutidas a seguir 

(informações mais detalhadas podem ser consultadas na Seção 3.1 desta tese). 

Sistemas mais simples, como as nanoemulsões ï foco principal deste estudo ï 

também são amplamente utilizados, e serão abordados numa seção à parte. 

  

 
Figura 5: Representação esquemática dos diferentes tipos de nanoestruturas utilizados em 
sistemas de entrega de fármacos. Legenda: sílica (A), ouro (B), prata (C), nanotubo de carbono 
(D), quantum dots (E), nanocápsula (F), nanoesfera (G), dendrímero (H), polímero-anticorpo (I), 
polímero-proteína (J), polímero-aptâmero (K), e polímero-fármaco (L). Fonte: elaboração própria 
com o auxílio da ferramenta BioRender. 
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 Os lipossomas são formados por vesículas fosfolipídicas medindo a partir de 

50 nm, e são amplamente utilizados em aplicações biomédicas em razão da 

habilidade em comportar moléculas hidrofóbicas na sua bicamada lipídica e 

encapsular compostos hidrofílicos no seu núcleo (Anselmo & Mitragotri, 2019; 

Chaturvedi et al., 2018). Lipossomas catiônicos também podem ser 

eletrostaticamente ligados a ácidos nucleicos, e sua composição semelhante à 

membrana celular garante um elevado grau de compatibilidade em comparação a 

nanocarreadores sintéticos, minimizando efeitos antigênicos e tóxicos. Entretanto, 

desafios como o tempo prolongado de circulação no plasma, a instabilidade por 

ação da oxidação fosfolipídica, o processo de esterilização e limitações no controle 

de liberação de moléculas constituem fatores limitantes no seu uso terapêutico (Li 

et al., 2017; Pérez-Herrero & Fernández-Medarde, 2015). Tais problemas podem 

ser contornados por modificações estruturais e físico-químicas, utilizando 

polímeros para aumentar e/ou estabilizar a taxa de liberação, modular o tempo de 

circulação no plasma, e permitir o encapsulamento de ácidos nucleicos para 

transfecção celular, bem como a ligação com anticorpos para imunoterapia (Pérez-

Herrero & Fernández-Medarde, 2015; Torchilin, 2005).  

Diversos estudos in vitro e in vivo têm demonstrado a eficácia de sistemas 

lipossomais no tratamento de diversos tumores, sendo os sistemas responsivos ao 

pH os mais promissores. Notavelmente, formulações como o Doxil®, o primeiro 

nanocarreador aprovado pelo FDA em 1995, têm sido ferramentas fundamentais 

na quimioterapia ao utilizarem brechas na vasculatura tumoral para atingir estas 

células de maneira mais eficaz que outras NPs (Chaturvedi et al., 2018; Qiu et al., 

2017; Torchilin, 2005). 

 As micelas são nanocarreadores coloidais, anfifílicos, com tamanhos entre 

5 e 200 nm, customizadas para a liberação controlada e lenta de fármacos. Sua 

estrutura compreende um núcleo hidrofóbico e uma camada externa com 

polaridade suficiente para se dispersar em meio aquoso (Bregoli et al., 2016; Lee 

Ventola, 2017; Rizwanullah et al., 2018). Desenhadas para melhorar a solubilidade 

e biodisponibilidade de fármacos, as micelas normalmente apresentam um núcleo 

composto de óxido de polifenileno ou lipídeos, sustentados por forças de van der 
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Waals, e uma superfície hidrofílica coberta de polímeros, garantindo proteção e 

circulação plasmática prolongada (Elkhodiry et al., 2016; Li et al., 2017).  

Micelas contendo doxorrubicina já demonstraram atividade antitumoral in 

vitro para o tratamento de câncer oral, bem como micelas poliméricas carreando 

cisplatina se mostraram capazes de diminuir quadros de nefrotoxicidade, enquanto 

aumentavam a liberação linfática do fármaco. Além disso, este sistema encontrou 

aplicações na entrega de microRNAs para atingir tumores, modulando a autofagia, 

a proliferação e a invasão celular. Apesar de sua versatilidade, preocupações com 

a estabilidade deste sistema surgem devido a fatores como a baixa concentração 

micelar crítica, que pode ser resolvida pela conjugação com estruturas poliméricas, 

aumentando a estabilidade e o acúmulo tumoral por meio do enhanced permeability 

and retention effect, justificando assim seu uso na quimioterapia (Elkhodiry et al., 

2016; Endo et al., 2013; Lasic & Needhamt, 1995; Saiyin et al., 2014). 

 Os exossomas compreendem um subtipo de vesículas extracelulares com 

tamanhos entre 30 e 150 nm, e originam-se da exocitose de endossomos para o 

meio extracelular (Couto et al., 2018; Greening et al., 2015). Estas estruturas são 

secretadas por diversos tipos celulares, incluindo células imunológicas, tumorais, 

neuronais, endoteliais e fibroblastos, e consistem em uma bicamada lipídica com a 

capacidade de carrear e transferir proteínas, ácidos nucleicos e outras moléculas, 

além de transmitir informações a células adjacentes e modular seu comportamento 

mediantes modificações moleculares (Greening et al., 2015; Lim & Kim, 2019). 

Diferentemente de lipossomas e micelas, os exossomas oferecem vantagens 

únicas em razão da sua biocompatibilidade e origem natural. Tal característica 

reduz as chances de serem precocemente fagocitados, aumentando sua 

capacidade de penetração no ambiente tumoral, bem como permitindo a eles 

desempenharem importantes funções na modulação da resposta imune, 

reciclagem e comunicação celular (Greening et al., 2015; Kalluri, 2016). 

 As nanopartículas poliméricas são sistemas coloidais sólidos capazes de 

dissolver, apreender, encapsular ou adsorver agentes terapêuticos em uma matriz 

polimérica biodegradável e biocompatível. A versatilidade destas nanoestruturas 

permite a associação de moléculas de diferentes naturezas físico-químicas, e sua 

apresentação se dá particularmente em duas diferentes formas: as nanocápsulas, 
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compostas de uma vesícula com uma cavidade oleosa ou aquosa, contendo o 

fármaco e envolta por uma membrana polimérica, e as nanoesferas, uma matriz 

polimérica na qual o fármaco encontra-se amplamente disperso (Letchford & Burt, 

2007; Parveen & Sahoo, 2008; Prabhu et al., 2015). Sua composição envolve tanto 

polímeros naturais, como a quitosana e a albumina, quanto sintéticos, como o 

álcool polivinílico, ácido poliacrílico, poli(ácido lático-co-§cido glic·lico) e a poli(ắ-

caprolactona), onde sua preparação se dá por métodos como evaporação do 

solvente, polimerização em emulsão, e diálise (Banik et al., 2016; El-Say & El-Sawy, 

2017).  

 A grande variedade de polímeros que podem ser usados como veículos na 

produção de DDS requer um minucioso estudo de suas propriedades mecânicas e 

físico-química previamente à sua utilização. A exemplo, polímeros com perfis de 

resistência, rigidez e dureza bem definidos apresentam vantagens na modulação 

da cinética de degradação destes materiais, e consequentemente no perfil de 

liberação das moléculas carreadas, enquanto o caráter hidrofóbico ou hidrofílico 

destes materiais influenciará na solubilidade, toxicidade e no perfil de liberação 

(Bhatia, 2016). Atualmente, NPs poliméricas já são encontradas em medicamentos 

como o Abraxane®, que utiliza a albumina como carreadora do fármaco paclitaxel 

no tratamento de tumores metastáticos de mama, e o Eligard®, composto de um 

polímero sintético contendo acetato de leuprorrelina para o tratamento de tumores 

de próstata (Banik et al., 2016; Lee Ventola, 2017). 

 De maneira similar, polímeros hidrofílicos e anfifílicos também podem ser 

conjugados com diferentes moléculas através de ligações covalentes, com o intuito 

de melhorar a efetividade terapêutica e minimizar efeitos colaterais (Ekladious et 

al., 2019; Lomkova et al., 2016; Pang et al., 2014). Estas combinações podem se 

apresentar na forma de dendrímeros e polímeros ligados a fármacos, proteínas, 

anticorpos ou aptâmeros, e têm demonstrado efeitos positivos no prolongamento 

da circulação do conjugado no plasma, e na sua solubilidade e biodisponibilidade, 

evitando assim a liberação imediata nos tecidos-alvo (Chang et al., 2016; Lomkova 

et al., 2016). Polímeros como o polietilenoglicol (PEG) e o N-(2-hidroxipropil)-

metacrilamida (HPMA) já foram conjugados a proteínas e doxorrubicina, 

respectivamente. Enquanto o conjugado PEG-adenosina desaminase evoluiu para 
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o produto veterinário Adagen®, a combinação HPMA-doxorrubicina esbarrou em 

requisitos como eficácia terapêutica em razão do baixo acúmulo no ambiente 

tumoral (Banerjee et al., 2012; Seymour et al., 2009). 

 Por fim, o grupo das NPs inorgânicas engloba uma gama de estruturas que 

incluem NPs de ouro, prata, sílica e magnéticas, nanotubos de carbono e quantum 

dots (QDs), e têm recebido atenção especial no campo do tratamento do câncer 

em razão de suas propriedades físico-químicas e características de superfície 

peculiares (F. Wang et al., 2016; F. Yang et al., 2012; Yezhelyev et al., 2009). As 

NPs de ouro, com tamanhos e formas variados, exibem ressonância plasmônica de 

superfície, permitindo a conversão de luz em calor para hipertermia localizada e 

erradicação de células cancerígenas. Efeitos similares podem ser vistos no uso de 

NPs magnéticas, como as de óxidos de ferro, que geram efeitos térmicos quando 

expostas a um campo magnético. NPs de ferro responsivas à ablação termal já se 

encontram aprovadas para o tratamento de GB, sob o nome comercial de 

NanoTherm® (Mukerjee et al., 2012; Tran et al., 2017; Xu et al., 2018; Yezhelyev et 

al., 2009). As NPs de prata, conhecidas pela sua maior estabilidade, condutividade 

e propriedades catalíticas, possuem potencial terapêutico por meio de atividades 

antiangiogênicas e antiproliferativas, embora também tenham demonstrado 

citotoxicidade não-seletiva devido à sua capacidade de penetrar em diversos 

tecidos (Greulich et al., 2011; Jeyaraj et al., 2013). As NPs de sílica, particularmente 

aquelas de sílica mesoporosa, servem como reservatórios para a administração 

controlada de fármacos devido ao seu tamanho de poro personalizado (Vallet-Regi 

et al., 2001; Y. Yang & Yu, 2016).  

Os nanotubos de carbono, hidrofóbicos e organizados em camadas com 

diâmetros de 1 a 4 nm, apresentam propriedades como baixo peso, estabilidade 

mecânica, elevada capacidade de carreamento, e boa condutividade termal e 

elétrica, permitindo a incorporação de fármacos, RNA e anticorpos, que por sua vez 

podem ser liberados diretamente no citoplasma graças à capacidade de penetração 

do ótipo agulhaô destas estruturas. Por outro lado, a baixa solubilidade dos 

nanotubos pode aumentar sua toxicidade (Chaturvedi et al., 2018; Markman et al., 

2013; F. Yang et al., 2012). Por último, os QDs constituem nanocristais ou NPs 

semicondutoras de 2 a 10 nm, com características fluorescentes, e atuam como 
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transportadores teragnósticos versáteis, capazes de detectar proteínas e peptídeos 

superexpressos e aumentar a geração de ROS e consequente apoptose celular 

(Chaturvedi et al., 2018; Probst et al., 2013; Xu et al., 2018). 

 

1.4.1 Nanoemulsões  

 

 As nanoemulsões (NE) são dispersões coloidais transparentes/translúcidas 

e heterogêneas de duas substâncias líquidas imiscíveis (óleo e água), onde um 

líquido está disperso no outro por meio da ação de agentes surfactantes, formando 

um sistema com tamanho de gotículas tipicamente entre 20 e 200 nm (Pavoni et 

al., 2020; Shaker et al., 2019). Suas principais características são a estabilidade 

termodinâmica e cinética (ausência de aparente floculação ou coalescência), e a 

distribuição uniforme do tamanho das gotículas, o que garante a elas propriedades 

físico-químicas e biológicas diferentes de outras emulsões com tamanho de 

gotículas superior a 500 nm (Rai et al., 2018). 

 Com base em sua composição, uma NE pode ser classificada em três 

diferentes tipos: óleo em água, onde a fase oleosa está dispersa numa fase aquosa 

contínua; água em óleo, onde a fase aquosa está dispersa numa fase oleosa 

contínua; e bicontínua, onde microdomínios compostos de fases oleosa e aquosa 

encontram-se interdispersos no sistema (Rai et al., 2018). Os componentes básicos 

da sua fase oleosa incluem triglicerídeos de cadeia média, ácidos graxos, solventes 

orgânicos, emulsificantes, enquanto a fase aquosa compõe-se de água e 

surfactante (Nastiti et al., 2017), este último de caráter comumente não-iônico e 

com considerável capacidade de reduzir a tensão superficial, evitando assim a 

agregação das gotículas e aumentando a permeação do sistema (Harwansh et al., 

2019; Pavoni et al., 2020). 

 As NE do tipo óleo em água (Figura 6) são as mais comuns, e podem ser 

obtidas por meio de diversas metodologias, que incluem o uso de microfluidizador 

e ultrassom, a emulsão espontânea, inversão de fase, homogeneização por alta 

pressão, e o método por deslocamento de solvente (Beck-Broichsitter et al., 2010; 

Fathi et al., 2012; Nastiti et al., 2017; Singh et al., 2017). Este último método 

constitui-se de um processo rápido, reprodutível e econômico, e requer o uso de 
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solventes orgânicos anfifílicos e miscíveis em água, como a acetona. Sua 

metodologia consiste na adição progressiva da fase oleosa, contendo o solvente 

orgânico, à fase aquosa, sob agitação constante e temperatura apropriada, levando 

à formação de partículas coloidais em suspensão por meio de fenômenos 

hidrodinâmicos interfaciais entre as duas fases (Beck-Broichsitter et al., 2010). 

  

 
Figura 6: Representação esquemática de uma gotícula de nanoemulsão do tipo óleo em água. 
Fonte: figura elaborada pelo autor com o auxílio da ferramenta BioRender. 

 

 Estudos pré-clínicos e clínicos têm demonstrado a alta eficácia do uso de 

NE no carreamento de diversas moléculas com atividade antitumoral, tanto naturais 

como sintéticas, principalmente contra tumores do trato gastrointestinal e sistema 

reprodutor, bem como de pele, cérebro, mama, pulmão e leucemia (Tabela 1). 

 

Tabela 1: Ensaios pré-clínicos e clínicos utilizando nanoemulsões contendo moléculas para o 
tratamento do câncer. 

Molécula 
carreada  

Tipo de 
câncer  

Fase do 
estudo  

Resultados e/ou status  Referência  

Campferol Glioma Pré-clínica Redução do 
crescimento tumoral 

(Colombo et 
al., 2018) 

7-cetocolesterol Melanoma Pré-clínica Redução de 50% dos 
tumores e aumento da 

área necrótica 

(Natesan et 
al., 2017) 

Curcumina Próstata Pré-clínica Aumento da 
citotoxicidade; parada 

do ciclo celular e 
aumento da apoptose 

(Guan et al., 
2017) 

DHA-SBT-1214 Pâncreas Pré-clínica Inibição do crescimento 
tumoral induzido por 

células-tronco 

(Ahmad et al., 
2017) 
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Didodecil-
metotrexato 

Leucemia Pré-clínica Aumento da ação do 
metotrexato quanto 
comparada à sua 

versão não esterificada 

(Botchkina et 
al., 2010) 

Licopeno Cólon Pré-clínica Redução dos níveis de 
proteínas relacionadas à 

progressão do ciclo 
celular; aumento da 

apoptose e redução da 
migração celulares 

(Sánchez-
López et al., 

2019) 

Paclitaxel Ovário Pré-clínica Redução dos níveis de 
proteínas relacionadas à 

progressão do ciclo 
celular; aumento do 

estresse mitocondrial 

(Cronin et al., 
2010) 

Paclitaxel Pulmão Pré-clínica Inibição do crescimento 
tumoral 

(Sánchez-
López et al., 

2019) 

Ácido 5-
aminolevulínico 

Células 
basais 

Clínica Ativo, sem recrutamento (Sánchez-
López et al., 

2019) 

Curcumina Mama Clínica Ativo, em recrutamento (Sánchez-
López et al., 

2019) 

Paclitaxel Mama Clínica Fase I (Graván et al., 
2023) 

 

 Em comparação a outras emulsões convencionais, as NE exibem uma série 

de vantagens como elevada estabilidade, rápida absorção via internalização nos 

enterócitos e a habilidade em melhorar a solubilidade de moléculas, 

consequentemente aumentando sua biodisponibilidade. Além disso, o incremento 

da área interfacial entre as fases oleosa e aquosa das NE confere a elas uma alta 

capacidade de solubilização de compostos, tanto hidrofóbicos quanto hidrofílicos, 

enquanto características como a carga superficial, o tamanho menor das gotículas 

e a estabilidade cinética agem contra efeitos indesejáveis, como sedimentação, 

floculação e coalescência (Rai et al., 2018). Por fim, NE capazes de carrear 

moléculas bioativas adsorvidas em sua interface podem oferecer rápida liberação 

e início da ação farmacológica, bem como ser combinadas com outras moléculas 

de liberação lenta numa abordagem sinérgica, permitindo assim esquemas de 

tratamento com dose de ataque, somados a uma ação mais prolongada, fator 

importante na terapia de tumores localizados em áreas de difícil acesso, como os 

tumores cerebrais (D. Chen et al., 2023; Heravi Shargh et al., 2021). 

 O câncer, uma enfermidade complexa e diversificada, continua a desafiar a 

eficácia terapêutica, mesmo com avanços notáveis. Diante do aumento previsto 
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dos casos e das taxas alarmantes de mortalidade, é evidente a necessidade de 

abordagens mais efetivas. O GB, notório por sua resistência a tratamentos e 

prognóstico desfavorável, destaca a urgência de soluções inovadoras, e a pesquisa 

com o Fc, explorando seu efeito na potencialização da quimioterapia e na entrega 

direcionada de medicamentos, desponta como uma promissora estratégia. Aliado 

a isto, os sistemas de entrega de fármacos, desde lipossomas a nanoemulsões, 

desempenham um papel crucial nesse cenário, oferecendo soluções 

multifacetadas para os desafios terapêuticos. Por fim, a versatilidade desses 

sistemas tem potencial para moldar terapias mais eficazes e inovadoras, abrindo 

caminho para novos avanços na luta contra o câncer. 
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2 OBJETIVOS 

 

2.1 Objetivo geral  

Desenvolver, caracterizar e avaliar a eficácia de uma nanoemulsão contendo 

temozolomida e o efeito de pré e cotratamentos com ferroceno em linhagens 

celulares de glioblastoma humano. 

 

2.2 Objetivos específicos  

1 ï Investigar o uso de sistemas de entrega de fármacos no tratamento do câncer, 

por meio da elaboração de um artigo de revisão. 

2 ï Desenvolver e caracterizar uma nanoemulsão do tipo óleo em água, contendo 

temozolomida. 

3 ï Avaliar a eficácia desta nanoemulsão e do ferroceno em esquemas de mono e 

cotratamento agudos em linhagens de glioblastoma humano. 

4 ï Avaliar a eficácia da nanoemulsão contendo temozolomida com e sem 

esquemas de pré e cotratamento com ferroceno em linhagens de glioblastoma 

humano, simulando uma abordagem clínica de tratamento. 
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3 ARTIGOS CIENTÍFICOS 

 

3.1 Capítulo 1: Cancer nanomedicine: recent developments in drug delivery 

systems and strategies to overcome eventual barriers to  achieve  a better 

outcome  

Artigo científico submetido à revista Journal of Drug Delivery Science and 

Technology (fator de impacto 5). 

Observação: as figuras foram inseridas junto ao texto para facilitação da leitura, e 

a paginação segue a ordem geral da tese. 
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ABSTRACT 

 

Cancer has been a global challenge given the number of limitations of current 

therapies, such as multi-drug resistance, high levels of toxicity, side effects, the tumor 

microenvironment, and the lack of cell-targeted approaches. Over the past decades, several 

strategies using nanotechnological structures for drug delivery systems have been developed 

to provide targeted and controlled release of drugs for in situ anticancer therapies. These 

nanostructures are made of different types of biocompatible materials, ranging from 

polymeric to organic and inorganic nanoparticles, thus allowing them to interact with 

different cells, membranes, and receptors, as well as to conjugate molecules with the most 

diverse physicochemical characteristics. Moreover, these structures can potentially 

overcome the drawbacks of systemic therapy, taking advantage of the organismôs biological 

mechanisms to increase therapeutic efficacy while reducing systemic toxicity. In this review, 

we focus on nanostructures as drug delivery systems for cancer treatment, how they can 

reach tumor cells and improve in situ toxicity, and the barriers they may face to achieve a 

positive outcome. Overall, several nanoproducts have been developed to treat different types 

of cancers, and most of the current nanomedical approaches focus on the ability to target 

tumor cells by improving drug delivery rates and combining different molecules, therefore 

potentially reducing side effects. On the other hand, concerns regarding individual 

characteristics of patients, tumor barrier mechanisms, and the potential toxicity of non-

biological materials are still challenges to be addressed. Nonetheless, the rapid development 

of nanomedicine and the constant improvement of related techniques point to a promising 

future in the treatment of cancer and in improving the quality of life of patients. 

 

Keywords: cancer; nanotechnology; nanocarriers; drug resistance; local delivery; targeted 

therapy 
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1. Introduction  

 Cancer is a multifactorial and complex set of diseases characterized by abnormal and 

uncontrolled cell growth, presenting tissue and organ parenchymal disorganization that leads 

to a physiological impairment of the affected organism [1]. Etiologically, this disease 

involves several features such as DNA damage and replicative stress ï which may lead the 

cells to some genomic instability ï as well as immunological disorders, increased angiogenic 

support, and recidivism due to tissue invasion and metastasis [2,3]. 

 According to the World Health Organization, in 2020, there were around 19.2 million 

new worldwide cancer cases and 9.9 million deaths. For 2040, the estimated number of new 

cases is around 29.5 million, representing an increase of 63.4% [4]. This makes cancer the 

second leading cause of death, reinforcing it as an imminent public health problem and 

justifying the constant search for new therapies and treatment approaches [5].  

 Conventional cancer treatment usually includes a triad composed of surgical 

resection, chemotherapy, and radiotherapy. However, tumor resection is, in several cases, a 

dangerous procedure that may cause several damages to the patient, depending on the 

location and the extension of the tumor. Besides, radiotherapy also has its complications 

since it may cause skin irritation and adverse effects on healthy tissues adjacent to the tumor 

site. Finally, even with all the improvements that have been made in the last few years, 

chemotherapy drugs still have limited effects and poor pharmacokinetics, causing toxicity 

not only to nearby healthy cells but also to the entire organism due to their lack of specificity 

[5,6].  

Recently, some of these flaws have been overcome by the advent of cancer 

immunotherapy. This approach harnesses the patientôs immune system to target tumor cells 

by binding to specific tumor antigens, hence increasing the immune systemôs ability to 

identify, inhibit, and kill those neoplastic cells [7]. Although promising, immunotherapy still 

faces some challenges, such as the understanding of the dominant drivers of cancer 

immunity, primary versus secondary immune escape, and organ-specific tumor immune 

features, as well as the elucidation of the benefits of endogenous versus synthetic immunity 

and the need for highly patient-personalized approaches that lead to high-cost treatment 

[7,8]. 

 In addition, most drugs face other major problems related to chemoresistance, 

allowing cancer cells to evade and survive to different treatments. This can be achieved by 
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using molecular mechanisms that reduce drug availability through changes in the pH of the 

tumor microenvironment (TME), promoting epithelial-mesenchymal transition, and/or 

overexpressing oncogenic signaling pathways [9].  

Furthermore, TME is by itself a significant physical barrier to cancer therapies. It 

includes subpopulations of malignant cells with different genetic backgrounds, healthy cells 

and blood, immune, and endothelial cells that work like scaffolds for the tumor, not to 

mention the high vascularization at the site, which gives extra oxygen supply to maintain the 

tumorôs high metabolic rate [10]. Moreover, all these characteristics give the tumor a more 

rigid consistency, and this leads us to other important roles of oxygen supply on TME: the 

high replicative rate of peripheral tumor cells and the reduced oxygen rate in the central 

region of the tumor, generating a state of hypoxia that activates inflammatory pathways and 

downregulates tumor suppressor proteins such as p53 [9-11]. 

To overcome these issues, several nanotechnological approaches applied to medicine 

have been developed in the last few years, transforming nanomedicine into a wide-ranging 

field that comprehends physicochemical, biological, and engineering principles to obtain 

structures with a size range of 1-500 nm [12]. By joining different materials and techniques, 

these nanostructures may be able to facilitate the combination of different molecules and 

protect them from earlier degradation. These techniques may also facilitate the encapsulation 

of drugs that are insufficiently soluble, modification of their targets, enhancement of the 

interaction with cell membranes, circumventing organ barriers, and providing a drug 

delivery system (DDS) directly to the tumor site, thereby enabling the utilization of lower 

doses and avoiding adverse effects [13].  

One of the most significant advantages of nanostructures is the wide range of 

different materials and approaches that can be used to obtain them. They may involve 

polymeric nanoparticles (PNPs), polymer conjugates, inorganic nanoparticles (INPs), 

liposomes, micelles, exosomes, carbon nanotubes, and quantum dots (QDs) (Figure 1). The 

choice of material to be used will depend on factors such as physicochemical interactions 

between the molecule of interest and the material, the route of administration, the location 

of the therapeutic target, and the mechanism of targeting [14,15]. Moreover, the 

development of these nanotechnologies has been supported over the past years by various 

strategies that enhance their functionalities, either by surface modifications, physical 

properties, or controlled release [16]. 
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Fig. 1: Schematic representation of the different types of nanostructures for DDS. Inorganic nanoparticles: gold 

(A), silica (B), silver (C), carbon nanotube (D), and quantum dots (E). Polymeric nanoparticles: nanocapsule 

(F) and nanosphere (G). Polymer conjugates: polymer-antibody (H), polymer-protein (I), polymer-aptamer (J), 

polymer-drug (K), and dendrimer (L). Exosome (M). Liposome (N). Micelle (O). 

 

In short, nanomedicine applied to cancer diagnosis, prevention, and treatment can be 

structured in three major aspects: the nanocarrier platforms, the common barriers that 

hamper cancer chemotherapy, and the transport and cell targeting mechanisms to overcome 

these barriers. Thus, this work proposes to review, update, and discuss all these features and 

demonstrate how to overcome them by using rational DDS approaches (as schematized in 

Supplementary Information Fig. S1). 

 

2. Nanocarrier platforms 

2.1 Polymeric nanoparticles 

PNPs are solid colloidal systems that allow the dissolution, entrapment, 

encapsulation, or adsorption of therapeutic agents onto the polymer matrix. These drug 

carriers are biocompatible and biodegradable, as well as highly versatile in terms of the drug 

classes that can be associated with them. PNPs can be obtained in different structures 

depending on the process of formation, resulting in nanocapsules, a single vesicular 

polymeric membrane involving the drug confined in an oily or aqueous cavity, or 

nanospheres, a matrix in which the drug is dispersed all over the particles [17-19]. 

The production of PNPs involves several types of synthetic and/or natural polymers. 

Among the natural ones, chitosan and albumin-based PNPs are the most well-known. 

Synthetic polymers used to prepare PNPs include molecules such as poly(vinyl alcohol) 

(PVA), poly(lactide-co-glycolide) (PLGA), poly(acrylic acid) (PAA), polylactide (PLA), 



42 

 

 
 

polyglycolide, poly(Ů-caprolactone) (PCL), poly(D,L-lactide), PLGA-polyethylene glycol 

(PLGA-PEG), polyamidoamine (PMAM), and polyethylene oxide (PEO) [18,19]. The 

preparation methods include solvent evaporation, emulsion polymerization, conventional 

emulsion polymerization, surfactant-free emulsion polymerization, and dialysis [20,21]. 

Numerous in vitro and in vivo studies have been carried out using PLGA systems. 

Moreno et al. formulated PLGA nanoparticles (NPs) containing cisplatin and verified their 

cytotoxicity in DHD/K12PROb rat cells obtained from colon adenocarcinoma. The results 

revealed that the formulation offered a controlled release of cisplatin, inducing more 

effective apoptosis when compared to the free-form drug [22]. In the same way, doxorubicin 

and tamoxifen-loaded PLGA NPs presented higher drug payloads to MDA-MB-231 human 

and C1271 murine breast cancer cells, respectively [23,24], and doxorubicin NPs had a 

synergistic effect along with photothermal treatment in HeLa human cervical carcinoma 

cells [25]. Regarding pancreatic carcinoma, Papa et al. used gemcitabine-loaded PLGA NPs 

in PANC1 human pancreatic carcinoma cells and observed increased amounts of 

cytotoxicity and apoptosis [26], and similar results were found in U87MG human glioma 

cells treated with 5-fluorouracil (5-FU) PLGA NPs [27].  

Concerning in vivo models, Han et al. revealed that cisplatin PLGA-mPEG NPs 

administered in IRC and BALB/c mice were highly stable and showed a median lethal dose 

(LD50) of more than 100 mg/kg, which was much higher than its free-form [28], and the 

same formulation was also efficient in rat glioblastoma models, with satisfactory delivery 

across the blood-brain barrier (BBB) [29]. Cisplatin PLGA NPs injected in a 

DHD/K12PROb colon adenocarcinoma nude mouse model showed no toxicity signs and 

reduced tumor volume [30]. 

Chitosan and PEG were similarly used to obtain PNPs loaded with 5-FU. Studies 

using mouse hepatic cancer models revealed that the formulation was able to reduce the 

tumor growth rate via the p53 apoptosis pathway, as well as reduce the side effects and 

immunosuppression of the conventional treatment [31,32]. Using PBLG-PEG NPs 

containing 5-FU in a Balb/c nude mouse model implanted with LoVo colon cancer or 

Tca8113 oral squamous carcinoma cells, Li et al. displayed that both models presented 

slower tumor growth and prolonged tumor doubling times [33]. 

Currently, PNPs are being used in several preclinical assays and clinical trials for 

cancer therapy; however, only a few of them have completed all requirements for Food and 
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Drug Administration (FDA) approval for commercialization. Nevertheless, most of them are 

in the advanced stages of clinical studies or already approved, offering a variety of future 

possibilities in the chemotherapy field (Table 1). 

 

Table 1: Examples of current clinical trials using polymeric nanoparticles for cancer therapy. 

PNP Commercial drug 

(sponsor) 

Generic name Indications Status Ref. 

Albumin ABI-008 

(Abraxis/Celgene) 

Docetaxel Metastatic 

breast and 

prostate 

cancer 

Phase II [34] 

Albumin ABI-009 

(Abraxis/Celgene) 

Nab-sirolimus Solid tumors, 

bladder cancer 

Phase II [34] 

Albumin ABI-011 

(Abraxis/Celgene) 

Thiocolchicine 

dimer 

Solid tumors, 

lymphoma 

Phase I [34] 

Albumin Abraxane 

(Abraxis/Celgene) 

Paclitaxel Metastatic 

breast cancer 

and various 

other tumors 

Approved [21] 

Polyamino 

acid-PEG 

NC-6004 

Nanoplatin 

(Nanocarrier) 

Cisplatin Advanced 

solid tumors, 

lung, biliary, 

bladder, and 

pancreatic 

cancers 

Phase II [37] 

Polyamino 

acid-PEG 

NC-4016 DACH-

Platin micelle 

(Nanocarrier) 

Oxaliplatin Advanced 

solid tumors 

or lymphomas 

Phase I [37] 

PIHCA Transdrug 

(Onxeo) 

Doxorubicin Hepatocellular 

carcinoma 

Phase III [21] 

PLGA-PEG BIND-014 (Bind 

Therapeutics) 

Docetaxel Metastatic 

castration-

resistant 

prostate and 

non-small cell 

lung cancers 

Phase II [35] 

PLGH Eligard 

(TOLMAR 

Pharmaceuticals) 

Leuprolide 

acetate 

Prostate 

cancer 

Approved [38] 

PNP: polymeric nanoparticle; PIHCA: poly(isohexylcyanoacrylate); PLGA: poly(lactic-co-glycolic acid); 

PEG: polyethylene glycol; PLGH: DL-lactide-co-glycolide. 

 

2.2 Polymer conjugates 

The conjugation of macromolecular polymers with drugs, proteins, and their 

derivatives is an interesting platform for DDS as it allows therapeutic agents to be covalently 

bound to hydrophilic or amphiphilic polymers instead of being encapsulated as in a PNP 

[39-41]. This nanoscale system may be able to prolong drug circulation time in the blood 
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and improve its solubility and bioavailability, reducing the occurrence of side effects and 

burst release (expect at the target tissue) [40,42]. 

Most polymer conjugates use N-(2-hydroxypropyl)-methacrylamide (HPMA) 

copolymers, polyethylenimine (PEI), polyglutamic acid (PGA), PAA, PCL, PEG, PLA, 

PLGA dextran, or hyaluronic acid (HA), and they can be bound to one or more drugs, 

proteins, antibodies, or aptamers, acquiring different structures such as dendrimers, polymer-

drug, polymer-protein, polymer-antibody, and polymer-aptamer conjugates, with many of 

them already launched in the market [39,42-44]. 

Proteins and antibodies conjugated to PEG have been well-known in the 

pharmaceutical industry since the 1990s, when Adagen®, a PEG-adenosine deaminase 

conjugate, was approved by the FDA for the treatment of ADA-SCID (severe 

immunodeficiency caused by hereditary deficiency of the adenosine deaminase enzyme) 

[45]. In the cancer field, this strategy allowed several companies to start different clinical 

developments, including drug-polymer conjugates. The first drug-polymer conjugate to 

progress in clinical trials was a HPMA-doxorubicin formulation, which in preclinical assays 

showed a higher improvement in plasma half-life and antitumor activity and a lower toxicity. 

However, clinical trials failed after only a few patients presented tumor drug accumulation, 

with minimal efficacy [46].  

Lastly, dendrimers are unimolecular, three-dimensional, and highly branched 

polymeric structures. They present a central core with radiating blocks in branched units, 

which give them a precise shape with low dispersity [39,47]. One of the main advantages of 

dendrimers is their ability to penetrate through intestinal membranes, which is frequently a 

limitation to oral drug administration due to the permeability barriers in the gastrointestinal 

tract [41]. The first dendrimer to receive commercial approval was SPL7013 (VivaGel), a 

poly(L-lysine) topical microbicide to treat bacterial vaginosis. However, the most widely 

used polymer is poly-amidoamine (PMAM), a cationic amine-terminated and non-

biodegradable molecule, which makes it difficult to use in medicine [39]. Despite this, some 

drug-dendrimer formulations are currently under study (Table 2). 

 

Table 2: Examples of current clinical trials using polymer conjugates for cancer therapy. 

Conjugate Commercial drug 

(sponsor) 

Generic name Indications Status Ref. 

PEG-protein Calaspargase 

pegol (Shire) 

Asparaginase Acute 

lymphoblastic 

Phase II [48] 
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leukemia, 

lymphoblastic 

lymphoma 

PEG-protein Pegilodecakin 

(ARMO 

BioSciences) 

IL-10 Pancreatic 

cancer 

Phase I [50] 

PEG-protein Pegargiminase 

(Polaris Group) 

Arginine 

deiminase 

Mesothelioma Phase I [51] 

PEG-protein BCT-100 (Bio-

Cancer Treatment 

International) 

Arginase-1 Acute myeloid 

leukemia 

Phase II [52] 

PEG-protein NKTR-214 

(Nektar 

Therapeutics) 

IL-2 Solid tumors Phase II [53] 

PEG-aptamer Olaptesed pegol 

(Noxxon Pharma) 

Anti-CXCL12 

aptamer 

Colorectal and 

pancreatic 

cancers 

Phase I/II [54] 

SMA-drug SMANCS 

(Astellas Pharma) 

Neocarzinostatin Liver and renal 

cancers 

Approved [55] 

PGA-drug Opaxio (CTI 

BioPharma) 

Paclitaxel Ovarian, 

peritoneal, and 

fallopian tube 

cancers 

Phase III [56] 

Dextran-drug OsteoDex 

(DexTech 

Medical) 

Alendronate Prostate cancer Phase II [57] 

PEG-drug NKTR-262 

(Nektar 

Therapeutics) 

TLR7/TLR8 

agonist 

Solid tumors Phase I/II [39] 

PEG-drug DFP-13318 

(ProLynx) 

SN-38 Solid tumors Phase I [58] 

PEG-polylysine 

dendrimer 

DEP docetaxel 

(Starpharma) 

Docetaxel Solid tumors Phase II [39] 

PEG-polylysine 

dendrimer 

DEP cabazitaxel 

(Starpharma) 

Cabazitaxel Solid tumors Phase II [39] 

PEG: polyethylene glycol; IL-10: interleukin-10; IL-2: interleukin-2; SMA: poly(styrene-co-maleic acid); 

PGA: polyglutamic acid; TLR7: toll-like receptor 7; TLR8: toll-like receptor 8. 

 

2.3 Inorganic nanoparticles 

INPs comprise structures such as gold, silver, gadolinium, hafnium, magnetic, and 

silica NPs, as well as carbon nanotubes and QDs. In common, all of them are quickly 

developed, and they have physicochemical properties and surface engineering that guarantee 

exceptional biocompatibility [59]. In contrast with PNPs, inorganic nanomaterials with 

biomedical applications were recently developed and have already shown significant 

impacts on cancer therapy [60,61] (Table 3). 
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Table 3: Examples of current clinical trials using inorganic nanoparticles for cancer therapy. 

INP Commercial drug 

(sponsor) 

Generic name Indications Status Ref. 

Gd-chelate-

based NP 

AGuIX (National 

Cancer Institute, 

France) 

Polysiloxane Advanced cervical 

cancer 

Phase I [37] 

Gold NP NU-0129 

(Northwestern) 

Nucleic acids Glioblastoma Phase I [37] 

Gold NP CYT-6091 (National 

Institutes of Health 

Clinical Center) 

Tumor necrosis 

factor-Ŭ 

Pancreatic, melanoma, 

soft tissue 

sarcoma, ovarian, and 

breast cancers 

Phase I [94] 

Hafnium 

oxide NP 

NBTXR3 (PEP503) 

(Nanobiotix) 

NPs stimulated with 

external radiation to 

enhance tumor cell 

death via electron 

production 

Advanced squamous 

cell 

carcinoma 

Phase I/II [95] 

Iron NP Magnablate 

(University College 

London Hospitals) 

Iron NP.  

Magnetic-field 

responsive to thermal 

ablation 

Prostate cancer Phase I [96] 

Iron NP NanoTherm 

(MagForce 

Nanotechnologies) 

Iron NP responsive 

to thermal ablation 

Glioblastoma Approved [97] 

Silica NP AuroLase 

(Nanospectra 

Biosciences) 

Silica-gold 

nanoshells coated 

with PEG, laser-

responsive 

Thermal ablation of 

head / neck cancer and 

metastatic lung tumors 

Finished [96] 

NP: nanoparticle; Gd: gadolinium; PEG: polyethylene glycol. 

 

Gold NPs are synthesized under different substrates and methodologies, with sizes 

ranging from 1 to 100 nm and shapes going from nanospheres and nanocages to nanorods 

and nanostars. These NPs are very interesting due to their peculiar surface plasmon 

resonance, which converts light into heat, causing local hyperthermia and hence killing 

cancer cells [62,63]. Moreover, gold is a metal that can be conjugated with a large variety of 

molecules, and along with the fact that it shows low toxicity and high stability [64], several 

in vitro and in vivo antitumor studies have been carried out, especially using phytochemical 

molecules. Chen et al. synthesized gold NPs conjugated with epigallocatechin-3-gallate 

(EGCG) to test their activity against B16F10 murine melanoma cells, and the results 

revealed a 4.9-fold increased efficacy when compared to EGCG free-form. Comparable 

results were observed in tumor growth rate in a murine melanoma model [65]. In the breast 

cancer field, Kondath et al. and Raghavan et al. tested the anticancer effects of morin and 

kaempferol in MCF-7 human cell line models, respectively. Morin-gold NPs revealed high 

cytotoxicity levels when administered in MCF-7 cells and showed a biocompatible profile 
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when tested in HBL-100 normal human blood cells. Analogous results were found in 

kaempferol-gold NPs administration, where cell viability was reduced in a dose and time-

dependent manner, probably by inducing apoptotic pathways [66,67]. 

Similarly, silver NPs have interesting properties of stability, conductivity, and 

catalysis, making them a real focus on cancer treatment since they can internalize into 

mammalian cells by endocytosis and distribute their content to the cytoplasm and nucleus. 

Additionally, their small size also makes them able to cross the BBB, although some 

physicochemical properties may cause cytotoxicity to both normal and cancer cells [68,69]. 

In vitro antitumor activity of NPs has been analyzed against numerous types of cancer, with 

remarkable antiangiogenic and anti-proliferative properties [70,71]. Jeyaraj et al. and 

Gurunathan et al. carried out studies using biologically synthesized silver NPs from Sesbania 

grandiflora and Bacillus funiculus against MCF-7 and MDA-MB-231 human breast cancer 

cells, respectively. Results showed increased cytotoxicity in both cell lines, with noticeable 

effects on DNA damage, apoptosis pathways, and oxidative stress [69,72]. Also, Vasanth et 

al. tested the anticancer activity of Moringa oleifera silver NPs on HeLa human cervical 

carcinoma cells. They showed outstanding anticancer activity, probably due to oxidative 

stress followed by cell growth inhibition due to apoptosis induction [73]. 

Silica-based NPs, mainly mesoporous silica NPs, have been investigated as 

promising candidates for tumor target systems due to their ability to accept organic 

molecules and to act as a suitable reservoir for controlled DDS. As their main characteristics, 

they can be very strictly pore-sized and have a specific pore volume and surface area that 

support a high drug payload [74,75]. 

Mesoporous silica NPs containing doxorubicin and L-arginine as a nitric oxide donor 

were used, respectively, by Huang et al. and Zhang et al., in in vitro and in vivo pancreatic 

carcinoma models. The first study observed that MiaPaCa-2 human pancreatic carcinoma 

cells treated with the NPs had higher cytotoxicity levels than the free drug treatment. The 

formulation was fully functional to effectively deliver the drug in the SCID mouse model. 

The second one revealed that PANC-1 human pancreatic carcinoma cells treated with the 

NPs together with ultrasound-triggered release had increased levels of p53 and caspase-3 

protein levels, indicating DNA damage followed by apoptosis. In vivo experiments also 

showed an interesting inhibition of tumor growth in nude mice [76,77]. Giménez et al. loaded 

safranin-O and doxorubicin into PEG-capped mesoporous silica NPs to test them against 
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HeLa human cervical carcinoma cells in a glutathione (GSH)-dependent model (which has 

a higher concentration and more reductive properties inside tumors) and exposed that the 

system can be retained closed at low GHS levels, allowing the drug release only at high GSH 

concentrations [78]. 

Magnetic materials are well known and have been functionally introduced in several 

areas. The interest in using them with biomedical prospects is because they can generate 

significant thermal effects in a magnetic field [61]. To date, Fe3O4 and other iron oxides are 

the main components of magnetic NPs due to their low toxicity and well-known metabolism 

routes. Despite being more common as contrast agents, they have been lately investigated as 

potential antitumor target systems [60]. 

Singh et al. used PLGA-magnetic NPs for the co-delivery of hydrophilic 

(carboplatin) and hydrophobic (paclitaxel and rapamycin) drugs in in vitro models using 

MCF-7 human breast cancer and PANC-1 human pancreatic carcinoma cells. Their results 

displayed improved cellular uptake and an increased synergistic effect of the conjugated 

system compared to free drugs [79]. Kohler et al. treated 9L rat glioma cells with 

methotrexate-PEG magnetic NPs and observed increased cytotoxicity compared to empty 

NPs or free-drug, along with augmented cytoplasm retention, allowing extended tumor 

imaging over the therapeutic time course [80]. In vivo assays were conducted by Alexiou et 

al. using VX-2 squamous carcinoma cells implanted on a New Zealand white rabbit model 

and intra-arterially treated with magnetic NPs bound to mitoxantrone, resulting in a complete 

and permanent remission of the tumor in comparison with the negative control and 

intravenous administration groups [81]. 

Carbon nanotubes can be classified into single- and multiwalled versions and display 

inherent properties such as ultralight weight, mechanical strength, large internal volume, and 

pronounced electrical and thermal conductivities. These nanosystems have acquired 

increased attention in cancer nanomedicine in the last twenty years because of their versatile 

profiles, allowing the incorporation and establishment of several DDS containing from drugs 

and small interfering RNA to proteins and antibodies [15,60,64]. Structurally, carbon 

nanotubes are hydrophobic self-assembling sheets of atoms organized in a tube shape with 

a diameter between 1 and 4 nm, giving them the ability to cross cells using ñneedle-like 

penetrationò, and therefore deliver their content into the cytoplasm. On the other hand, these 

nanostructures are non-dispersible in all solvents, which increases cytotoxicity levels and 
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requires structural chemical modifications to convert them into water-dispersible carriers, 

allowing the inclusion of different chemotherapeutic drugs [35,82]. 

Two in vitro studies using A549 human lung carcinoma cells looked for the 

phytochemical anticancer properties of carbon nanotubes containing betulinic acid and 

silibinin, and in both cases the cytotoxicity effects were higher than the free-drug treatments 

and showed no toxicity against normal cell lines [83,84]. Paclitaxel was also PEG-

functionalized into carbon nanotubes and tested in HeLa human cervical carcinoma and 

MCF-7 human breast cancer cells, showing high efficacy to kill both cell lines with a lower 

IC50 than free-drug [85]. Similar effects were observed in vitro and in vivo by using cisplatin 

carbon nanotubes bound to the specific receptor ligand EGF (epidermal growth factor) 

against HNSCC neck squamous carcinoma cells and mice xerographically implanted with 

the same cell line overexpressing the EGF receptor. In both experiments, the nanosystems 

could selectively and efficiently target cells overexpressing the receptors, killing most of the 

tumor cells [86]. 

Finally, QDs are 2-10 nm-sized semiconductors and fluorescent NPs or nanocrystals, 

composed of groups II-VI or III -V elements such as sulfides, selenides, tellurides, and 

carbon (silicon). By carrying properties such as small size, versatile surface chemistry, 

narrow emission profile, high photostability and brightness, and sensitivity to the 

microenvironment, QDs are worthy candidates as DDS in biological systems [15,63,87]. 

Their fluorescent characteristics allow them to act as probes with intense signal emission, 

making these NPs an emerging theragnostic system. Besides, they can also act as 

photosensitizers and, once combined with a specific wavelength of light and oxygen, 

generate reactive oxygen species inside tumors, leading the cells to trigger the apoptotic 

pathway [88]. For example, QDs have been used to target specific overexpressed proteins, 

peptides, and receptors and therefore detect early stages of pancreatic, ovarian, and breast 

cancer [89-91]. 

Nurunnabi et al. conducted in vitro and in vivo studies using QDs micelles loaded 

with herceptin and tested them against SK-BR3 human breast cancer and KB human 

nasopharyngeal epidermoid cancer cells, as well as in SKH1 mice injected with MDA-MB-

231 human breast cancer cells. Results revealed an increased cytotoxicity dose and time-

dependent effect in cell lines and an in vivo antitumor effect, with shrinkage of the tumor 

volume and inhibition of tumor growth [92]. Bagalkot et al. carried out assays with QD-
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aptamer conjugates containing doxorubicin (which is fluorescent) and capable of 

recognizing the extracellular domain of the prostate-specific membrane antigen to treat 

LNCaP human prostate adenocarcinoma cells. They showed that the formulation was not 

only able to specifically detect and bind to the tumor cells but also intracellularly release the 

drug and, as a result, provide images of the tumor cells [93].  

 

2.4 Liposomes 

Liposomes are Ó 50 nm-sized phospholipidic vesicles and the most common form of 

lipid-based nanostructure with biomedical applications, being able to contain hydrophobic 

therapeutic agents at their lipid bilayer and hydrophilic agents inside them. Consequently, 

cationic liposomes can also be electrostatically bound to anionic nucleic acids. They can 

often be classified as multilamellar vesicles, small unilamellar vesicles, large unilamellar 

vesicles, long-circulating liposomes, and immunoliposomes [15,98]. 

As a main advantage, liposomes have a composition that assembles to the cell 

membrane, making them more biocompatible than other nanocarriers with synthetic 

materials, avoiding antigenic and toxic effects, therefore being one of the most common 

nanocarriers. Also, their structure protects drugs from early degradation and other 

microenvironmental hazards, not to mention that they are a suitable way to carry 

hydrophobic agents. On the other hand, these features may lead to some limitations, such as 

long-time circulation in the blood, poor stability due to phospholipid oxidation, difficulties 

in sterilization, and limited drug release control [35,99].  

These problems can be easily solved by making structural and physicochemical 

modifications using polymers to enhance stability and drug release rates [35]. In detail, 

liposome surface modifications can range from the attachment of specific ligands for 

targeted purposes to the attachment of hydrophilic polymers for long-circulation profiles, 

the attachment of label carriers for drug delivery monitoring or diagnostic imaging, the 

incorporation of positively charged polymers or lipids for DNA binding to allow cell 

transfection, and the attachment of antibodies and antigens for immunoassays [100]. 

Several in vitro and in vivo studies have been carried out using liposome systems for 

chemotherapeutic encapsulation. One of the most promising approaches is pH-sensitive 

liposomes, which can release drugs only inside tumors due to their particular pH 

environment, avoiding early degradation and side effects [101]. Banerjee et al. developed 
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poly(styrene-co-maleic acid)-based liposomes for 5-FU cytosolic delivery and applied them 

in HT-29 colon cancer cells. As a main result, they increased intracellular drug availability, 

resulting in enhanced apoptosis [102]. Another study using folate receptor-targeted 

liposomes containing cytarabine showed efficient intracellular drug and gene delivery in KB 

human oral cancer cells, enhanced cytotoxicity, and a decreased IC50 value [103]. 

Mo et al. tested liposomes based on zwitterionic oligopeptide lipids containing 

temsirolimus in both in vitro and in vivo models against renal carcinoma, and they revealed 

a significantly higher antiproliferative and apoptotic induction in A498 human carcinoma 

cells, which was confirmed in the xenograft cancer model [104]. Looking for doxorubicin-

triggered release, Ishida et al. and Paliwal et al. established pH-sensitive liposomes to treat 

lymphoma and breast cancer, respectively, in vitro and in vivo. Narnalwa human Burkitt's 

lymphoma cells presented higher cytotoxicity when treated with liposomes targeted to their 

CD19 epitope. The same model applied to the murine model corroborated their efficacy, 

even though rapid drug release and clearance were observed. In the breast cancer models, 

estrogen-anchored liposomes containing the drug showed increased intracellular uptake in 

ER-positive MCF-7 cancer cells, with nuclear drug localization and cytotoxicity by reactive 

oxygen species generation. Balb/c mice implanted with DMBA cancer cells and 

intravenously treated with the formulations exhibited tumor suppression by intracellular 

drug trafficking [105,106]. 

Among all nanomedicines, the liposomal formulation Doxil® became the first 

nanosystem approved by the FDA in 1995 and consisted of doxorubicin for the treatment of 

Kaposiôs sarcoma [36]. Other liposomal systems have been developed and extensively used 

in chemotherapy and immunotherapy (Table 4), since they can take advantage of the leaked 

character of tumor blood vessels and therefore target cancer cells more easily than other NPs 

[15,100,107]. 

 

Table 4: Examples of current clinical trials using liposomes for cancer therapy. 

Commercial drug 

(sponsor) 

Generic name Indications Status Ref. 

Aroplatin (L-NDDP) 

(Aronex) 

DACH platin Colorectal cancer, 

solid malignancies 

Phase I/II [108] 

ATI -1123 (Azaya 

Therapeutics) 

Docetaxel Solid tumors Phase I [34] 

DaunoXome (Galen) Daunorubicin Kaposiôs sarcoma Approved [34] 

2B3-101 (to-BBB) Doxorubicin Brain metastasis of 

breast cancer 

Phase I/II [109] 
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Doxil / Caelyx 

(Johnson & Johnson) 

Doxorubicin Kaposi's sarcoma, 

ovarian, breast 

cancers, multiple 

myeloma 

Approved [110] 

EGFR antisense 

DNA liposomes 

(University of 

Pittsburgh) 

EGFR antisense DNA Head / neck cancer Phase I [111] 

LEM-ETU (Insys 

Therapeutics) 

Mitoxantrone Leukemia, breast, 

stomach, liver, and 

ovarian cancers 

Phase I [112] 

Lipo-Dox (Taiwan 

Liposome) 

Doxorubicin Kaposi's sarcoma, 

ovarian cancer, 

breast cancer 

Approved [113] 

Lipo-MERIT 

(BioNTech SE) 

Naked RNA-drug 

products 

Cancer vaccine for 

advanced 

melanoma 

Phase I [37] 

Lipoplatin (Regulon) Cisplatin Non-small-cell lung 

cancer 

Phase III [114] 

Liposomal 

Annamycin 

(Moleculin Biotech) 

Annamycin Soft-tissue 

sarcomas with 

pulmonary 

metastases 

Phase I/II [37] 

Marqibo (Talon) Vincristine Acute lymphoid 

leukemia 

Approved [115] 

Mepact (Takeda) Mifamurtide MTP-PE Osteosarcoma Approved [116] 

Myocet (Cephalon) Doxorubicin Breast cancer Approved [117] 

ThermoDox 

(Celsion) 

Doxorubicin Unresectable 

hepatocellular 

carcinoma 

Phase III [118] 

Vyxeos CPX-351 

(Jazz 

Pharmaceuticals) 

Cytarabine / 

daunorubicin 

Acute myeloid 

leukemia 

Approved [37] 

DACH: diaminocyclohexane; MTP-PE: muramyl tripeptide phosphatidylethanolamine; EGFR: epidermal 

growth factor receptor; DNA: deoxyribonucleic acid; RNA: ribonucleic acid. 

 

2.5 Micelles 

Micelles are colloidal amphiphilic nanocarriers, 5-200 nm-sized and finely 

customized to allow slow and controlled drug release. They are structurally designed with 

an internal hydrophobic core and an external shell with enough polarity to dissociate in 

aqueous solutions. The development of these NPs is a usual technique to overcome poor 

drug solubility and therefore increase their bioavailability [36,38,64]. 

Usually, the core contains polyphenylene oxide or lipids in its composition, which 

are maintained by van der Waals forces, while the external hydrophilic surface is sustained 

by hydrogen bonds and covered by PEG; nonetheless, PLA, PGA, and other polymers may 

be used, all of them affording protection and prolonged blood circulation [99,119]. Two of 

the most important and crucial factors in micelle formation are the critical micelle 

temperature and the critical micelle concentration (CMC), which are the specific temperature 
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and concentration at which micelles spontaneously assemble. CMC has a quite narrow range 

of concentrations that delimits changes in the physicochemical properties of amphiphilic 

dispersion, a central key for micelle stability. Therefore, concentrations below the CMC tend 

to dissolve the nanostructure, causing the premature release of the drug, whereas at the CMC, 

the micelle formation is viable [119,120]. 

Micelles have been used in in vitro studies, with a special focus on oral cancers. 

Saiyin et al. developed doxorubicin-loaded polymeric nanomicelles to treat HN-6 and CAL-

27 human oral squamous carcinoma cell lines, and the outcomes indicated that the NPs could 

rapidly enter the cells and release the drug under the local acidic environment, inhibiting cell 

proliferation [121]. Similarly, Endo et al. used cisplatin-loaded polymeric nanomicelles 

against OSC-19, OSC-20, HSC-3, and HSC-4 human oral squamous carcinoma cell lines, 

with further in vivo application. Considering their potential antitumor activity, the authors 

showed and supported increased lymphatic drug delivery and a notable reduction in 

nephrotoxicity, extenuating the application of platinum-complexed NPs in cancer therapy 

[122]. 

Another important field for micelle application involves the incorporation of 

microRNAs in these nanosystems. Liao et al., Shao et al., and Wang et al. combined miRNA-

32, miRNA-519a, and miRNA503 in micelles to treat prostate, hepatocellular, and 

osteosarcoma tumors, respectively. As results, DU145 and PC3 prostate cancer cells with 

downregulated miRNA-32 showed high autophagy activity; SMMC-7721 and Huh7 

hepatocellular carcinoma cells with downregulated miRNA-519a presented lower 

proliferation rates; and U2OS, Saos 2, MG63, and SW1353 osteosarcoma cell lines with 

overexpressed miRNA-503 significantly inhibited their proliferation and invasion, probably 

via IGF 1R downregulation [123-125]. 

Despite their apparent versatility and functionality, micelles often suffer from 

occasional issues, such as low stability. To increase their stability, the already mentioned 

CMC factor plays an important role, since if NPs are diluted below their CMC, they will 

dissolve and release the drug right after entering the bloodstream [119]. One of the avoidable 

ways to overcome these problems is to conjugate the nanocarriers to polymer structures that 

improve their time circulation, such as PEG and PEO, and therefore not only resist to 

opsonization and low stability but also enhance tumor accumulation by the enhanced 
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permeability and retention (EPR) effect [126], which justifies micelles application in the 

chemotherapy field (Table 5).  

 

Table 5: Examples of current clinical trials using micelles for cancer therapy. 

Commercial drug 

(sponsor) 

Generic name Indications Status Ref. 

CriPec (Cristal 

Therapeutics) 

Docetaxel Solid tumors, 

ovarian cancer 

Phase I/II [37] 

Cynviloq IG-001 

(Sorrento) 

Paclitaxel Breast Cancer Phase I/II [37] 

Docetaxel-PM 

(Samyang 

Biopharmaceuticals) 

Docetaxel Head / neck cancer, 

advanced solid 

tumors 

Phase II [37] 

Genexol-PM (Samyang 

Biopharmaceuticals) 

Paclitaxel Brest, lung, and 

ovarian cancers 

Approved [127] 

Imx-110 (Immix 

Biopharma Australia) 

Stat3 / NF-əB / poly-

tyrosine kinase 

inhibitor and low-

dose of doxorubicin 

Advanced solid 

tumors 

Phase I/II [37] 

Lipotecan (TLC388) 

(Taiwan Liposome) 

Camptothecin 

derivate  

Liver and renal 

cancers 

Phase I [128] 

Nanoxel (Fresenius 

Kaby Oncology) 

Paclitaxel Advanced breast 

cancer 

Phase I [129] 

NC-4016 

(NanoCarrier) 

Oxaliplatin Solid tumors, 

lymphoma 

Phase I [130] 

NC-6004 

(NanoCarrier) 

Cisplatin Pancreatic cancer Phase II [131] 

NC-6300 (K-912) 

(NanoCarrier) 

Epirubicin Solid tumors, soft 

tissue sarcoma 

Phase I/II [37] 

NK-012 (Nippon 

Kayaku) 

Active metabolite of 

irinotecan (SN-38) 

Solid tumors, small 

cell lung, and breast 

cancers 

Phase II [132] 

NK-105 (Nippon 

Kayaku) 

Paclitaxel Gastric and breast 

cancers 

Phase III [133] 

NK-911 (National 

Cancer Institute Japan / 

Nippon Kayaku) 

Doxorubicin Solid tumors Phase I/II [134] 

ONM-100 (OncoNano 

Medicine) 

Indocyanine green Intraoperative 

detection of cancer 

Phase II [37] 

Paclical (Oasmia 

Pharmaceutical) 

Paclitaxel Ovarian cancer Phase III [37] 

SP1049C (Supratek 

Pharma) 

Doxorubicin Advanced 

adenocarcinoma 

Phase II/III [135] 

Stat3: signal transducer and activator of transcription 3; NF-əB: nuclear factor kappa-light-chain-enhancer of 

activated B cells. 
 

2.6 Exosomes 

Exosomes are a type of extracellular vesicle ranging in size from 30 to 150 nm and 

derived from the exocytosis of intraluminal endosomal vesicles, which are therefore released 

into the extracellular space once they are fused with the plasma membrane [136,137]. They 
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can be secreted by almost all cell types, including endothelial, epithelial, and neuronal, as 

well as fibroblasts, immune cells, and tumor cells. Structurally, they are formed by a lipid 

bilayer, and their multicellular origin makes them able to interact, carry, and transfer a wide 

range of proteins, molecules, mRNA, and miRNA, delivering multifaceted sets of biological 

information to neighboring cells and modulating their behaviors by molecular modifications 

[136,138]. 

 Although the already mentioned liposomes and micelles can well play the function 

of drug-loaded synthetic NPs and be opsonized in the bloodstream, these two DDS must face 

peculiar problems: notable toxicity and fast clearance by the mononuclear phagocyte system 

(MPS). Even though MPS activity can be partially circumvented or decreased by NP 

PEGylation, immune responses to the PEG corona can occur, and this structure may also 

reduce the interaction with membranes and targets, resulting in less tissue biodistribution 

[139]. 

While their complete function remains unspecified, exosomes are physiologically 

highly heterogeneous and typically exhibit phenotypic characteristics that resemble those of 

the cell that generates them. Consequently, they often end up showing roles in cell recycling, 

immune response modulation, enhanced tumor-cell invasion, and cell communication 

[136,140], and this diversity, added to their intracellular crosstalk abilities, makes them 

worthy candidates to surmount cell barriers, making them very useful for cancer treatment 

and immune regulation [141,142] (Table 6). 

 

Table 6: Examples of current clinical trials using exosomes for cancer therapy. 

Exosome origin Sponsor Generic name Indications Status Ref. 

Ascites-derived 

exosomes 

Guangxi Medical 

University 

Granulocyte-macrophage 

colony-stimulating factor 

Colorectal 

cancer 

Phase I [143] 

Dendritic cells-

derived exosomes 

Gustave Roussy 

Institute 

MHC class II 

peptides 

Melanoma Phase I [144] 

Dendritic cells-

derived exosomes 

Gustave Roussy 

Institute 

MAGE cancer antigens Non-small cell 

lung cancer 

Phase I [145] 

IFN ɔ-dendritic 

cells-derived 

exosomes 

Gustave Roussy 

Institute 

MHC class 

I  and class II restricted 

cancer antigens 

Non-small cell 

lung cancer 

Phase II [146] 

Mesenchymal 

stromal cells-

derived exosomes 

M.D. Anderson 

Cancer Center 

KrasG12D siRNA 

(iExosomes) 

Metastatic 

pancreatic 

cancer 

Phase I [147] 

Plant exosomes University of 

Louisville 

Curcumin loaded Colon cancer Phase I [147] 

MHC: major histocompatibility complex; MAGE: melanoma-associated antigen; IFN ɔ: interferon gamma; 

KrasG12D: Kirsten rat sarcoma gene (substitution ï missense, position 12, GịD); siRNA: small interfering 

RNA. 
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3. Active barriers to tumor-targeting drug delivery systems 

In the last few decades, several molecular cancer mechanisms have been disclosed, 

increasing the understanding of this disease and establishing different and important 

associations with external aspects and other pathophysiological conditions [148]. On the 

other hand, advances in chemotherapeutic drug development have slowly been converted 

into major advances for patientsô therapy [34], especially due to the presence of active 

barriers that prevent most of the drugs to reach the tumor site at therapeutic levels. One of 

the most well-known active barriers in cancer cells is the overexpression of ATP-binding 

cassette (ABC) transporters, such as P-glycoprotein. These transporters actively pump 

chemotherapy drugs out of cancer cells, reducing drug accumulation and effectiveness [149]. 

Cancer cells can also exhibit enhanced DNA repair mechanisms, which help them recover 

from DNA damage caused by chemotherapy and radiation therapy, as well as develop 

mechanisms to resist apoptosis, which is a natural process of programmed cell death 

[150,151]. The intratumoral heterogeneity found in the TME, which refers to the presence 

of various cancer cell subpopulations with different genetic and molecular characteristics, 

can create active barriers to treatment because not all cells respond the same way [152]. 

Lastly, most cancer cells possess stem cell-like properties, allowing them to self-renew and 

differentiate. These tumor-initiating cells can resist treatment and drive cancer progression 

[153]. 

Besides issues such as the high hydrophobicity of oral drugs (tending them to 

bioaccumulate and cause toxicity), non-selective targeting molecules, and tumor resistance 

mechanisms, some important limiting barriers to tumor DDS have been proven to be central 

keys for successful therapies [148,154]. Basically, they can be grouped into 

physicochemical, anatomical / physiological, and tumor intrinsic barriers, ranging from 

cellular membrane characteristics to metabolization and charge interactions [155]. 

 

3.1 Physicochemical interactions 

Among all types of cancer, there are numerous possibilities for physicochemical 

interactions between the nanocarriers and a specific tumor. Depending on the stage of the 

disease and the particularities of the physiological processes and TME of each patient, these 

interactions may be different. To effectively deliver the chemotherapeutic drug to the tumor 

and have a chance to kill cancer cells, there is a long pathway through which the nanocarriers 
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must go. If a nanoformulation is administered by injection, this path will start at the injection 

site. The NP carrying the drug must follow the bloodstream to reach the tumor site and then 

pass through stages of extravasation from the relatively leaky regions of the tumor 

vasculature into the TME. Once the NPs are in the TME, they must undergo accumulation, 

distribution, and intracellular localization, limited by the tumor's extracellular matrix content 

and cell density [156-158]. The number of NPs that reach the tumor, their degree of 

penetration into the tissue, the uniformity of distribution, the release profile of the drug from 

the NP, and the binding affinity of the drug are key factors affected by physicochemical 

interactions. They are determinants of the success of a new nanoformulation [157]. This 

section intends to give an overview of how the physicochemical characteristics of 

nanocarriers, such as size, shape, and charge, may reflect on interactions with tumors and 

further uptake (Figure 2). 

 
Fig. 2: Schematic representation of the different characteristics that modulate the physicochemical interactions 

between nanoparticles (NPs) and the target system. The administration route plays a key role in the onset of 

action, whereas characteristics such surface, shape, electrical charge, size, composition, and aggregation state 

are determinants of a successful in situ drug delivery. 

 

All physicochemical characteristics evaluated will also depend on the route of 

administration of nanocarriers. In general, after particles are in the bloodstream, those with 

sizes above 100 nm will remain in circulation for longer than smaller ones. They may use 

the EPR effect to enable accumulation in tumor tissue. Particles with more than 200 nm may 

be cleared by the liver, spleen, and bone marrow, primarily by the MPS. Tiny NPs with 

diameters Ò 5-6 nm are likely to be cleared by the kidney. Reduced clearance of particles 

will increase their chances of reaching and penetrating the tumor tissue. It was suggested 
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that a better penetration ratio into a tumor is seen for particles smaller than 12 nm. Thus, as 

there are multiple physiological barriers that a drug must overcome, some technologies 

exploit a responsive delivery system for solid tumors with particles that change their sizes 

or other characteristics to present a better penetration and accumulation profile once they 

enter the tumor site [159]. 

The platform iCluster is a polymeric clustered NP with a size of ~100 nm that 

undergoes a structural change to dendrimers of ~5 nm by endogenous stimuli of the TME 

[160]. These smaller particles extravasate into the lymphatic system and migrate into lymph 

nodes, inhibiting tumor metastasis [161]. NPs that reach the lymphatic system before 

systemic circulation can have some advantages in specific immunotherapeutic applications. 

Wong et al. proposed a strategy to covalently conjugate amino-PEG QDs onto a gelatine NP 

surface. This system initially has 100 nm NPs, and when in contact with matrix 

metalloproteinase-2 (MMP-2 or gelatinase A) in the TME, it is triggered by enzymatic 

degradation to release 10 nm QDs in tumor tissue. These QDs were used to allow easy 

visualization, and the authors refer to the possibility of incorporating 10 nm NPs as drug 

carriers [162]. Complementary studies demonstrated that a system composed of primary NPs 

with 20 nm that release secondary NPs with 5 nm containing the drug would be ideal for 

effective transport across the tumor, considering the size of the pores of the vessel wall in 

different tumors [157]. Another smart size-switchable nanoplatform was prepared using 

high-molecular-weight polymers conjugated to an MMP-2-sensitive peptide containing 

doxorubicin. The primary NPs have 100 nm, which release NPs with ~30 nm after 

extravasation from the tumor vessels in response to MMP-2 in the TME. This multistage 

system presented superior deep tumor accumulation results and led to more potent 

suppression of tumor growth and metastasis in 4T1 tumor-bearing mice compared to only 

primary NPs containing the same drug [163]. 

The size of nanocarriers is usually measured using dynamic light scattering (DLS), 

laser diffraction (LD), or transmission electron microscopy (TEM) techniques, individually 

or often combined. Except for TEM, by which the shape can be elucidated for some 

nanocarriers, the size measured by the other techniques usually considers structures to be 

spherical. The shape and structural organization of the nanocarriers can also be elucidated 

by other techniques, such as small-angle X-rays (SAXS), for example. The nanostructure 

shape strongly influences how the interaction with the cancer cell will occur, such as the 
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altered binding kinetics and dynamics of ligand-receptor interactions and the retention 

profile of drugs inside a tumor. Usually, studies compare spherical nanostructures to 

alternative shapes. However, it is interesting to maintain similar sizes to ensure that 

differences are due to shape only. Research converges on explanations based on the area of 

contact between the nanostructure and cells to explain the differences observed. A spherical 

NP may have limited contact; on the other hand, other structures can have multiple areas of 

contact and binding sites [159]. 

Tubular polymersomes (TP, 60 nm diameter and 240 nm length) were compared to 

spherical polymersomes (SP, 60 and 240 nm), both formed of the amphiphilic diblock 

copolymer PMPC-PDPA. The kinetics of cellular internalization on a cancer-cell line 

(FaDu) were different among these structures, being delayed for TP [164]. Furthermore, SP 

entered the cell cytosol, while TP were found within the cytosol and associated with the 

cellular surface. Cancer-cells activate different molecular pathways depending on the 

nanostructureôs shape. This difference led to a higher toxicity of TP towards FaDu cells 

when compared to SP, both containing doxorubicin [165].  Another study compared two 

nanostructures formed by the DNA aptamer AS1411 conjugated to ~44 nm gold nanostars 

(AS1411-AuNS) or to ~50 nm spherical gold NPs (AS1411-50NPs) in terms of targeted 

ligand-receptor interactions on cancer cells in an in vitro model [166,167]. AS1411 is a 

tumor-targeting ligand that binds to nucleolin at the cell surface and is then transported to a 

perinuclear region to induce cell apoptosis. AS1411-AuNS exhibited better results in terms 

of velocity under directed diffusion and translational motion during restricted diffusion 

compared to AS1411-50NPs on nucleolin-expressing cells. Therefore, the shape of 

nanostructures influenced the dynamics of targeting nucleolin [166].   

Similar to size switchable platforms, shape transformable NP systems that can 

change from one format to another may be interested in improving blood circulation time 

and tumor penetration. One example is a NP formed by the self-assembling of a linear 

triblock molecule containing a photosensitizer for photodynamic therapy, a 

chemotherapeutic drug, and an MMP-2-responsive peptide. Further, coating with 

polyethylene glycol-histidine was carried out to give a negative charge to the system. The 

final nanostructures were spherical (76.7 ± 5.2 nm) and could transform into nanofibers 

(~2000 nm) following the enzymolysis by MMP-2 at an acidic pH. Compared with control 

spherical NPs, the particles that changed to nanofibers increased tumor retention and had the 
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best capacity to promote tumor apoptosis in a BALB/c nude mouse 4T1 breast cancer model. 

The same work proposed a switch on NPs' charge from negative to positive. Once in the 

presence of the acidic pH of the TME, the histidine present in the coating is protonated, and 

the cationic primary NP is exposed. Positively charged NPs demonstrated a 1.33-fold 

increase in tumor penetration measured in the multicellular spheroids model compared to 

negatively charged NPs [168]. 

Positively charged nanostructures could have higher internalization and cellular 

uptake than negatively charged ones. The positive charge also promotes deeper penetration 

in tumors through caveolae-mediated endocytosis mechanisms. Most proteins in the blood 

are negatively charged at the physiological pH; therefore, negatively charged nanostructures 

tend to have a longer blood circulation than positive ones [168,169]. Therefore, in view of 

obtaining a balance among the best physicochemical characteristics and biological 

outcomes, researchers have invested in these switchable charged nanocarriers. 

Nanotechnology applied to cancer immunotherapy holds promise for treating several cancer 

types and can show improved results with combined engineered characteristics. Poly(Ů-

caprol actone)-poly(L-arginine) micelles loaded with indoleamine 2,3-dioxygenase 1 siRNA 

(IDO1 siRNA) and mitoxantrone have a positive charge. These NPs were coated with 

poly(ethylene glycol)-poly(L-lysine)-2,3-dimethylmaleic anhydride through electrostatic 

interactions and acquired a negative charge. Within the TME acidic pH, the large-sized NPs 

with a negative charge switched into smaller and positive particles to enhance tumor 

penetration and cellular uptake, showing an antitumor immune response in an in vivo animal 

model [170]. 

 

3.2 Biological barriers 

Tumors possess a range of physiological defensive mechanisms that allow them to 

resist conventional treatments and, in combination with the complexity of the biological 

system, form an obstacle to approaches aiming to the delivery of drugs to specific sites. 

Hence, the ability to design nanocarriers layered with specific attributes is a key to a 

successful DDS, as this would allow them to execute sequential functions to cross these 

defensive barriers one at a time [171]. In this section, we discuss the different types of 

biological barriers and their influence when it comes to DDS. 
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The extracellular matrix (ECM) is a complex network of proteins and other 

molecules that provides structural support to cells and tissues. It plays an important role in 

cell adhesion, migration, proliferation, and differentiation. However, the ECM can also act 

as a barrier to drug penetration, as its composition and density can limit the diffusion of 

molecules into the tumor tissue, thus reducing the effectiveness of certain therapies [172]. 

As an example, Heldin et al. investigated the effect of the ECM on the delivery of paclitaxel, 

and they found that the ECM significantly reduced the penetration of paclitaxel into tumor 

cells, which could explain the resistance of some tumors to this drug [173], and Tiwari et al. 

revealed a similar loss of delivery effectiveness of topical drugs for the treatment of skin 

diseases [174]. On the other hand, strategies such as the use of ECM-degrading enzymes or 

the modification of drugs to improve their penetration through the ECM have already been 

studied. They could be deemed approaches to enhance drug delivery ratios [175]. 

Opsonisation is also a major obstacle characterized by the binding of specific blood serum 

proteins (opsonins) to nanocarriers, which become enclosed, signaled, and more easily 

detected by phagocytes, leading the NPs to early degradation [176]. 

Tumor blood vessels can also play a significant role in limiting drug penetration into 

solid tumors. The abnormal and disorganized architecture of tumor blood vessels can lead 

to poor perfusion and altered blood flow, creating a barrier to drug delivery. In addition, 

tumor-associated macrophages and other immune cells can accumulate around blood 

vessels, further restricting drug access to tumor cells [177]. Such a finding has already been 

shown by Cassetta et al. when they studied the influence of tumor-associated macrophages 

on drug delivery in a mouse model of breast cancer, revealing that the macrophages 

accumulated around tumor blood vessels and created a physical barrier to the penetration of 

chemotherapeutic drugs [178]. In another study, Friedrich et al. used a combination of 

imaging and mathematical modeling to study drug distribution in solid tumors. The results 

showed that tumors' chaotic and disordered blood vessel networks created non-uniform drug 

distributions, with some regions of the tumor receiving little or no drug exposure [179]. The 

importance of understanding the complex interactions between tumor blood vessels, tumor 

cells, and the surrounding microenvironment in developing effective cancer therapies is 

evident. Thus, developing strategies to overcome these barriers, such as improving blood 

vessel function or using combination therapies to target both tumor cells and the surrounding 

microenvironment, may be necessary to improve treatment outcomes. 
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Another barrier to DDS is the presence of drug efflux transporters on the cell surface. 

They play an important role in removing drugs and other molecules from cells and are often 

overexpressed in tumors, where they can act as a barrier to drug penetration by actively 

pumping drugs out of cells before they can exert their therapeutic effects [149]. As an 

alternative, the development of strategies to overcome these barriers, such as using efflux 

transporter inhibitors or modifying drugs to reduce their susceptibility to efflux transporters, 

has already been considered [180]. 

Because of their ability to self-renew, differentiate into various cell types, and resist 

chemotherapy and radiation, cancer stem cells (CSCs) ï a subset of cancer cells that are 

thought to be responsible for tumor initiation, progression, and resistance to therapy ï are 

also a significant barrier to drug penetration in cancer treatment [181]. This resistant profile 

is supported by elevated levels of drug efflux transporters and DNA repair enzymes [182], 

turning CSCs into a frontline defensive mechanism, reinforcing the importance of targeting 

these cells with novel drug combinations to improve overall treatment outcomes. 

The immune system can act as a barrier to drug penetration in cancer treatment, 

particularly in the case of immunotherapies that rely on activating the patient's own immune 

system to fight cancer cells. It can not only recognize and eliminate cancer cells but also 

develop resistance to immunotherapies and limit their effectiveness, allowing cancer cells to 

evade immune surveillance and proliferate unchecked [151]. This has already been reported 

in studies involving immunotherapy in melanoma, in which the presence of regulatory T 

cells was associated with reduced response to the treatment [183], and in chemotherapy in 

breast cancer, where macrophages were recruited to tumors in response to the treatment, 

promoting drug resistance by producing signaling molecules that protected cancer cells from 

chemotherapy-induced cell death [184]. Understanding the complex interactions between 

cancer cells and the immune system to develop more effective treatments and possibly using 

combination therapies to target these cells may be crucial for developing more effective 

therapies that can overcome this barrier. 

Lastly, tumors also take advantage of their interactions with surrounding areas, 

creating an environment with a particular composition. This structure, known as the tumor 

microenvironment (TME), plays a critical role in cancer progression and response to 

treatment. It is composed of various non-cancerous cells, such as immune cells, fibroblasts, 

endothelial cells, and extracellular matrix components (Figure 3). It can either promote or 
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inhibit cancer growth, invasion, and metastasis, depending on its composition and 

interactions with cancer cells [185,186]. 

 

 
Fig. 3: Schematic representation of the tumor microenvironment and its composition. This ecosystem that 

surrounds the cancer cells constantly interacts and influence the tumor growth, invasion, and metastasis.  

 

When promoting cancer growth, the TME can create a hostile environment for drug 

delivery with low pH, hypoxia, and high interstitial fluid pressure, contributing to drug 

resistance [187]. Also, cancer cells can interact with the immune system within the TME, 

which inhibits the infiltration and activation of immune cells, particularly T cells [188,189]. 

Therefore, cancer treatments that target the TME have shown promise in preclinical and 

clinical studies. These treatments aim to modify the TME to enhance the efficacy of 

conventional therapies, such as chemotherapy and radiation therapy, or to directly target the 

TME components that promote cancer growth and metastasis.  

Currently, numerous DDS strategies and cancer treatments are under investigation to 

address the diverse biological barriers that hamper effective therapy. As examples, NPs and 

liposomes have demonstrated a high ability to evade ECM, TME, and tumor blood vessels 

through their unique physicochemical properties such as size, geometry, compositions and / 

or stiffness [190], whereas antibody-drug conjugates containing brentuximab vedotin and 

trastuzumab emtansine have shown promise in targeting a wide range of cancer types via 

immune system [191,192]. Likewise, the field of immunotherapy has witnessed remarkable 
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advancements, with therapies like immune checkpoint inhibitors (e.g., pembrolizumab and 

nivolumab) and adoptive cell therapies, including CAR-T cell therapy [193,194]. These 

treatments reinvigorate the immune system to recognize and attack cancer cells, effectively 

overcoming immunosuppressive barriers within the tumor microenvironment. Furthermore, 

advances in gene editing and RNA-based therapies hold potential to target genetic and 

molecular barriers associated with cancer, offering a personalized and highly precise 

approach to treatment [195,196]. The next section will give more details on the transport 

mechanisms and targeted strategies involved in chemotherapy DDS and how they can be 

used to improve treatment outcomes. 

 

4. Targeted strategies and transport mechanisms for chemotherapy drug delivery systems 

Cancer is a complex and challenging disease, and drug delivery strategies that 

specifically target cancer cells while minimizing toxicity to healthy tissues are essential for 

effective treatment. Generally, a tumor-targeting DDS needs to be functionalized to allow 

the increase of molecule adsorption, tumor-site delivery rates, cellular uptake, and controlled 

release [197], and most of these outcomes depend on the transport mechanisms they use to 

reach the tumor site and the way they will bind to the tumor cell, which generally involves 

overexpressed cell receptors.  

Many different types of receptors can be overexpressed in tumor cells, and these 

receptors can be targeted for cancer therapy. The epidermal growth factor receptor (EGFR) 

is often overexpressed in a variety of cancers, including lung, colorectal, and breast cancer. 

Drugs like erlotinib and cetuximab target EGFR to inhibit its signaling and slow cancer 

growth [198,199]. The human Epidermal growth factor receptor 2 (HER2) overexpression 

is common in some breast and gastric cancers, and drugs such as trastuzumab are already 

being used to target HER2-positive tumors [200,201]. The vascular endothelial growth factor 

receptor (VEGFR) is often upregulated in tumors, and drugs such as bevacizumab target this 

receptor to inhibit tumor angiogenesis [202,203]. The programmed death-1 (PD-1) and 

programmed death Ligand-1 (PD-L1) are overexpressed in various cancers and are targeted 

by immune checkpoint inhibitors such as pembrolizumab and nivolumab, which help the 

immune system recognize and attack cancer cells [204-206]. The androgen receptor (AR), 

estrogen receptor (ER), and progesterone receptor (PR) are overexpressed in prostate cancer 

and / or breast cancer, and drugs such as enzalutamide, abiraterone, tamoxifen, and / or 
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aromatase inhibitors target these receptors to block hormone-driven tumor growth [207-

210]. Tyrosine kinase receptors are also targeted in cancer therapy, especially by using drugs 

such as imatinib and vandetanib for chronic myeloid leukemia and thyroid cancer, 

respectively [211-212]. Finally, folate and transferrin receptors, as well as integrins can also 

be found upregulated in cancer cells and may be used as targets for a more effective therapy 

outcome [213-215]. 

Transport mechanisms are crucial for drug delivery systems because they determine 

how drugs are delivered to their target sites in the body, and their effectiveness enables drugs 

to reach their intended targets while avoiding other areas of the body where they may cause 

harm [216]. These mechanisms can be intrinsic to the organism, such as the active and 

passive transports, and target-related, such as stimulus-responsive targeting and the EPR 

effect. This section aims to give an overview of the different cell transport mechanisms that 

can affect and/or interact with DDS (Figure 4) and how they can be used to increase in situ 

drug delivery rates. 

 

 
Fig. 4: Schematic representation of the different transport mechanisms for chemotherapy drug delivery 

systems. The EPR effect tends to enhance the accumulation of nanocarriers in the tumor tissue due to abnormal 

vessels architecture (A), and this delivery can be also improved by stimulus-responsive mechanisms causing a 

transient disruption of the endothelium (B), or passive (C) and active (D) transports. 

 

4.1 Active transport 

Active transport is a mechanism by which substances are transported across 

biological membranes against their concentration gradients, requiring energy expenditure. It 

is a critical process for many physiological functions in the body, including the uptake and 

elimination of drugs. Tumor cells often exhibit altered expression or activity of active 
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transporters, leading to increased uptake or efflux of drugs and altered pharmacokinetics. 

This can affect the efficacy of anticancer drugs and contribute to drug resistance [217,218]. 

One example of a drug that uses active transport is the tyrosine kinase inhibitor 

imatinib, which is transported into cells by the organic cation transporter 1 (OCT1). Reduced 

expression or activity of OCT1 has been associated with resistance to imatinib in chronic 

myeloid leukemia and gastrointestinal stromal tumors [219]. Similarly, the use of P-

glycoprotein (an overexpressed protein in many cancer cells and responsible for pumping 

chemotherapy drugs out of the cell, leading to drug resistance) inhibitors, such as verapamil, 

can prevent the efflux of chemotherapy drugs and increase their accumulation in cancer cells, 

leading to improved therapeutic efficacy [220,221]. 

Finally, the use of antibody-drug conjugates (ADCs) can also take advantage of the 

active transport system. ADCs are composed of a monoclonal antibody that recognizes a 

specific antigen on cancer cells linked to a cytotoxic drug. The antibody targets the cancer 

cell, and the drug is transported into the cell via endocytosis. Once inside the cell, the drug 

is released and kills the cancer cell. ADCs have shown promising results in clinical trials for 

the treatment of various types of cancer, such as breast cancer and lymphoma. Finally, the 

multidrug resistance-associated protein family, breast cancer resistance protein, and the 

solute carrier family member SLC22A18 have also been implicated in tumor drug resistance 

[222,223]. 

 

4.2 Passive transport 

Passive transport is a process by which substances are transported across biological 

membranes down their concentration gradients without the requirement of energy 

expenditure, playing a significant role in the distribution of drugs to tumors and their 

subsequent pharmacokinetics [217,218]. In cancer treatment, passive transport is often 

exploited to deliver drugs to cancer cells. This is because cancer cells have a higher demand 

for nutrients and oxygen compared to normal cells, leading to a higher concentration of these 

molecules in their immediate vicinity. By exploiting the passive transport process, drugs can 

be designed to specifically target cancer cells and enter them more easily, leading to more 

effective treatment [224,225]. 

For example, the liposomal formulation of doxorubicin can accumulate in tumor 

tissues due to its EPR effect, where it preferentially extravasates and accumulates in the 
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tumor tissue through passive diffusion. Doxorubicin is released from the liposomes and can 

exert its cytotoxic effects on tumor cells [226,227]. Similar approaches have been used to 

deliver other drugs, such as cisplatin and methotrexate [228,229]. 

Passive transport can also play a role in the uptake of small molecule tyrosine kinase 

inhibitors (TKIs) in tumors. Many TKIs are hydrophobic and can passively diffuse into cells, 

although their specificity for target kinases can be affected by transporter expression [230]. 

Finally, another example of passive transport in cancer treatment is the use of NPs. They can 

be designed to selectively accumulate in cancer cells due to their EPR effect (which will be 

further discussed). This effect is because tumor blood vessels have large pores that allow for 

the accumulation of NPs, while normal blood vessels do not. Once inside the cancer cells, 

NPs can release drugs or be used for imaging or therapy [231]. 

 

4.3 Stimulus-responsive targeting 

Also known as triggered drug transport, stimulus-responsive targeting is a promising 

approach for targeted drug delivery to tumors, where drug release is controlled by a specific 

stimulus in the TME. This approach can enhance drug efficacy while reducing off -target 

toxicity [232]. 

One example of a stimulus for triggering drug release in tumors is pH. The TME is 

typically more acidic than healthy tissues due to the production of lactic acid by tumor cells 

and poor perfusion. This pH difference can be exploited to design pH-responsive drug 

delivery systems, such as polymeric NPs and liposomes. These systems can be engineered 

to release their payload in response to the lower pH in the TME, resulting in targeted drug 

delivery to tumor cells [233]. 

Another stimulus that can be used to activate drug transport is light. Light-responsive 

NPs can be designed to release their drug payload upon exposure to a specific wavelength 

of light, allowing for localized drug delivery to tumors. Photodynamic therapy (PDT) is an 

example of a light-triggered drug delivery approach used to treat cancer. In PDT, a 

photosensitizing agent is administered to the patient, which accumulates in tumor tissues. 

Upon exposure to light of a specific wavelength, the photosensitizer is activated, generating 

reactive oxygen species that can kill tumor cells [234,235]. 

Magnetic fields can also be used as a stimulus for triggering drug delivery to tumors. 

Magnetic NPs can be functionalized with a drug and targeted to tumor tissues using an 
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external magnetic field. The magnetic field can then be used to control the release of the 

drug at the tumor site [236]. 

 

4.4 The enhanced permeability and retention effect 

The EPR effect is observed in tumors where leaky blood vessels and a lack of 

lymphatic drainage lead to the accumulation of macromolecules and NPs in the tumor tissue. 

This effect has been exploited for the development of tumor-targeted drug delivery systems 

[237]. 

Several studies have demonstrated the potential of the EPR effect for delivering 

various types of therapeutics to tumors. For example, a study by Maeda et al. showed that 

the EPR effect could be utilized to selectively deliver liposomes loaded with doxorubicin to 

solid tumors in mice [237]. Similarly, a study by Peer et al. demonstrated the selective 

accumulation of polymeric NPs in tumors due to the EPR effect, resulting in improved 

efficacy and reduced toxicity of the loaded drug [238]. 

In addition to liposomes and PNPs, other drug delivery systems have also been 

shown to take advantage of the EPR effect. For example, PEGylated gold NPs have been 

shown to accumulate in tumors due to the EPR effect and can be used for photothermal 

therapy and drug delivery. While the EPR effect has shown promise for the targeted delivery 

of drugs to tumors, several limitations exist, such as heterogeneity in the EPR effect across 

different tumor types and individuals [239]. Nonetheless, ongoing research is focused on 

optimizing the design of drug delivery systems to maximize the potential of the EPR effect 

for tumor targeting. 

 

5. Prospects, benefits, and limitations in the clinical application of nanomaterials 

for cancer treatment 

The clinical potential of nanomaterials in the treatment of cancer is undeniably 

promising. Nanomedicine has revolutionized the field of oncology by offering innovative 

strategies to improve drug delivery, enhance therapeutic efficacy, and reduce the adverse 

effects associated with conventional cancer treatments, mainly due to the development of 

NPs that have emerged as key players in the development of targeted DDS [240,241]. Their 

ability to encapsulate and transport chemotherapeutic agents to specific tumor sites while 

minimizing exposure to healthy tissues has the potential to transform cancer therapy. 
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Moreover, functionalized nanocarriers can enable precise control over drug release kinetics, 

ensuring a sustained therapeutic effect [242]. 

Several of these DDS have already been used to deliver and target tumor cells, hence 

giving us a good overview of their benefits. As examples, liposomes have shown to be very 

versatile in terms of biocompatibility, allowing for the encapsulation of both hydrophilic and 

hydrophobic drugs, which enhances drug solubility and bioavailability [243]. PNPs such as 

PLGA-based systems, offer controlled and sustained drug release, improved drug stability, 

and the potential to target specific tissues or cells, whereas INPs such as gold nanoparticles, 

offer unique properties for applications in cancer therapy, such as hyperthermia-based 

treatment and imaging [244,239]. Lastly, carbon nanotubes and QDs provide versatility for 

cancer therapy, allowing for drug delivery, imaging, and potential early cancer detection, 

and exosomes are natural carriers that can be engineered for cancer therapy. They offer the 

potential for cell recycling, immune modulation, and communication between cells for 

targeted therapy [245,246]. 

Despite the remarkable progress, several limitations must be addressed to fully 

harness the clinical potential of nanomaterials in cancer treatment. Challenges such as 

scalability, reproducibility of manufacturing processes, and regulatory hurdles remain 

significant barriers to clinical translation [247,248]. Achieving regulatory approval for any 

medical application is a complex and lengthy process that involves addressing several 

critical factors, such as demonstrating safety and efficacy through rigorous clinical trials. 

Ensuring patient safety is paramount, and robust clinical data is essential to confirm that the 

product's benefits outweigh its risks. Additionally, navigating the regulatory pathways, 

which include rigorous preclinical and clinical testing, manufacturing consistency, and 

documentation requirements, can be a challenge [259,250]. Lastly, long-term safety 

concerns, including potential toxicities and immunological reactions, need careful 

evaluation to ensure patient well-being. Furthermore, the heterogeneous nature of tumors 

and the development of drug resistance mechanisms necessitate ongoing research into more 

sophisticated and personalized approaches [251]. 

To realize the prospects of nanomaterials in cancer therapy, concerted efforts are 

needed to address these limitations. Research should focus on optimizing nanomaterial 

design, streamlining scalable manufacturing processes, and navigating the complex 

regulatory landscape [252]. Lastly, the integration of advanced imaging and diagnostic 
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modalities with therapeutic nanocarriers holds great promise for real-time monitoring of 

treatment responses and personalized medicine [253]. 

 

6. Conclusions 

 Cancer is a complex and multifactorial global health challenge, requiring exploration 

beyond traditional treatments such as surgery, chemotherapy, and radiotherapy due to their 

limitations and side effects. The potential of cancer immunotherapy, which harnesses the 

immune system to combat tumors, is promising but faces obstacles related to tumor diversity, 

personalized care, and cost. Additionally, the development of chemoresistance and the 

complex tumor microenvironment pose significant barriers to effective cancer therapy, 

complicating drug delivery and efficacy. 

Nanotechnology has emerged as a promising solution to these challenges by allowing 

precise engineering of nanostructures for drug delivery. These nanocarriers, utilizing various 

materials and techniques, offer improved drug stability, solubility, and target specificity, 

potentially reducing adverse effects. Moreover, surface modifications and controlled release 

strategies enhance their functionality, offering a multifaceted approach to advance cancer 

diagnosis, prevention, and treatment. As examples, PNPs can effectively encapsulate and 

deliver drugs, even crossing barriers such as the BBB. While many have reached clinical 

studies, challenges like FDA approval, personalized medicine, scalability, and cost-

effectiveness persist. Polymer conjugates have mixed success, needing refinement for better 

tumor accumulation. INPs show potential for hyperthermia-based cancer therapy but need 

more research for safety and stability. Carbon nanotubes and QDs offer versatility and early 

cancer detection. Liposomes face stability challenges, while micelles solve solubility but 

face dilution issues, and exosomes hold promise in cell recycling, immune modulation, and 

communication. 

In summary, the field of nanomedicine presents exciting prospects for 

revolutionizing cancer therapy by confronting numerous daunting challenges. While our 

understanding of cancer mechanisms and the development of innovative chemotherapeutic 

drugs are advancing, we must not underestimate the critical barriers that hinder the efficacy 

of tumor-targeting DDS. These barriers are complex, encompassing physicochemical, 

anatomical/physiological, and intrinsic tumor factors that pose substantial impediments to 

the success of DDS. 
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Although transport mechanisms like active and passive transport, stimulus-

responsive targeting, and the EPR effect offer exciting possibilities for targeted drug 

delivery, formidable challenges in scalability, manufacturing consistency, regulations, and 

long-term safety persist. Success hinges on comprehensive efforts to optimize nanomaterial 

design, refine manufacturing, and navigate complex regulations to ensure the benefits of 

nanomedicine outweigh the risks. Furthermore, integrating advanced imaging and 

diagnostics with therapeutic nanocarriers holds potential for personalized cancer treatment. 

Overcoming these multifaceted barriers is imperative for realizing the full clinical potential 

of nanomaterials in the battle against cancer. 

Overall, the evolution of nanomedicine for cancer treatment has been characterized 

by a progression from drug delivery to imaging and diagnosis to targeted therapy. As the 

field continues to advance, we will likely see even more sophisticated and effective 

nanoscale devices and therapies for cancer treatment. Despite the potential benefits of 

nanomedicine, there are also challenges to be addressed, such as toxicity, regulatory issues, 

and the need for more robust clinical trials to demonstrate efficacy. However, with continued 

research and development, nanomedicine has the potential to revolutionize cancer treatment 

and improve patient outcomes. 
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Fig. S1: PRISMA flow diagram showing the selection process of records. 
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3.2 Capítulo 2: Development and characterization of a temozolomide -loaded 

nanoemulsion and the effect of ferrocene pre and co -treatments in 

glioblastoma cell models  

Artigo científico publicado na revista Pharmacological Reports (fator de impacto 

4.4). 
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Fig. S1. Schematic representation of ferrocene (1A), monopegylated ferrocene (1B) and dipegylated ferrocene 

(1C). 
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Fig. S2. Schematic representation of different treatment protocol simulation based on two-cycle regimens: 

T98G cells were treated for different days either with 100 µM of Fc and/or TMZ on their own, or TMZ-NE on 

its own or in combination with Fc, dissolved in DMEM + FBS (5%). In all recovery periods cells were kept in 

culture media with DMEM + FBS (10 %). All regimens comprised two treatment cycles and in the end cell 

viability was carried out by NRU assay. Fc: ferrocene. TMZ: temozolomide. NE: nanoemulsion. FBS: fetal 

bovine serum. NRU: neutral red uptake. 
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4 DISCUSSÃO 

 

 O tratamento do glioblastoma continua sendo um desafio significativo na 

medicina contemporânea, com a terapia padrão mais amplamente aceita 

consistindo na combinação de ressecção cirúrgica, radioterapia e quimioterapia 

com temozolomida (TMZ). No entanto, é importante notar que essa abordagem 

terapêutica não experimentou avanços substanciais ao longo das últimas décadas. 

Isso resultou em taxas de insucesso no tratamento da doença que permanecem 

elevadas, principalmente devido à baixa biodisponibilidade da TMZ, à presença da 

barreira hematoencefálica (BHE) e aos mecanismos de resistência tumoral. Tais 

fatores são os principais contribuintes para o aumento da reincidência do tumor e 

a consequente baixa expectativa de vida dos pacientes acometidos (Bush et al., 

2017), e reiteram a necessidade da exploração de novas moléculas e modelos 

terapêuticos mais eficazes e capazes de burlar estas barreiras e aumentar a 

eficácia do tratamento. 

 Neste contexto, os compostos de Fc têm chamado atenção em razão de 

suas propriedades físico-químicas que favorecem sua interação com estruturas 

biológicas, tendo já reportado atividade antitumoral via mecanismos de 

sensibilização celular (Atmaca et al., 2017; Ornelas, 2011). A citotoxicidade e 

atividade antitumoral destes compostos são influenciadas por mecanismos de ação 

intrínsecos que envolvem, principalmente, a geração de ROS. Os Fc têm potencial 

redox de +0,40 V, o que é compatível com o potencial redox intracelular, que varia 

entre -0,44 e +0,40 V. Desta forma, estes compostos tornam-se suscetíveis a 

reações de transferência de elétrons e ciclos redox no meio intracelular, fazendo 

com que o Fe2+ sofra oxidação reversível a Fe3+ via reação de Fenton, gerando o 

radical ·OH, que por sua vez gera danos ao DNA com potencial morte celular. Por 

outro lado, a atividade antitumoral dos Fc por si só é mínima, especialmente em 

razão da sua baixa translocação celular e baixa solubilidade (Ludwig et al., 2021), 

o que justifica seu uso concomitante a outras moléculas e métodos de 

administração. 

 Conforme abordado no Capítulo 1 desta tese, o advento de DDS como 

alternativas para resolver total ou parcialmente alguns desafios, tais como o 
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direcionamento de fármacos ao sítio específico e sua passagem por barreiras 

biológicas, tem representado um importante avanço no tratamento de diversos 

tumores, minimizando o acúmulo de fármacos fora do tecido-alvo e 

consequentemente reduzindo os efeitos colaterais e aumentando a adesão dos 

pacientes (Vargason et al., 2021b). Estes sistemas podem ser classificados, quanto 

à sua composição, em NP inorgânicas e poliméricas, conjugados poliméricos, 

micelas, lipossomas e exossomas, e sua escolha depende de fatores como as 

interações físico-químicas entre a moléculas de interesse e o material, a via de 

administração, o alvo terapêutico e o mecanismo de direcionamento ao tecido-alvo 

(Arranja et al., 2017; Chaturvedi et al., 2018).  

 Além destes DDS já mencionados, outro sistema nanoestruturado, as NE de 

núcleo lipídico, pode ser considerado um dos mais promissores sistemas de 

nanocarreamento de fármacos devido à sua versatilidade, estabilidade 

termodinâmica e cinética, e preparação relativamente fácil (Pavoni et al., 2020; Rai 

et al., 2018), e já têm demonstrado efetividade contra os mais variados tipos 

tumorais em ensaios pré-clínicos e clínicos (Graván et al., 2023; Sánchez-López et 

al., 2019). 

 Nos dados apresentados no Capítulo 2 desta tese, foi abordado o 

desenvolvimento, a caracterização e a avaliação in vitro de uma NE de núcleo 

lipídico contento TMZ (TMZ-NE) adsorvida em sua interface, em diferentes 

combinações com Fc, no tratamento de linhagens celulares de GB humano. 

Análises comparativas entre a formulação desenvolvida e sua versão branca 

demonstraram que ambas possuem tamanho e distribuição de partículas      

unimodais, e um baixo valor de Span. Estes dados foram corroborados pelas 

análises de índice de polidispersão e por difração a laser, e o caráter esférico das 

gotículas foi confirmado pela microscopia eletrônica. Conforme Bianchin et al. 

(2015) e Cardoso et al. (2019), os valores de Span e de índice de polidispersão 

encontrados em nosso estudo são perfeitamente adequados a aplicações 

farmacêuticas. 

 Diferentemente do comum, quando as moléculas carreadas por uma NE 

ficam internalizadas na porção lipídica da nanoestrutura, a análise do potencial zeta 

da TMZ-NE desenvolvida indicou que o fármaco está adsorvido na interface do 
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sistema. Tal efeito já foi descrito por Metin et al. (2011) e Raval et al. (2018), que 

associaram esta condição a valores de potencial zeta próximos a zero. Além disso, 

a utilização do surfactante Tween®-80 na formulação também desempenhou um 

papel importante na alocação do fármaco no sistema. Sabe-se que em condições 

de pH entre 5 e 7, como simulado no estudo aqui apresentado, este surfactante 

apresenta caráter não-iônico que, associado à sua baixa concentração na 

formulação (aproximadamente 0,14%), permite a ação de forças de repulsão 

restritas à porção hidrofílica do surfactante, estabilizando as gotículas nesta 

interface, e consequentemente permitindo a adsorção da TMZ nesta região (Sari et 

al., 2015; Walia et al., 2022). Na sequência, esta hipótese foi confirmada pela quase 

ausência de encapsulação observada no ensaio de perfil de liberação do fármaco. 

 Com o intuito de analisar a performance da TMZ-NE em linhagens celulares 

de GB humano, e ao mesmo tempo propor a inserção de uma molécula 

sensibilizante tumoral, optou-se por realizar tratamentos agudos de 24 h com 

diferentes combinações de TMZ, Fc e/ou TMZ-NE. Ensaios de viabilidade celular 

nas linhagens U87 e T98G revelaram que a combinação entre TMZ-NE e Fc 

aumentou significativamente a citotoxicidade em ambas as linhagens, com um 

interessante efeito dose-dependente na linhagem T98G, a única das duas com 

conhecido perfil de resistência à TMZ. Este achado nos levou a optar por esta 

linhagem celular para estudos posteriores, a fim de se compreender melhor o 

mecanismo envolvido nesta aparente sensibilização do perfil de resistência à TMZ. 

 Análises do perfil de morte celular e do estresse mitocondrial após 

tratamentos de 24 h demonstraram elevados níveis de necrose celular, 

provavelmente associados à alta geração de ânion superóxido. Os grupos tratados 

com Fc e TMZ-NE + Fc também apresentaram alteração do status de polarização 

da membrana mitocondrial. Sabe-se que a manutenção do potencial de membrana 

mitocondrial é essencial para o seu funcionamento, o equilíbrio do metabolismo 

celular, o controle da geração de ROS e dos mecanismos de regulação de morte 

celular (Perry et al., 2011). Portanto, estes resultados compilados não somente 

reforçaram o aumento da sensibilidade em uma linhagem com perfil de resistência, 

como a T98G, como também confirmaram a ação do Fc neste evento via geração 
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de ROS, desestabilização mitocondrial e morte celular, corroborando achados já 

descritos por Na et al. (2021) e Qian et al. (2021). 

 Atmaca et al. (2017) e Tian et al. (2016) já haviam demonstrado as 

propriedades sensibilizantes dos compostos de Fc em linhagens tumorais 

posteriormente submetidas a radioterapia e outros agentes quimioterápicos. De 

posse desta informação, optou-se por estabelecer um protocolo clínico adaptado e 

constituído de dois ciclos de tratamento, onde a linhagem celular T98G foi tratada 

por cinco, sete ou nove dias conforme as combinações de Fc, TMZ e/ou TMZ-NE 

utilizadas, com um período de recuperação de dois dias entre os ciclos. O principal 

objetivo desta etapa foi observar se o Fc exerce alguma ação sensibilizante nas 

linhagens ao ser incorporado por dias anteriormente à adição de TMZ ou TMZ-NE, 

e avaliação se deu por ensaio de viabilidade celular. De um modo geral, observou-

se significativa redução da viabilidade celular nos grupos pré-tratados com Fc 

seguidos da adição de TMZ e TMZ-NE. Estudos utilizando análogos de Fc em 

modelos de câncer de próstata, pulmão, colorretal e glioma já haviam relatados 

efeitos similares, reforçando o uso destes compostos como adjuvantes a 

tratamentos convencionais (Kondratskyi et al., 2017; Podolski-Reniĺ et al., 2017). 
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5 CONCLUSÕES 

 

 O desenvolvimento de DDS para a entrega de fármacos ao cérebro 

representa um avanço importante à terapia convencional do GB. A versatilidade 

destes sistemas permite a incorporação das mais variadas moléculas, ampliando 

assim o rol de aplicação destas estruturas, bem como a melhora na entrega de 

fármacos, o potencial de atravessar a BHE, a redução de efeitos colaterais, a 

habilidade em combinar múltiplas moléculas, a capacidade de direcionamento a 

tecidos-alvo, e a possibilidade de se criar abordagens terapêuticas personalizadas.  

 Neste trabalho foi apresentado o desenvolvimento e caracterização com 

êxito uma NE contendo TMZ, em combinação com um composto de Fc, um 

composto organometálico com atividade sensibilizante tumoral e capaz de 

aumentar a geração de ROS no meio intracelular. Os dados produzidos por esta 

tese revelaram que esta abordagem combinada não só reduziu a viabilidade celular 

em linhagens celulares de GB humano, como também reverteu o perfil de 

resistência à TMZ da linhagem T98G em tratamentos agudos. Estudos de 

mecanística associaram este fato a alterações no potencial da membrana 

mitocondrial mediado pela geração de ROS, com consequente morte celular. Não 

obstante, o Fc demonstrou considerável atividade sensibilizante tumoral em ciclos 

de pré-tratamento seguidos da adição TMZ-NE, reforçando seu papel crucial como 

fonte exógena de Fe2+, promovendo uma maior catálise de ROS e a geração de 

subprodutos tóxicos ao ambiente tumoral. 

 De um modo geral, a combinação entre TMZ-NE e Fc mostrou-se uma 

abordagem terapêutica promissora ao tratamento do GB, embora estudos in vivo 

devam ser conduzidos para o melhor entendimento da mecanística envolvida neste 

processo. À medida que o campo da nanomedicina avança, haverá dispositivos e 

terapias ainda mais sofisticados e eficazes para o tratamento do câncer e, apesar 

de seus potenciais benefícios, há também desafios a serem enfrentados, como a 

toxicidade, questões regulatórias e a necessidade de ensaios clínicos mais 

robustos para demonstrar a eficácia. No entanto, com investigação e 

desenvolvimento contínuos, a nanomedicina tem enorme potencial de revolucionar 

o tratamento do câncer e aumentar a sobrevida dos pacientes. 
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6 PERSPECTIVAS 

 

 Os dados apresentados no Capítulo 2 desta tese geraram novos 

questionamentos para os quais serão necessários novos experimentos a fim de se 

avaliar a potencial ação antitumoral da combinação proposta em esquemas de 

tratamento envolvendo sistemas mais complexos. Para isso, será crucial responder 

às seguintes perguntas: 

 

- O Fc e/ou sua combinação com TMZ têm algum efeito sobre via de sinalização e 

progressão tumorais? 

- Qual a melhor via de administração da NE desenvolvida, a fim de que a entrega 

de TMZ ao ambiente tumoral atinja doses terapêuticas? 

- Qual a melhor via de administração para o Fc, a fim de que sua entrega ao 

ambiente tumoral atinja doses terapêuticas? 

- Quais os parâmetros de toxicidade do Fc? 

- É possível combinar o Fc com a TMZ na mesma NE? 

- Quais modificações poderiam ser feitas na NE a fim de se modular seu perfil de 

liberação? 

- O efeito sensibilizante do Fc e a reversão do perfil de resistência à TMZ 

observados nos ensaios in vitro serão igualmente reproduzidos em ensaios in vivo? 

- Seria possível o desenvolvimento de um DDS de aplicação local contendo TMZ e 

Fc para o tratamento do GB? 
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ANEXO A 

 

Nek1-inhibitor and temozolomide-loaded microfibers as a co-therapy strategy for 

glioblastoma treatment 
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