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Resumo alargado 
 

O cancro é uma das principais causas de morte a nível mundial, originando mais de 

19,3 milhões de casos em 2020, resultando em aproximadamente 10 milhões de 

mortes. Vários fatores de risco já foram atribuídos ao aparecimento do cancro, sendo a 

idade, a predisposição genética, a etnia, a exposição ambiental, os estilos de vida e 

infeções causadas por bactérias, parasitas ou vírus os mais preponderantes. 

O vírus do papiloma humano (HPV) é o principal agente causador do desenvolvimento 

do cancro do colo do útero, o quarto cancro mais comum nas mulheres em todo o 

mundo e responsável por mais de 340.000 mortes em 2020. A excessiva expressão das 

oncoproteínas HPV E6 e E7 estão presentes neste tipo de cancro, alterando a regulação 

do ciclo celular e a sua proliferação mediante o comprometimento das proteínas 

supressoras de tumor p53 e pRb, respetivamente. 

Apesar de já se encontrarem disponíveis vacinas preventivas anti-HPV, a sua 

administração não é amplamente realizada a toda a população. Desta forma, estão 

ainda em processo de desenvolvimento terapias para este tipo de cancro, a fim de se 

conseguir uma cura eficaz. Neste sentido, os flavonoides demonstraram um elevado 

potencial terapêutico, oferecendo um método eficaz e de baixo custo que permite a sua 

utilização em países menos desenvolvidos e onde os cuidados de saúde são mais 

limitados. 

A quercetina é o principal flavonoide em usos terapêuticos apresentando inúmeras 

propriedades anticancerígenas e mostrando particular relevância na terapia do cancro 

do colo do útero devido ao facto de potenciar a inibição da ação da oncoproteína E6, 

aumentando assim a expressão da p53 e induzindo assim a apoptose. Contudo, o uso da 

quercetina é limitado devido à sua insolubilidade em meio aquoso e à sua baixa 

estabilidade. Assim, a baixa biodisponibilidade da quercetina limita as suas aplicações 

em terapias do cancro. 

Desta forma, esta dissertação de mestrado visa desenvolver sistemas de entrega para a 

encapsulação da quercetina no sentido de melhorar a sua biodisponibilidade e efeito 

em células HPV positivas. 

Foram formulados e caracterizados três tipos de sistemas, um constituído de éter 

sulfobutílico β-Ciclodextrina (SBE-β-CD) e os outros dois baseados em quitosano, um 
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conjugado com tripolifosfato de sódio (TPP) e outro com SBE-β-CD. Os sistemas de 

entrega de SBE-β-CD/Quercetina apresentaram um tamanho de 2468,33 nm, um 

índice de polidispersidade (PdI) de 0,123, um potencial zeta de -21,03 mV e uma 

eficiência de encapsulamento de aproximadamente 100%. Os sistemas de entrega 

Quitosano/TPP/Quercetina mostraram um tamanho de 325,1 nm, um PdI de 0,371, um 

potencial zeta de +16,6 mV e uma eficiência de encapsulamento de 10,80%. 

Finalmente, os sistemas de entrega de Quitosano/SBE-β-CD/Quercetina apresentaram 

uma dimensão de 272,07 nm, um PdI de 0,287, um potencial zeta de +38,0 mV e uma 

taxa de encapsulamento de aproximadamente 100%. 

Foi realizada microscopia eletrónica de varrimento (SEM) para todos os sistemas de 

entrega, sendo possível verificar que os sistemas de Quitosano/TPP/Quercetina e 

Quitosano/SBE-β-CD/Quercetina apresentaram uma morfologia regular e esférica. Já 

para o caso dos sistemas de entrega de SBE-β-CD/Quercetina foi possível verificar que 

a morfologia era irregular e não esférica. Além disso, foram também realizadas 

espectroscopia de infravermelhos por transformada de Fourier (FTIR) e espectroscopia 

de UV/vis onde foi possível verificar a presença de todos os compostos e as interações 

entre eles. Para os sistemas compostos por SBE-β-CD foi também possível verificar que 

a quercetina se encontrava completamente aprisionada dentro dos complexos de 

inclusão, não sendo visível os picos característicos da mesma nos espetros FTIR. 

Para os melhores rácios de cada tipo de sistema foram realizados ensaios de viabilidade 

celular em células HeLa (HPV positivas), onde os resultados mais promissores foram 

observados para os sistemas de entrega de Quitosano/SBE-β-CD/Quercetina. Este tipo 

de sistema de entrega mostrou uma redução na concentração média inibitória (IC50) de 

59,84 µM para 43,55 µM durante 48h de incubação, quando comparado com a 

quercetina livre. 

Desta forma, os resultados indicaram que existe um aumento do efeito terapêutico após 

o encapsulamento da quercetina com sistemas de entrega de Quitosano/SBE-β-

CD/Quercetina, representando assim um passo em frente na 

conceção/desenvolvimento de sistemas de entrega baseados em flavonoides para 

aplicações de terapia do cancro do colo do útero. 
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Abstract 
 

Human papillomavirus (HPV) is the main causative agent for the development of 

cervical cancer, the fourth most common cancer in women worldwide. Overexpression 

of HPV oncoproteins E6 and E7 are present on this type of cancer, disrupting the cell 

cycle regulation and proliferation through the involvement of tumor suppressor 

proteins p53 and pRb, respectively.  

Although preventive anti-HPV vaccines already exist, therapies for this type of cancer 

are still under development in order to find an effective cure for this type of cancer. 

Flavonoids have shown a high potential in such therapy, offering an effective and low-

cost method that enables their use in less developed countries and where health care is 

poorer.  

Quercetin is the main flavonoid in therapeutic uses presenting high anticancer 

properties, showing particular prominence in cervical cancer therapy due to the fact 

that it potentiates E6 oncoprotein inhibition, thereby increasing p53 expression and 

thereby inducing apoptosis. However, quercetin use is limited due to its insolubility in 

aqueous medium and its low stability. Thus, quercetin low bioavailability limits its 

application in cancer therapies. 

Thus, this master thesis aims to develop quercetin-loaded delivery systems to enhance 

its bioavailability and effect in HPV positive cells.  

Three types of systems were formulated and characterized, one composed of sulfobutyl 

ether β-Cyclodextrin (SBE-β-CD) and the other two were chitosan-based, one 

conjugated with tripolyphosphate (TPP) and other with SBE-β-CD. SBE-β-

CD/Quercetin delivery systems had a size of 2468.33 nm, a polydispersity Index (PdI) 

of 0.123, a zeta potential of -21.03 mV and an encapsulation efficiency of approximately 

100%. The Chitosan/TPP/Quercetin delivery systems showed a size of 325.1 nm, a PdI 

of 0.371, a zeta potential of +16.6 mV and an encapsulation efficiency of 10.80%. 

Finally, Chitosan/SBE-β-CD/Quercetin delivery systems presented a size of 272.07 nm, 

a PdI of 0.287, a zeta potential of +38.0 mV and an encapsulation rate of approximately 

100%.  
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Scanning electron microscopy (SEM) was performed for all delivery systems, being 

possible to verify that Chitosan/TPP/Quercetin and Chitosan/SBE-β-CD/Quercetin 

systems presented a regular and spherical morphology. Furthermore, fourier transform 

infrared spectroscopy (FTIR) and UV/vis spectra were also obtained and it was possible 

to verify the presence of all compounds and the interactions between them, and, for the 

systems composed by SBE-β-CD it was also possible to verify that it was completely 

trapped inside the inclusion complexes. 

Cell viability assays were performed in HeLa cells (HPV positive) for each type of 

formulated system, with the most promising results being seen for the Chitosan/SBE-β-

CD/Quercetin delivery systems. This type of delivery system showed a reduction in half 

inhibitory concentration (IC50) from 59.84 µM to 43.55 µM for 48 h of incubation when 

compared with free quercetin. 

In this manner, the results indicated that there is an increased therapeutic effect after 

encapsulation with Chitosan/SBE-β-CD/Quercetin systems, thus representing a step 

forward in the design/development of flavonoids-based delivery systems for cervical 

cancer therapy applications. 
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Cervical cancer; HPV; flavonoids; delivery systems; quercetin. 
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Chapter 1 – Introduction 
 
1.1. Cancer 
 

Cancer diseases are one of the main causes of death worldwide, being characterized by 

an uncontrolled and abnormal growth of cells. An initiating agent causes anomalies in 

the cell machinery or mutations in deoxyribonucleic acid (DNA), leading to an 

uncontrolled proliferation of these anormal cells and resulting in a tumor. These cells 

can also trigger metastases in other parts of the body after cancer progression. 

According to the Global Cancer Observatory (GLOBOCAN) database, it was estimated 

that 19.3 million new cases appeared, leading to approximately 10 million deaths in 

2020 [1].  

Worldwide, the highest cancer incidence rates are attributed to breast (11.7%), lung 

(11.4%) and colorectal (10.0%) cancer, corresponding to almost a third of the incidence 

rate and mortality worldwide, as shown in Figure 1. Regarding the mortality rate, lung 

cancer is the main responsible (18.0%), followed by colorectal cancer (9.4%) and liver 

cancer (8.3%), as presented in Figure 2. Breast cancer, despite being the type of cancer 

with the highest incidence rate, is in fifth position in terms of mortality (6.9%) due to 

the relatively favourable prognosis, especially in more developed countries that have 

better conditions in health care [1]. 

 

Figure 1: Estimated incidence rate of new cancer cases in 2020 (adapted from [1]). 
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Figure 2: Estimated cancer mortality rate in 2020 (adapted from [1]).  

The development of cancer diseases has been widely studied in recent decades and 

many causes have already been discovered as risk factors for its development. Risk 

factors such as age, genetic predisposition, ethnicity, environmental exposure, lifestyles 

(diet and physical activity, for example) are some of the risk factors already explored. 

Other types of risk factors are associated with infections by bacteria, parasites or 

viruses such as the human papilloma virus (HPV) that has some prominence in the 

development process of some cancers such as head, neck, vaginal, vulvar, penile, anal 

cancer and especially cervical cancer [2]. 

1.2. Cervical cancer  
 

According to GLOBOCAN, cervical cancer is the fourth type of cancer with the highest 

incidence among women in the world (6.5%), as shown in Figure 3, being mainly 

associated with high-risk HPV subtypes, which represent between 79% and 100% of the 

cases [3,4].   
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Figure 3: Estimated incidence rate of new cancer cases in women worldwide in 2020 (adapted from [3]). 

The cervical cancer mortality rate is, like the incidence, the fourth most important 

(7.7%), representing a number of deaths of more than 340.000, in 2020 alone. The 

mortality rate in women worldwide is represented in Figure 4 [3]. 

 

Figure 4: Estimated cancer mortality in women worldwide in 2020 (adapted from [3]). 

However, these numbers are particularly noteworthy when we consider the estimates of 

incidence and mortality rates in less developed countries, where cervical cancer is the 

second leading cause of cancer in women (21.1%), only surpassed by breast cancer 

(28.3%), as can be shown in Figure 5 [5]. Together, these two types of cancer represent 

almost half of the new cases of cancer in these countries. The same tendency is also 

reflected in the mortality rate, where breast cancer appears in first (23.1%) followed 

immediately by the cervical cancer (22.1%), as represented in Figure 6 [5]. 
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Figure 5: Estimated incidence rate of new cancer cases in women in least developed countries in 2020 

(adapted from [5]). 

 

Figure 6: Estimated cancer mortality in women from least developed countries in 2020  (adapted from 

[5]). 

The increase in the incidence and mortality of cervical cancer in less developed 

countries is mainly associated with the lack of health care compared to more developed 

countries, as well as the low distribution of anti-HPV vaccines [6].  

1.3. Human papilloma virus 
 

As mentioned before, the human papilloma virus is the main factor for the 

development of cervical cancer (being responsible for 79% to 100% of cases) [4]. HPV 

belongs to the Papillomaviridae family and has more than 200 different genotypes, 

which can be divided into 3 supergroups, summarized in Table 1. The Alpha group 

represents the one with the highest incidence and where all the sexually transmitted 

genotypes are found [7]. 
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Table 1: HPV groups and diseases associated with each group (adapted from [7]). 

Supergroup Subgroup Associated diseases 

A Alfa 
They can infect oral sites where they are associated with benign papillomas. 

It causes mucosal lesions that progress to neoplasms and cancer. 

B 

Beta 
It causes subclinical infections, but in immunosuppressed patients it can cause 

skin cancers at the site of infection. 

Gama Causes skin warts. 

E 
Mu 

It causes skin and plantar warts. 

Nu 

 

Regarding the genotypes that infect the mucous membranes, namely the 

Alphapapillomaviruses, they can also be classified according to their oncogenic 

potential, being distinguished into low-risk genotypes and high-risk genotypes, as 

summarized in Table 2 [8].  

Table 2: HPV genotypes classified according to their oncogenic potential (Adapted from [8]). 

HPV Genotypes 

Low-risk 6, 11, 40, 42, 43, 44, 54, 61, 70 ,72 e 81. 

High-risk 16, 18, 31 ,33, 35, 39, 45, 51, 52, 56, 58, 59, 68, 73 e 82. 

 

In the case of low-risk genotypes, they are mainly related to benign epithelial lesions, 

while, in the case of high-risk genotypes, these are mostly related to neoplasms and 

cancers [9,10]. 

Regarding their potential, 15 are classified as genotypes of high oncogenic potential, 

and the genotypes with the highest prevalence are HPV16 and HPV18, being 

responsible for 50-60% and 10-20% of cases of cervical cancer worldwide, respectively 

[11]. 

1.3.1. HPV genome 

 
HPV is a virus with a high capacity to induce proliferative lesions in the skin and 

internal mucosa. Its genome is characterized by a double strand of circular DNA of 
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about 8000 base pairs, a non-enveloped icosahedral structure and a size of 50-55 nm in 

diameter [4].  

This genome encodes a total of 8 open reading frames (ORF) and is divided into three 

regions: the early region (E), the late region (L) and the late control region (LCR) [12]. 

The HPV genome structure is represented in Figure 7. 

 

Figure 7: Human Papillomavirus genome structure (Adapted from [13]). 

The early region is constituted by the genes E1, E2, E4, E5, E6 and E7 and is essential 

for the viral cycle and cell transformation. The late region encodes L1 and L2 proteins 

and is responsible for the formation of the capsid that protects the viral genome [14].  

The late control region is a non-coding regulatory region located between E6 and L1 

and contains the origin of replication and transcription factor binding sites, allowing to 

regulate the replication and transcription of genes that constitute the early and late 

regions [15]. 

All the function of HPV genes are summarized in Table 3. 

Table 3: Functions of Human Papilloma Virus genes (Adapted from [14]). 

Region Gene Function 

Coding Premature 

E1 Responsible for viral replication and transcription. 

E2 Viral DNA replication and is an E6 and E7 transcriptional repressor. 

E4 
It can bind to cytoskeletal proteins and break the cytoskeleton 

network, contributing to the deformation of infected cells. 

E5 It inhibits apoptosis and interacts with growth factor receptors. 
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E6 
It induces the degradation of the tumor suppressor protein p53, 

alters cell cycle regulation and leads to cell immortalization. 

E7 
It binds to the retinoblastoma protein (pRb) tumor suppressor gene 

leading to its degradation, re-entry into the S phase of the cell cycle. 

Late 
L1 It encodes the main viral capsid protein (55 kDa). 

L2 It encodes the viral capsid secondary protein (70 kDa). 

Non-

coding 

Late 

control 
LCR Regulates viral replication and transcription. 

 

1.3.2. HPV life cycle 

 

HPV infection is transmitted by skin-to-skin contact, due to micro lesions in the basal 

layer of the epithelium [14].  

After becoming infected, the early E1 and E2 proteins start to be expressed in the 

undifferentiated epithelial cells of the basal layer, regulating viral replication and 

further expression of viral early proteins [4]. At this stage, the viral replication cycle is 

completely conditional on the differentiation cycle of the infected cells, since the virus 

DNA only replicates when the DNA of the infected cells is replicated [14].  

Therefore, after the differentiation of the infected basal cells, they will start to express 

E6 and E7 viral proteins, that will act as stimulators of cell proliferation, prolong the 

cell cycle progression and prevent apoptosis. The expression of these two oncoproteins 

occurs due to the absence of the E2 protein that are no longer expressed after 

integration of the DNA into the genome of the infected cells. Therefore, E2 absence 

leads to a higher expression of E6 and 7, thus enhancing the development of evil lesions 

[14]. At this time, the cells have a faster life cycle and divide more often, causing the 

infected cells to increase in number and replacing the normal ones. 

The synthesis of L1 and L2 proteins occurs in the final phase of the cycle in the most 

superficial layers of the epithelium, forming the capsid and giving to the viral genome 

more protected [14]. 

Finally, the more differentiated cells produce virions that are released by keratinocytes, 

located more superficially, as they die [14].  
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The entire process that takes place from infection to the appearance of cancer is called 

carcinogenesis. It is a complex process with many stages, with genes associated with 

the transformation of normal cells into cancer cells in each of these stages of evolution, 

as well as the changes that the epithelial tissue undergoes over time, from the point at 

which it is normal epithelial tissue, progressing to cervical intraepithelial neoplasia 

(NIC) with a grade between 1 and 3, undergoing carcinoma in situ (CIS) and taking 

finally to the emergence of cervical cancer [14]. All processes are schematized in Figure 

8. 

 

Figure 8: Schematic representation of HPV-mediated infection of the basal cells of the cervical epithelium 

in the course of time (Adapted from [16]).  

1.3.3. E6 and E7 oncoproteins 

 

The E6 and E7 viral genes that are present in the HPV genome are transcribed in the 

infected cells, expressing the respective oncoproteins that emerge as the main 

oncogenic power [11]. E6 and E7 oncoproteins have the ability to bind to the tumour 

suppressor proteins p53 and pRb, respectively, stimulating their degradation.  

E6 oncoprotein consists of approximately 150-160 amino acids with 18 kDa, having 

four Cys-X-X-Cys motifs that form two zinc fingers [17]. This oncoprotein forms a 

complex with the E6-associated protein (E6AP), a ubiquitin ligase required for the 

interaction with p53 protein [18]. Thus, the formation of this trimeric E6-E6AP-p53 

complex enhances the degradation of the p53 tumour suppressor protein via 

ubiquitination. In this way, the reduction in  the p53 activity favours DNA replication in 

infected cells and enhances cell survival, inhibiting apoptosis and thus potentiating 

carcinogenesis [4]. Furthermore, E6 also has an equal capacity to degrade other cellular 
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proteins present in the signalling cascade for apoptosis, such as Bak, FADD and 

procaspase 8, favouring further inhibition of apoptosis [4,18]. 

On the other hand, the E7 oncoprotein is formed by 98 amino acids and has a C-

terminal zinc-binding domain that plays an essential role in oncoprotein activity [19]. 

Furthermore, and as previously mentioned, the E7 oncoprotein has a high affinity for 

pRb, thus potentiating the inhibition of the activity of this tumour suppressor protein 

[4]. Under normal physiological conditions and at specific times in the cell cycle, 

namely during the transition to the S phase, the pRb protein forms complexes with 

transcription factors of the E2F family [4,18]. These complexes negatively regulate cell 

growth by suppressing transcription of E2F-dependent genes. In the case of an HPV 

infection, there is the production of the E7 oncoprotein which, by binding with the pRb 

tumour suppressor protein, causes it to lose its ability to regulate the E2F family 

transcription factors, resulting in continued DNA replication and progression of the 

viral cycle. 

The combined action of E6 and E7 oncoproteins results in a synergistic effect, leading 

to increased uncontrolled cell proliferation and other processes involving 

carcinogenesis, represented in figure 9 [20].  

 

 

Figure 9: Synergetic effect of E6 and E7 oncoproteins in HPV infected cells (adapted from [20]). 
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1.4. Current therapies 
 

Cancer remains one of the deadliest diseases worldwide. Current treatments include 

surgery, radiation, and chemotherapy. However, these treatments have a very limited 

success rate, resulting only in some situations against localised early-stage tumours, 

and rarely being effective in more advanced stages or in case of metastases formation 

[4]. Therefore, the development of new therapeutic strategies that induce long-lasting 

protection and that specifically eliminate cancer cells, such as DNA vaccines, gene 

therapy and drugs with a high anticancer capacity, is fundamental. 

At this moment, three commercial prophylactic vaccines are available and offer 

protection against the main high-risk HPV types. The three preventive vaccines 

currently available and the respective types of HPV that each can prevent are 

summarised in Table 4. 

Table 4: Preventive vaccines already available for HPV infection. 

Preventive vaccine HPV types 

Cervarix 16 and 18 

Gardasil 6, 11, 16 and 18 

Gardasil 9 6, 11, 16, 18, 31, 33, 45, 52 and 58 

 

However, as described above, in less developed countries and where healthcare is more 

limited, these vaccines are not administered to the entire population, which results in 

the incidence and mortality rate of this type of cancer remaining very high. In this 

sense, new therapies are being studied in order to find an effective, specific and cheaper 

way to prevent or treat this type of cancer [18]. 

These therapies currently under study may involve the use of DNA- or ribonucleic acid 

(RNA)-based gene therapies, which have shown great potential, but are expensive and 

limit the possibility of using them in less developed countries. In this context, other 

therapies such as the use of natural compounds have been studied due to their low cost 

and low toxicity when compared with other molecules [21]. Some flavonoids are among 

the natural compounds that have a high anticancer capacity, having a special relevance 

in the treatment of cervical cancer due to their ability to inhibit E6 oncoprotein, as it is 

the case of quercetin [21,22]. 
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1.5. Flavonoids 
 

Flavonoids are a family of phenolic compounds present in plants, fruits and vegetables 

which are characterized by having a carbon skeleton base of C6-C3-C6. These 

compounds are widely used as dietary supplements and are of considerable scientific 

relevance, being reported to be antidiabetic [23], antioxidant [24], anti-inflammatory 

[25], antimicrobial [26], antiviral [26] and anticancer agents [27].  

Presently, the major focus relies on the use of flavonoids in anticancer therapies, of 

which the use of epigallocatechin-3-gallate, quercetin, genistein, luteolin, apigenin, 

silibinin, naringenin and kaempferol been already reported [28,29]. Such flavonoids 

have been demonstrated to have significant anticancer capacity, notably through 

mechanisms such as inactivation of the carcinogen, induction of cytotoxic activity, 

increased antioxidant activity, inhibition of angiogenesis, induction of apoptosis, 

reduction of oxidative stress, enhancement of DNA repair processes and inhibition of 

cell proliferation [28,29]. All these mechanisms are summarized in Figure 10. 

 

Figure 10: Schematic representation of the main mechanisms responsible for the anticancer potential of 

flavonoids (adapted from [16]). 

Although all the mechanisms that contribute to the anticarcinogenic potential of 

flavonoids have been reported, the pathway leading to each one of them is yet to be 
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fully understood. Thus, there are still studies being carried out to fully unlock the 

mechanisms of action of flavonoids in an effort to improve the flavonoid's effects and 

reduce their limitations. Reduction of reactive oxygen species (ROS) and induction of 

apoptosis via death receptors, for instance, are considered the two main mechanisms of 

action, and are present in the majority of flavonoids [30]. 

ROS reduction is a main mechanism of flavonoid's action, being accountable for the 

inhibition of cell proliferation and a subsequent decline in tumour growth [30]. The 

ROS are widely reported to be responsible for causing irreversible DNA damage, 

thereby resulting in the creation of cancer cells and their uncontrolled growth. In 

addition, they also produce proto-oncogenes that can induce further cell growth 

[30,31]. The activity of flavonoids allows a diminution of ROS and, in consequence, a 

reduction in cell proliferation and proto-oncogenes, thus reducing the risk of 

advancement to more dangerous stages of cancer [31]. This mechanism is summarized 

in Figure 11. 

 

Figure 11: Scheme illustrating the flavonoid action on the reactive oxygen species (ROS) pathway (adapted 

from [16]). 

The induction of apoptosis is other of the major mechanisms of action, being 

accountable for the triggering of death receptors, and the activation of the proapoptotic 

members Bax and Bak, as summarized in Figure 12 [30]. Bax, Bak and Bid are 

apoptosis regulatory proteins that are capable of releasing cytochrome c into 

mitochondria [30]. Such release leads to caspases activation, namely caspase 9 and 3, 

causing the cells to enter into apoptosis [31]. 
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Furthermore, the flavonoids are capable of activate death receptors that will both 

stimulate caspase 8 as well as the proapoptotic member Bid, that in turn permits the 

release of cytochrome c [31]. Therefore, in either of such pathways, the cells will always 

enter into apoptosis, thus promoting tumour reduction. 

 
Figure 12: Representation of the apoptotic pathway mediated by flavonoids (adapted from [16]). 

The action of flavonoids can be significantly different depending on the type of 

flavonoid, with some exhibiting differences in antioxidant power, the ability to reduce 

ROS, and the induction of apoptosis, among others [32]. 

Flavonoids have another important mechanism of action against cervical cancer, 

specifically through the suppression of the E6 oncoprotein [33]. As mentioned 

previously, the inhibition of this oncoprotein leads to an increase in p53 levels, thereby 

resulting in an increase in the apoptosis induction [33]. This mechanism constitutes a 

specific and improved action of flavonoids in the cervical cancer in comparison with 

other types of cancer, increasing its applications. 

In addition, the use of flavonoids as adjuvants to chemotherapeutic agents, like 

doxorubicin or paclitaxel, has also undergone intensive studies [34–37]. In this type of 

therapy, its application promotes the intracellular accumulation of the drug in cancer 

cells and has led to a significant reduction in the proliferation/growth of cancer cells. 

Furthermore, they have contributed to reduce toxicity in healthy cells, thereby decreasing 

the side effects. The joint action of flavonoids and anticancer drugs then overcomes one 

of the main restrictions of chemotherapy and increases the anticancer action of the drug 

at a lower concentration [34–37]. 
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1.5.1. Flavonoids subgroups 

 

As described before, flavonoids are a class of polyphenols which can be classified in 

accordance with their biosynthetic origin, as well as based on the aromatic ring binding 

site and the degree of oxidation and saturation of carbons that are present between 

these two rings [38].  

Currently, flavonoids can be divided into various subgroups. The main subgroups are 

summarized in Figure 13 and the characteristics and main actives of each subgroup are 

further described in the points below. 

 

Figure 13: Classification of flavonoids: (A) flavones, (B) flavonols, (C) flavanones, (D) isoflavonoids, (E) 

flavanols, (F) chalcones, (G) anthocyanidins (adapted from [16]). 
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1.5.1.1. Flavones 

 

Flavones are distinguished by a double bond across the carbons represented by the 

numbers 1 and 2 and a ketone group on the carbon represented by the number 3 in 

Figure 13.A [39]. The scientifically most prominent flavones are luteolin, morusin, 

tangeritin, chrysin, baicalein and apigenin, which are also shown in Figure 13.A [39]. In 

nature, flavones are typically present in their glycosylated form and can be obtained 

from fruits, leaves and flowers. Parsley, red pepper, mint, celery, camomile, orange, 

honey and ginkgo biloba are the main sources of this flavonoid group [40]. Flavones are 

chemically used to control the interactions of insects and micro-organisms with the 

plants and thereby protect them. They also belong to the group of non-essential 

nutrients and are largely applied in the food industry for this reason [30]. 

Flavones have several benefits to humans, such as the ability to decrease ROS 

production by inhibiting the enzyme xanthine oxidase, thereby suppressing efflux 

pumps and inducing apoptosis. Moreover, the flavones may also interact with 

oestrogen receptors, preventing them from losing their shape and thus binding to 

carcinogenic co-activators [32,38]. 

1.5.1.2. Flavonols 

 

Flavonols mainly distinguish themselves from flavones essentially by a higher oxidation 

state, with this group's base skeleton containing an -OH group on carbon shown by the 

number 2 in Figure 13.B. Being the most representative group in nature, flavonols can 

be found in fruits and vegetables such as bananas, apples, onions, broccoli and grapes, 

as well as in red wine and teas such as black and green tea [38]. The most relevant and 

prominent flavonol in both scientific and therapeutic studies is quercetin, although 

there are other flavonols with high scientific interest, such as kaempferol, rutin, 

myricetin, morin, fisetin and tamarixetin. 

In the natural environment, flavonols are believed to play a major role in plant growth 

and development, as well as in resistance to ultraviolet (UV) radiation and insects [30]. 

Flavonols play an important role in human health due to their antioxidant, 

antimicrobial, anti-inflammatory, cardiovascular and anticancer activities. Quercetin 

represents the most clinically studied flavonol and its anti-cancer role has been 

scientifically demonstrated, particularly its inhibitory action against the growth of 

cancer cells. It avoids metastasis through inhibiting the secretion of matrix 
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metalloproteinases (MMPs), preventing epigenetic alterations, stopping progression in 

the cell cycle and increasing apoptosis of cancerous cells, avoiding oxidative stress and 

inhibiting angiogenesis [30,34,41–43]. 

Furthermore, and as previously mentioned, quercetin also has the important action of 

increasing p53 levels by suppressing the action of E6 oncoprotein [33]. The delivery of 

this flavonoid to HPV-positive cells leads to its binding to the E6 oncoprotein, thereby 

blocking the ability of E6 to link to E6AP, thus preventing its function [41]. As such, the 

expression levels of p53 remain high, thus potentiating apoptosis. In addition, 

quercetin also increases the expression levels of Bax and p21, further stimulating 

apoptosis [41]. 

1.5.1.3. Flavanones 

 

Flavanones are defined by the fact that they contain saturated and deoxidised carbons as 

indicated by the numbers 1 and 2 in Figure 13.C. They are the primary product of the 

flavonoid biosynthesis pathway and the highest reactive flavonoid group. They are found 

in nature mainly in the skin of fruits, in seeds, in the bark and in flowers of most plants 

[38].  

Hesperidin, hesperetin, naringenin, naringin, 2’-hydroxyflavone and taxifolin are the 

main flavanones and their chemical structure are also represented in Figure 13. C. 

Similarly to flavonols, flavanones also possess the ability to suppress the expression of 

MMPs, thereby decreasing their tissue invasiveness and the development of metastases 

[44]. Furthermore, flavanones also have antioxidant and anti-inflammatory properties 

[39] 

1.5.1.4. Isoflavonoids 

 

Isoflavonoids can be found in plants of the Fabaceae family, in particular soybeans, red 

cover and chickpeas, in which they are found as a secondary metabolite. They have an 

essential role of protecting the plant from attacks by pathogenic micro-organisms. 

Structurally, this flavonoids group is distinguished among the other groups due to the 

phenol group attached to the carbon, shown with the number 2, rather than being 

linked to the carbon shown at number 1 in Figure 13.D [32,45]. The isoflavonoids may 

be present in both their glycosylated and aglycosylated form (the aglycone forms). The 

main isoflavonoids can also be seen in Figure 13.D, specifically Daidzein, Genistein, 
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Glycitein and Biochanin A, which may also show up in glycosylated forms, namely β-

glycisudem, 6"-o-malonyl-glycoside and 6"-0-acetyl-glycoside [46]. 

Their therapeutic role in humans has been the subject of extensive studies and they 

have been found to be useful in the prevention of diseases like osteoporosis in women, 

diabetes, Kawasaki syndrome, Alzheimer's and heart disease. Moreover, isoflavonoids 

have also antioxidant capacity due to their ability to give hydrogen atoms from the 

groups attached to the benzyl ring, as well as through their ability to enable and express 

the antioxidant enzymes catalase, glutathione and superoxide dismutase [32,45]. Apart 

from these characteristics, its most important role in medical therapy is related to its 

anticancer capacity. Through their structural similarities to estrogens, isoflavones also 

have the capacity to bind to estrogen receptors, thus competing with them and reducing 

cancer-related estrogens. Accordingly, isoflavones are being widely used in therapies 

against breast cancer and other types of cancer [45]. 

1.5.1.5. Flavanols (Flavan-3-ols) 

 

Flavanols, or Flavan-3-ols, have a structure with carbons fully saturated (shown by the 

numbers 1, 2 and 3), along with a hydroxyl group on the chiral carbon shown by the 

number 2 in the Figure 13.E [47]. The principal compounds in this group are catechin, 

epicatechin, epigallocatechin and epigallocatechin-3-gallate, and due to their name, 

this group can also be named catechins [47]. Flavanols are mainly present in tea leaves 

but they can also be found in chocolate, cocoa and apples [47]. For humans, flavanols 

have been described as able to inhibit the activity of digestive enzymes like α-amylase 

and α-glucosidase, leading to a reduction in blood glucose levels. Additionally, they 

have also been found to have an impact on blood pressure, lowering it and reducing the 

risk of cardiovascular disease. Furthermore, flavanols contain antioxidant, anti-

depressant and anti-obesity properties. [32]. 

1.5.1.6. Chalcones 

 

Regarding the chemical composition, chalcones represent the most distinguishable 

group of flavonoids because the carbons shown by numbers 1, 2 and 3 in Figure 13.F 

will not form a third ring between the two benzyl rings. Furthermore, chalcones have 

also a ketone group at the carbon indicated as number 3 in the same figure. This group 

of open-chain flavonoids can be easily found in plants of Moraceae, Leguminosae and 

Compositae families, being present in vegetables, fruits, grains, roots, flowers, teas and 
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wines [48]. The main flavonoids in this subgroup used for therapeutic purposes are 

licochalcone A, phloretin, xanthohumol and isoliquiritigenin [39]. 

In the natural environment, this group has the capability of protecting plants by 

neutralising ROS and thereby preventing molecular damage and attacks by 

microorganisms [49]. Chalcones have been reported to have various properties for 

medicinal purposes, including antifungal, anti-inflammatory, antibacterial, antiviral, 

anticancer, and neuroprotective capabilities, among others. Its ability to inhibit ROS is 

believed to be the main reason for all these therapeutic benefits [49]. 

1.5.1.7. Anthocyanidins 

 

Being the only group with substantial aqueous solubility, anthocyanidins are typified by 

an unsaturated ring between the two benzyl rings, forming a flavylium cation, as can be 

seen in Figure 13.G [50]. The anthocyanidins are widely available in leaf, flower, 

vegetable and fruit pigments, being responsible for colours of blue, red and purple 

ranges. Along with its pigmentary properties, the inhibition of ROS and the 

physiological phase regulation of plant tissues are also a relevant part of their valences 

[51]. The main flavonoids present in this group are cyanidin, delphinidin, malvidin, 

pelargonidin, peonidin and petunidin, whose chemical structures are shown in Figure 

13.G [51]. Across humans, anthocyanidins have the capacity to be neuroprotective, 

antioxidant, anti-diabetic, anti-obesity and anti-cancer, as well as being responsible for 

inhibiting cancerous growth [51]. 

1.6. Flavonoids bioavailability 
 

Although all flavonoids have demonstrated a low toxicity, combined with the significant 

value in a therapeutic scenario already mentioned, nearly all groups display a very low 

bioavailability. This parameter changes greatly between compounds. Isoflavones, 

flavanones, quercetin glucosides and flavanols display the highest bioavailability across 

all flavonoid subgroups, despite being similarly weak for therapeutic applications 

[28,46]. Excluding anthocyanidins which display a significant aqueous solubility, their 

solubility in water is usually very low in all flavonoid groups and, therefore, their 

absorption is very limited by oral administration, thus reducing their bioavailability 

and therapeutic effect [50,52]. Additionally, flavonoids are considered to have low 

stability, easy degradation in extremely acidic medium, low intestinal permeability and 
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high metabolism, resulting in the bioavailability of flavonoids being considered very 

low [23]. 

In order to overcome such bioavailability constraints, several approaches based on 

delivery systems are being developed and focused on processes to enhance intestinal 

absorption, increase stability or modify the site of absorption [53–56]. Furthermore, 

the use of delivery systems improves flavonoid solubility, reduces gastrointestinal 

degradation, enhances absorption in the bloodstream, prevents renal clearance and 

also protects against secretion in the liver. Correspondingly, the study of flavonoid-

based delivery systems has acquired high scientific relevance. [57]. 

1.7. Delivery systems 
 

A variety of flavonoid-based delivery systems are under development for the anticancer 

therapy, particularly against cervical cancer. By taking into account these new types of 

delivery systems, it is possible to use lower flavonoids concentration as well as to use 

ligands that will efficiently deliver these systems to cancer cells, thus decreasing the 

risk of toxicity to healthy cells and increasing their therapeutic benefit. There are a 

variety of delivery systems to explore for the encapsulation of these drugs, depending 

on the material involved and the characteristics displayed by the drug. Accordingly, the 

delivery systems may be highly distinctive in nature, having the main groups 

summarized in Figure 14. 

 

Figure 14: Principal types of delivery systems presently in development for the encapsulation of flavonoids 

(adapted from [16]). 
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The features of each different class of system and their constituent compounds are 

described in the following sections. The delivery systems are summarized in Table 5 

and also indicates which are already being developed for in vitro (Hela cells) and in 

vivo (U14 cervical carcinoma) cervical cancer therapies. 

Table 5: Delivery systems used in in vitro HeLa cells and in vivo U14 cervical carcinoma (adapted from 

[16]). 

Type of  

Delivery 

System 

Flavonoid Constitution Characteristics 
Type of 

Study 
Experimental Studies 

Refer-

ences 

Liposomes 

Quercetin 

Soybean 

phosphatidylcholine and 

cholesterol 

Size: 143.1 nm 

EE1: 96.96% 

In vitro and in 

vivo 

IC50
2: 10–50 µM. 

DR 3: 26.5% after 12h. 

Tumor decreases by about 50%. 

[58] 

PEG4, cholesterol and 

soybean 

phosphatidylcholine 

Size: 171.3 nm 

EE: 81.25% 

In vitro and in 

vivo 

Toxicity: 10% 

IC50: 3.033 µM after 48h. 

Tumor decreases from 1500 

mm3 to 500 mm3. 

[59] 

Egg-

phosphatidylcholine, 

cholesterol and 2-

distearoyl-sn-glycero-3-

phosphoethanolamine-

PEG 2000 

Size: 109.79 nm. 

EE: superior to 80% 
In vitro 

IC50: 185 µM, 40 µM and 14 µM 

were established after 24, 48 

and 72h, respectively. 

[60] 

Triglycerides, lecithin, 

PEG and acid folic 
EE: 96.01% In vitro IC50: 13 µM. [61] 

Baicalein 

Soybean 

phosphatidylcholine and 

cholesterol 

Size: between 166.9 

and 194.6 nm 

ZP5: between–18.23 

and–30.73 mV 

EE: 44.3% 

In vitro Inhibition rate of 66.34%. [62] 

Nanoemul-

sion 
Quercetin 

Polyglyceryl-10 laurate, 

polyglycerol-6 

monostearate and 

sucrose esters-11 

Size: between 93 nm 

and 233 nm 

EE: 84.7% 

In vitro VR 6 to 90%. [63] 

Biopolymer 

Quercetin Chitosan and quinoline 
Size: 174.8 nm 

EE: 77.2% 
In vitro 

IC50: 10–14 ug/mL after 48h. 

DR: 69.3%–78.4% after 8h. 
[64] 

Rutin and 

quercetin 

Keratin and sodium 

dodecyl sulphate 

Size: 55 nm 

ZP: –28.09 mV 

EE: 86.5% 

In vitro 
85% was released within 30h. 

VR up to 80%. 
[65] 



 21 

Biopolymer 

Rutin Fucoidan 
Size: 221 nm 

 
In vitro IC50: 20 µg/mL [66] 

Naringenin Silk fibroin 

Size: between 148.4 

and 180.1 nm 

ZP: between –30.5 

and -39.1 mV 

EE: 21.81% 

In vitro IC50: 250 µg/mL. [67] 

Hesperidin 
Gliadin coated with 

chitosan 

Size: between 226.5 

and 321.40 nm 

ZP: between–2.91 

and +21.40 mV 

EE: between 73.10 

and 80.11% 

In vitro 

IC50: 16 ug/mL 

For blank nanoparticles IC50 of 

159.33 µg/mL 

[68] 

Synthetic 

polymer 

Genistein 
Poly e-caprolactone and 

PEG 1000 succinate 

Size: 181.83 nm 

ZP: –14.70 mV 

EE: 95.56% 

In vitro and in 

vivo 

IC50: 24.3 ug/mL, 13.6 µg/mL 

and 5 µg/mL after 24, 48 and 

72h, respectively. 

In vivo studies showed a 

reduction of tumour weight by 

about 4 times. 

[69] 

Quercetin 

Gelatin modified 

pluronics 

Size: between 79.52 

and 152.51 nm 

EE: 93.02% 

In vitro IC50: 45.83 µM. [70] 

PEG and poly lactide-co-

glycolide 

Size: between 143.1 

and 153 nm 

EE: between 97.8% 

and 99% 

In vitro IC50: 10 µM. [71] 

Inorganic 

polymer 

Quercetin 

Oxide nanoparticles 

functionalized with citric 

acid and α-cyclodextrin 

Size: between 22.35 

and 59.9 nm 

ZP: between–15.4 

and +35.6 mV 

EE: higher than 75% 

In vitro 

VR: almost zero for 

nanoparticles with a drug 

concentration of 100 µg/mL. 

[72] 

Phloretin Gold nanoparticles 

Size: 8 and 15 nm 

ZP: between–31.7 

and–38.2 mV 

In vitro 
VR: 12.5% with a concentration 

of 4 mg/mL. 
[73] 

Hesperetin, 

naringenin 

and apigenin 

Copper complexes  In vitro 
Inhibitory rate between 20 and 

30%. 
[74] 

Inorganic 

polymer/ 

biopolymer 

Quercetin 
Copper nanoclusters 

with hydroxyapatite 

Size: 36.2 nm 

ZP: –19.3 mV 

EE: 72% 

In vitro IC50: 500 µM. [75] 

Inorganic/ 

synthetic 

polymer 

Quercetin 

Magnetic nanoparticles 

coated with poly citric 

acid and functionalized 

with folic acid and PEG 

Size: between 10 and 

49 nm 

EE: 80.3% 

In vitro 

VR: 25% with 100 µg/mL of 

quercetin. 

Toxicity: 0% 

[76] 
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Halloysites nanotubes 

functionalized with PEG 
ZP: +37.44 mV In vitro 

VR: 30% for a drug 

concentration of 50 µg/mL. 

Toxicity: 10%. 

[77] 

Quercetin and 

luteolin 

Magnetic iron oxide 

nanoparticles modified 

with 3-aminopropyl 

triethoxysilane, folic 

acid and PEG 

Size: between 8 and 

20 nm 
In vitro 

VR: 20% and 40% with 100 

µg/mL of quercetin and luteolin, 

respectively. 

[78,79] 

Micelles Quercetin 
Chondroitin sulfate and 

cholesterol 

Size: between 124 

and 237 nm 

EE: 30.6% 

In vitro 
VR: near to 80% for a drug 

concentration of 200 µg/mL. 
[80] 

Inclusion 

complex 

Fisetin Cyclosophoraose dimers 

Showed 2.4 times 

more solubility of 

fisetin than β-

cyclodextrin 

In vitro 
VR: 29% after an incubation of 

24h with 100 µM of drug. 
[81] 

Chrysin β-cyclodextrin 

Size: 458 nm 

ZP: –38.4 mV 

EE: 59.1% 

In vitro 
VR: 11.5% after 48h with 100 

µM of drug. 
[82] 

Dendrimers Baicalin 

Poly amidoamine 

dendrimers modified 

with folic acid 

Size: between 174.4 

and 258.8 nm 

ZP: between–2.9 mV 

and–9.3 mV 

EE: between 53.5 

and 91.9% 

In vitro 
VR: 40% after 48h with 25 

µg/mL of baicalin. 
[83] 

1 EE—Encapsulation efficiency (%). 2 IC50—Half inhibitory drug concentration. 3 DR—Drug release. 4 PEG—

Polyethylene glycol. 5 ZP—Zeta potential (mV). 6 VR—Viability reduction. 

1.7.1. Lipid-Based delivery systems 

 

Lipid-based delivery systems can be divided into three major groups: liposomes, solid 

lipid-based nanoparticles and emulsions, and within each of these groups there can be 

further divisions into subgroups [84]. 

1.7.1.1. Liposomes 

 

Liposomes consist of a spherical vesicle usually formed by emulsifiers and a bioactive 

compound dissolved in an organic solvent. Generally they are made of with at least one 

lipid layer which permits them to be frequently employed for the encapsulation of both 

hydrophilic and hydrophobic drugs [58,85]. Liposomes are mainly composed of 

phospholipids and can also contain cholesterol and/or a hydrophilic polymer like 

polyethylene glycol (PEG). In such cases, they can be termed as stealth liposomes, since 

the junction with this kind of polymer extends the circulation time of liposomes, 
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thereby improving their efficiency. As regards liposomes formation with phospholipids 

and cholesterol, their use ensures structural and biological stability, giving origin to 

biocompatible transport systems with high encapsulation efficiency for all types of 

flavonoids, consistently higher than 80% and in several cases over 95%. [59]. 

Furthermore, liposome stability also decreases the capability of the systems to prevent 

the formation of aggregates, to be toxic for therapeutic use and to improve the capacity 

for a controlled release of encapsulated flavonoids. Nevertheless, there is still some 

physical and chemical instability that could lead to aggregation problems over time, as 

well as some drug degradation over the storage time. [59,60,86]. However, the 

utilization of this class of system also favours its size and polydispersity index (PdI), 

which vary from 100 to 200 nm and from 0.1 to 0.25, respectively. These favourable 

properties confer to these systems the ability to more easily move through the pores 

present in blood capillaries and accumulate in tumours, which usually present a greater 

number of pores in the blood capillaries that are surrounding them [59,60]. 

Both in vitro and in vivo trials demonstrated a high number of therapeutic benefits 

from applying liposomes, in particular through their high capacity to encapsulate 

flavonoids, resulting in increased therapeutic effect and reduced toxicity. The viability 

studies on cervical cancer cell lines (HeLa) shown that when the flavonoids are 

encapsulated in liposomes, it requires a lower concentration of flavonoids to obtain a 

half inhibitory concentration (IC50) on cell viability studies, which can decrease from 

200 µM in the case of free quercetin towards concentrations of nearly 100 µM after an 

incubation of 24 h, as demonstrated in Table 5. For extended incubation times, an IC50 

can be achieved for concentrations of 14 µM by using liposomes made of triglycerides, 

lecithin, PEG and folic acid [60,61]. In addition, in vivo studies have shown that 

quercetin-loaded liposomes composed of PEG, cholesterol and soybean phosphate 

choline have induced an almost three times decrease in tumour size when compared 

with the delivery of free quercetin [58,61]. Other liposomes made up of soybean 

phosphatidylcholine and cholesterol showed a decrease in tumour volume of nearly 

50%. [58]. For other cancers, the use of liposomes have been also investigated and 

equally showed a high encapsulation rate, a low toxicity and a high percentage of cell 

inhibition in in vitro studies [87–89]. Overall, a great range of emulsifiers have been 

already tested in anticancer therapies, in particular lecithin or PEG derivatives. In some 

cases, the chitosan coatings were explored in order to improve their bioavailability and 

stability in in vivo studies, thereby providing further possibilities to enhance the 

application of these systems in cervical cancer related studies. 
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1.7.1.2. Lipid-Based nanoparticles 

 

A second widely investigated type of delivery system are solid lipid-based 

nanoparticles, which are described as being solid lipid systems that are formed at room 

temperature. These are divided between solid lipid nanoparticles (SLNs) and 

nanostructured lipid carriers (NLCs). The main distinguishing characteristics between 

SLNs and NLCs is the fact that SLNs form completely solid systems with a perfect 

crystal structure, compared to NLCs which have a non-ideal crystal structure that leads 

to the development of systems with both a solid and liquid zone, thereby increasing the 

drug load and reducing the water content [90–92]. Compared to liposomes, SLNs avoid 

the necessity of using organic solvents, therefore reducing their cytotoxicity, while still 

keeping a high capacity to encapsulate both the hydrophobic and hydrophilic drugs 

[86]. Thus, SLNs possess a high bioavailability, a low cost and an easy large-scale 

production and a high capacity to sustain a controlled release [86]. Regarding the 

composition, both SLNs and NLCs are principally made up of non-ionic surfactants 

such as Polysorbate 80®, Poloxamer 188, Tyloxa-pol, and occasionally lecithin or 

phosphatidylcholine, since their amphoteric character enhances the stability displayed 

by the system [74]. For NLC, there are liquid lipids that are used to make the liquid part 

of the system, such as oleic acid, olive oil, almond oil and cetiol®. [86]. Although all 

their advantages and their highly tolerance in in vitro and in vivo assays for being 

made up of natural components, the toxicity of the surfactants and the other excipients 

necessary for their production must be considered. Furthermore, there are still a 

potential risk of aggregation and recrystallisation present in this type of system [84,93]. 

The applications of SLNs and NCLs in cervical cancer related in vitro and in vivo assays 

are still not completely tested. Nevertheless, considering studies in others types of 

cancer, their use has proven that it was possible to achieve a high encapsulation rate 

(over 90%) and a drug load of over 10% and, in some cases, over 20%. [90,94–97]. It 

has also been proven a significant decrease in cell viability in vitro as well as a 

considerable reduction in tumour volume in in vivo studies [90,94–97]. These findings 

provide further support to the fact that the application of SLNs and NCLs in anticancer 

therapies against cervical cancer could be of special interest and should be further 

investigated. 
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1.7.1.3. Emulsion and nanoemulsions 

 

Other than the latter types of delivery systems, emulsions and nanoemulsions can also 

be considered. This class takes advantage of the interactions between water and oils 

through an addition of an emulsifier such as polyglyceryl-10 laurate or PEG 660-

stearate in order to form systems that promote the solubilization of flavonoids and 

improve their bioavailability [63,98]. Despite the fact that either emulsions or 

nanoemulsions have the disadvantage that they are not thermodynamically stable 

systems, disassociating over time, their implementation leads to a high rate of 

encapsulation of flavonoids, typically over 80% and a lower aggregation, while 

preventing gravitational separation [63]. Between emulsions and nanoemulsions, they 

are distinguished by their size, emulsions have a size exceeding 200 nm compared to 

nanoemulsions that have a size below 200 nm. According to the desired flavonoid 

delivery location, the usage of different emulsifier ratios may be tested so that the 

systems can feature a suitable size range to reach the targeted site and accumulate 

there with most easily [85,99]. 

Nanoemulsions made of soybean phosphatidylcholine and cholesterol were tested on 

cervical cancer cells and they only exhibited a 10% reduction of viability at a 

concentration of 200 µg/mL, although they have demonstrated a low toxicity, 

enhancing the possibility of further studies to increase their therapeutic capacity [63]. 

For other types of cancer, emulsions and nanoemulsions have shown similar physical 

characteristics regarding size, encapsulation rate and stability. Nevertheless, they also 

have a significant anticancer potential, as demonstrated by the significant diminution 

of viable cells. As an example, in melanoma cells, it was possible to obtain a 

considerable reduction in viability at concentrations of more than 50 µM of drug 

encapsulated in an emulsion of lecithin, castor oil and PEG 660-stearate while, in 

human colorectal carcinoma cells, it was possible to verify a decrease in viability of 

about 60% at concentrations of 25 µM of drug encapsulated in an emulsion of 

Labrasol®/Tween®, lecithin and Miglyol® 812 [98,100,101]. Thus, new formulations 

with novel emulsifiers as well as different ratios might be tested to further increase 

flavonoid encapsulation, enhance its anticancer effect, and improve the therapeutic 

effect. As such, major advancements can be made in the development of anticancer 

therapies based on such molecules. 
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1.7.2. Polymer-Based Nanoparticles 

 

Polymer delivery systems have been the first and most widely applied/explored carriers 

for the encapsulation of flavonoids. Overall, such delivery systems are composed of 

nanoparticles and spherical walls with an exterior polymer and a core consisting of a 

hydrophobic surfactant that offers a high stability, solubility and bioavailability to the 

large part of the flavonoids [70,71,102]. To obtain a high final drug concentration, this 

type of delivery systems makes advantage of the dissolution of flavonoids in an organic 

compound, usually ethanol, which is subsequently removed by evaporation under 

vacuum, or by spraying or lyophilisation to reduce the cytotoxicity of the system 

[66,85]. The properties of these polymer-based nanoparticles can differ greatly 

depending on the type of polymer involved and can be classified based on their nature, 

being divided into natural, synthetic or conjugated with inorganic compounds [23,84]. 

1.7.2.1. Natural Polymers 

 

Natural polymer-based systems, or also known as biopolymers, provide a wide range of 

systems, according to the components used in their formulation, and in the specific 

case of biopolymers, these are proteins and polysaccharides [84,85]. Such polymers 

guarantee a high degree of biocompatibility and biodegradability as well as a low 

cytotoxicity, making them widely used in in vitro and in vivo experiments [66–68]. 

Nonetheless, the use of such systems based exclusively on proteins or polysaccharides 

is uncommon. In many circumstances, a combination with other types of biopolymer or 

with a synthetic or inorganic-based polymer is often considered [68]. The use of a 

polysaccharide such as chitosan is very common, used in combination with a protein, a 

polysaccharide or another type of polymer. This approach was found to provide 

increased biocompatibility, biodegradability as well as stability to the systems. 

Furthermore, chitosan possesses mucoadhesive properties which contribute to 

improved delivery of systems to specific/mucosal targeted sites [64,68,103,104]. The 

conjugation of one biopolymer to another type of polymer is very common and leads to 

the formation of systems with improved performance for either in vitro or in vivo 

assays. Usually, they present sizes of under 200 nm and a high stability as well as 

controlled drug release, facilitating the delivery into the target cells. [64,65,68,105]. 

The polymeric natural systems containing polysaccharides appear as an important way 

of achieving greater bioavailability of systems, which are often applied alongside with 

other polymers or inclusion complexes [106–108]. 
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The use of proteins such as bovine serum albumin (BSA), silk fibroin, keratin and 

gliadin were already experimented on cervical cancer cell lines. The only compound 

used without any other compound associated was silk fibroin, mainly because it was a 

copolymer with hydrophilic and hydrophobic blocks, making the flavonoids 

encapsulation easier and improving their stability [64–68,109]. Nevertheless, such a 

polymeric system made out of silk fibroin exhibited a comparatively large size relative 

to other systems, as well as a high IC50 of 250 µg/mL [67]. The use, in cervical cancer, 

of polysaccharides relied only on the conjugation of chitosan with another polymer, 

such as quinoline or gliadin, and the simple use of phacoidan, a polysaccharide with 

similar properties as chitosan, showed a relatively low IC50 of 20 µg/mL, despite the 

significantly high size of 221 nm [64,68]. Apart from the size reduction that occurs due 

to the conjugation of several types of polymers, this conjugation results also in a higher 

encapsulation rate, typically about 80%, higher than the 21.81% encapsulation rate 

observed with systems made of only a single protein [64–68,109]. 

1.7.2.2. Synthetic Polymers 

 

Other type of polymer-based nanoparticles derive from synthetic polymers in which 

PEG is the more dominant, frequently utilized in combination with other types of 

systems in order to enhance the flavonoid solubility and provide an improved 

encapsulation rate [71,77]. In the PEG-based systems, encapsulation rate is usually 

high, generally higher than 90%, despite presenting a low degradation rate and low 

biocompatibility. [71,77,110]. Nevertheless, these negative effects may be significantly 

reduced through the formation of systems composed of a mixture of polymers in such a 

way that it is possible to implement them in in vitro and in vivo assays [23,71,84]. 

Studies have been performed in vitro and in vivo on anticancer therapies against 

cervical cancer, involving formulated PEG systems conjugated with poly lactide-

coglycolide, poly e-caprolactone conjugated with PEG 1000 succinate, as well as 

pluronic systems modified with gelatin [69–71,77,109]. Systems for which PEG is not 

the main compound are discussed further in the section relating to this type of 

compound. Cell viability assays have demonstrated that it is possible to achieve low 

IC50 values near to 10 µM by using systems consisting only of synthetic polymers, in 

particular PEG and lactide-co-glycolide, on account of the high blood circulation time 

that these systems achieve. Furthermore, they have revealed a high capacity of 

conjugation with specific ligands, like folic acid, that actively promotes targeting of 

systems to cancer cells, since these cells have a higher amount of folic acid receptors in 
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comparison with healthy cells. [71]. The use of poly e-caprolactone and PEG 1000 

succinate systems in in vivo studies have shown a four times higher tumor weight 

reduction compared to the administration of the drug in its free form [69]. 

1.7.2.3. Inorganic Compounds Conjugated With Polymers 

 

Inorganic polymer-based delivery systems are one class that presents a greater 

diversity of applications, namely in drug delivery, tissue repair, hyperthermia and 

magnetic resonance imaging [76]. This type of carrier is mainly composed of gold, 

copper and even iron oxide nanoparticles which usually constitute delivery systems like 

nanoparticles or nanotubes [72–76]. Despite such systems have a high ability to 

aggregate, suffer oxidation, and display a low stability and biocompatibility, coating 

these systems with polymers such as PEG greatly exceeds those disadvantages, giving 

to these systems a site for flavonoids and ligands to attach to and thus making these 

systems viable [76]. 

Characterized by their very small sizes in comparison with other types of delivery 

systems, the inorganic polymeric carriers usually have sizes below 50 nm, as well as 

encapsulation rate ranging from 70 to 80%. [72–76]. Iron oxide magnetic nanoparticles 

coated with different polymers, such as BSA, α-cyclodextrin, citric acid, poly citric acid, 

PEG or 3- aminopropyl triethoxysilane have been explored to transfect HeLa cells 

[72,76,79]. Cell viability assays were highly variable according to the system used, and 

an IC50 of 10 µg/mL has been obtained for the process using nanoparticles based on 

iron oxide and BSA [109]. 

Polymeric carriers have been extensively investigated for other cancers as well, and 

various systems have been already tested to both encapsulate flavonoids and target 

them to cancer cells. Several polymers are highlighted below, namely PEG and 

chitosan, both mentioned above and presented in Table 5 [102,104,105,110,111]. 

Chitosan incorporation in system formation and conjugation with most different types 

of polymers has been experimented, including common conjugation with 

tripolyphosphate and functionalization with PEG or some type of inclusion complex, 

with the aim of improving the stability and solubility of the encapsulated flavonoids 

[42,103,112,113]. Besides the already described compounds, poly(lactic acid), 

poly(lactic-co-glycolic acid) and polycaprolactone have also been explored, and usually 

these systems are also conjugated with PEG or any of its derivatives in order to enhance 

flavonoids encapsulation [23,102,110,114–117]. In vitro assays mediated through these 
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systems have shown a reduction in cell viability that is similar to the one registered in 

in vitro assays in HeLa cells, suggesting that such a system is highly suitable for any 

cancer cell. 

1.7.3. Micelles 

 

Micelles are made up of amphiphilic molecules that, according to the polymeric or 

lipidic character of these molecules, can be classified as polymeric micelles or lipidic 

micelles [84,118,119]. The molecules that make up micelles offer a hydrophobic core 

capable of encapsulating therapeutic agents with a low solubility and an elevated 

hydrophobicity [118–120]. Therefore, micelles provide an ideal platform for the 

encapsulation of flavonoids, assuring a higher flavonoids stability as well as an 

adequate and more consistent release profile. [118–120]. On the other hand, the 

external part of micelles, consisting of the hydrophilic zone of the molecules, provides 

elevated protection and stability, resulting in increased bioavailability of the system 

[118]. In terms of advantages, such delivery systems are highly favoured by their small 

size, frequently below 100 nm, as well as their high thermodynamic stability, a high 

drug loading capacity, increased cellular uptake, and an easy large-scale production. 

Nevertheless, the formulations vary greatly depending on the ratios of the components 

considered, and an intensive study might be required until the ideal ratio is discovered 

[84,118,119]. 

In vitro experiments on cervical cancer cells showed that the delivery facilitated by 

micelles composed of chondroitin sulfate and cholesterol resulted in a 20% decrease in 

viability in a concentration of 200 µg/mL [80]. Furthermore, these micelles showed a 

relatively weak percentage of encapsulation, even presenting a very high percentage of 

drug loading, at respectively 30.6% and 23.4%. [80]. In vitro assays with other types of 

cancer, using micelles, showed better performances, namely an IC50 of 110 µM and 

21.24 µM in breast and lung cancer cells were achieved, respectively [118–122]. In 

addition, these studies have also indicated improved physical conditions of formed 

micelles, with sizes less than 100 nm and an encapsulation efficiency greater than 

80%.[118–122].  

The performance of micelles in in vivo studies was also tested, and a reduction in size 

of more than three times when compared to using the flavonoid in its free form was 

observed [123]. Thus, the use of micelles for encapsulation and delivery of flavonoids 

needs to be further studied before their widespread use.  The combination of 
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characteristics displayed by these systems should be optimized to increase the 

performance of each one as a delivery vector for targeted delivery, and this would 

certainly have repercussions on its therapeutic potential against cervical cancer. 

1.7.4. Inclusion complexes 

 

Inclusion complexes can be defined as delivery systems that are characterized by 

having a host molecule with ability to attach another molecule by using non-covalent 

forces. The flavonoids can be "bound" to such complexes because of their capability to 

form hydrophobic interactions with them [23,84,85,107]. The main advantage of the 

inclusion complexes is the fact that they have a cone shape that is open on both ends 

with an outer hydrophilic surface as well as an inner hydrophobic surface. Flavonoids 

can thereby be "trapped" within the internal cavity, which greatly confers support to the 

improvement of their solubility, stability, and bioavailability [107]. Nevertheless, 

inclusion complexes have some drawbacks, with a restricted encapsulation rate for 

larger flavonoids, such as glycosylated compounds. In addition, they usually exhibit a 

comparatively large size (exceeding 200 nm) which limits their utilization for in vitro 

and in vivo controlled-delivery studies [106,108,124–126]. Subsequently, because of its 

low versatility, and due to the fact that there are cheaper methods of flavonoid 

encapsulation, their use is somewhat constrained. 

This delivery system group mainly is made up of cyclodextrins, of which β-

cyclodextrins are the most common. They can be converted in order to modify their 

physical and chemical characteristics to form more appropriate systems depending on 

the delivery site [107,124,125]. β-cyclodextrins are capable of altering their 

characteristics through chemical modifications to become more negatively or positively 

charged or having a greater or lesser degree of substitution [107,124,125]. There are 

different types of β-cyclodextrins, with β-cyclodextrin, carboxymethyl-β-cyclodextrin, 

sulfobutyl ether-β-cyclodextrin and hydroxypropyl-β-cyclodextrin (the most 

scientifically used) [107,108,124,126,127]. Cyclodextrins can also be combined with 

other polymers, such as chitosan, in order to increase both their stability, decrease their 

size and improve their bioavailability [107,108,127]. Additionally, the conjugation with 

biotin is also quite common since its receptors are highly expressed on cancer cells, 

which can contribute to effectively targeting cancer cells [126]. Other delivery systems 

based on inclusion complexes are tested for flavonoid encapsulation including α-

cyclodextrins, γ-cyclodextrins and β-lactoglobulins [72,128,129]. 
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In vitro studies on HeLa cells showed a reduction in viability to 11.5% after an 

incubation period of 48h, utilizing inclusion complexes consisting of β-cyclodextrin 

with a concentration of chrysin of 100 µM [82]. In other cancer-related studies, a major 

reduction in cell viability was also observed in comparison to the use of flavonoids in 

free form [82,124,126,130]. Thus, while it is important to be aware of the disadvantages 

already listed, the application of inclusion complexes for loading/encapsulation and 

delivery of flavonoids can be considered and investigated, as they easily promote 

solubilization of flavonoids in aqueous solutions, in which most of them cannot be 

dissolved. 

1.7.5. Other types of Delivery systems 

 

Alternative delivery systems could also appear as an alternative for encapsulation and 

targeting of flavonoids to cancer cells. Among the most promising carriers, dendrimers, 

for example, appear to be one of the most attractive. 

Dendrimers are a group composed by polymeric materials which have a complex 

branched structure containing numerous functional groups and an interior cavity which 

allows the encapsulation of drugs, like flavonoids [76,131]. Poly(amidoamine) 

dendrimers are the most common and principal type of dendrimers studied, being 

already used in in vitro assays in several types of cancer and presenting remarkable 

results, such as a reduction of viability in HeLa cells down to 40% by using a 

concentration of baicalin flavonoids of 25 µg/mL [76,83]. 

Nevertheless, their applications are still limited because of the toxicity they present. 

Some approaches like PEG conjugation have been considered in order to minimize such 

effect and provide a stronger association with specific ligands [131,132]. For the future, 

new strategies to ensure higher stability and bioavailability of these systems have yet to 

be investigated to improve its effect on flavonoid encapsulation and subsequent delivery 

to target cells. 

1.8. Chitosan 
 

As previously mentioned, chitosan is a natural polysaccharide which is derived from the 

deacetylation of chitin, whose chemical structure is shown in Figure 15 [103]. Such a 

polymer has been extensively used for the formulation of delivery systems due to its 
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high biocompatibility and biodegradability, as well as having a low toxicity, a high 

mucoadhesive ability and also a cationic nature [112,133–135].   

 

Figure 15: Chemical structure of chitosan. 

The cationic nature of chitosan allows its conjugation with anionic compounds, 

enabling the connection of the positive charges of chitosan with the negative charges of 

another compound, such as tripolyphosphate (TPP) or sulfobutyl-ether-β-cyclodextrin 

[52,108,112]. Depending on the type and delivery site of systems, as well as the drug to 

be encapsulated, several parameters of the chitosan can be modified, namely the 

molecular weight, the degree of deacetylation and the formulation method that is 

chosen. Regarding their molecular weight, the use of chitosan with a high molecular 

weight, usually higher than 200 kDa, promotes the creation of systems with larger 

sizes, thereby allowing the encapsulation of bigger drugs [112,113]. On the other hand, 

when considering low molecular weight chitosan, normally smaller than 150 kDa, the 

systems have smaller sizes, which permits the encapsulation of smaller molecules, 

being for this reason widely used for the encapsulation of DNA vectors [136,137].  

Likewise, the degree of deacetylation allows the presence of more or less amine groups, 

thereby potentially altering the ratios between amine and phosphate groups that are 

present in the system due to TPP or other type of crosslinker, leading to a change in the 

systems charge and facilitating cellular internalization. Also, the use of different 

formulation methods provides the possibility of altering the ratios between amine and 

phosphate groups on the surface of the delivery systems, as well as a change in their 

morphology and size. Thus, the use of chitosan conjugated with other types of system 

offers a high versatility, allowing the encapsulation of various types of drugs, namely of 

flavonoids, as well as delivering them inside the cells. 
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1.8.1. Chitosan-based formulation methods 

 

Therefore, and as described before, the use of different formulation methodologies 

allows the formation of systems with very distinct characteristics. In this sense, the 

most widely used are ionic crosslinking, precipitation or flocculation, solvent 

evaporation, spray drying and chitosan coating solution, which are further 

characterized in the following subsections. 

1.8.1.1. Ionic crosslinking 

 

The ionic crosslinking is the most used method for the formation of nanoparticles, 

especially for chitosan ones. This method is based on the addition of a negative 

compound into the chitosan solution. In this way, it is possible that the positive charge 

of the chitosan can interact with the negative charge of the crosslinker, thus allowing 

the formation of the delivery systems [138].   

The ionotropic gelation is a method based on ionic crosslinking, where the negative 

charge is dropwise conjugated to the chitosan solution while it is under agitation [139]. 

This method is characterised by being very easy to perform as well as being a relatively 

low-cost method compared to the others that can be explored. Nevertheless, this  

formulation results in systems with low stability and a highly variable size distribution, 

requiring an optimization of ratios between the chitosan and the crosslinker [136,139].  

1.8.1.2. Precipitation or flocculation 

 

Through this type of technique, the nanoparticles are prepared based on the addition of 

sodium sulphate that serves as a precipitation agent. The use of the precipitation 

method leads to the formation of delivery systems with a large size range, which makes 

them less suitable for application [139]. 

1.8.1.3. Solvent evaporation 

 

The solvent evaporation technique is a method based on differences in solute volatility, 

whereby a surfactant in an organic phase is added to the chitosan, forming an 

emulsion. After addition, the emulsion is left stirring leading to evaporation of the 

organic phase and formation of the nanosystems. This type of system usually presents a 
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spherical and uniform morphology, being widely used for the formulation of 

nanosystems that encapsulate hydrophobic drugs [139]. 

1.8.1.4. Spray drying 

 

The method of spray drying formulation involves the dissolution of chitosan and the 

drug to be encapsulated together, with the possibility of applying a crosslinker to 

ensure greater stability. Subsequently the solution are sprayed in a drying chamber 

causing the solvent to evaporate and the nanoparticles to form [139].  

The systems formed generally have a uniform and spherical morphology as well as a 

fairly uniform size range [139][140]. However, the use of hot air can degrade the drug 

to be encapsulated, especially in the case of flavonoids which have a very poor stability. 

1.8.1.5. Chitosan coating solution 

 

This technique is based on the addition of a chitosan solution to a previously 

formulated chitosan nanoparticle solution [139]. In this way, nanoparticles are covered 

with an outer chitosan layer that allows them to have a more uniform and spherical 

morphology as well as a controlled release of the encapsulated drug. 
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Chapter 2 – Objectives 
 

The aim of this master’s thesis is to develop suitable delivery systems for quercetin 

encapsulation, one of the main flavonoids with a proven carcinogenic and E6 

oncoprotein inhibition effect, improving its bioavailability. Therefore, some techniques 

have been explored to enable their encapsulation and promote their delivery to target 

cells. 

Several types of systems made of Chitosan/TPP, Sulfobutyl-ether-β-Cyclodextrin and 

Chitosan/Sulfobutyl-ether-β-Cyclodextrin will be evaluated in order to select those that 

give rise to the best properties, namely a reduced size, an acceptable surface charge, a 

high encapsulation efficiency and an uniform and spherical morphology. 

The systems that present the most suitable properties will then be tested in cell viability 

assays and calculation of half inhibitory concentration in order to understand if there is 

an improvement of the effect of quercetin encapsulated in these systems in relation to 

free quercetin. 
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Chapter 3 – Materials and methods 
 

3.1. Materials 
 

Medical grade high molecular weight (HMW) chitosan was acquired from Heppe 

Medical (Halle, Germany). TPP and sodium sulfobutyl ether beta-cyclodextrin (SBE-β-

CD) was obtained from Acros Organics (Thermo Fisher Scientific,Waltham, MA, USA). 

Quercetin was kindly given by Professor Ana Paula Duarte. 

HeLa cells were purchased from PromoCell (Heidelberg, Germany). DMEM/F12 cell 

culture media was obtained from Gibco (Thermo Fisher Scientific, Waltham, MA, 

USA). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was 

obtained from Alfa Aesar (Waltham, MA, USA).  

All solutions were freshly prepared by using ultra-pure grade water, purified with a 

Milli-Q system from Millipore (Billerica, MA, USA). 

3.2. Methods 
 

3.2.1. Preparation of Chitosan/TPP/Quercetin nanoparticles 

 

Stock solutions of chitosan (1 mg/mL) were prepared by resuspending the respective 

chitosan powder in sodium acetate buffer (0.1 M, pH 4.6) or in acetic acid 2% (pH 3.5) 

for 24h at 500 rpm. The chitosan used in all formulations had a HMW with a range 

between 200 and 500 kDa. TPP stock solutions (1 mg/mL) were prepared using the 

same two buffers and the same procedure. These solutions were filtered with a 450 nm 

filter and stored at room temperature until use. 

Quercetin stock solution (300 µM) was prepared by dissolving the quercetin powder in 

a 50% ethanol solution for 24h at 500 rpm. The solution was stored and protected from 

light at 4ºC until use. 

Nanoparticles were formulated using the ionotropic gelation technique. Briefly, each 

nanoparticle condition was formulated by adding, drop by drop, 150 µL of quercetin 

(300 µM) and 100 µL of TPP to 400 µL or 500 µL of chitosan. The different conditions 

were performed by using different concentrations and amounts of each chitosan (from 
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0.1 to 1 mg/mL and 400 µL or 500 µL) and different concentrations of TPP (from 0.25 

to 0.75 mg/mL). The formulation of these nanoparticles was performed by exploring 

the positive charge of chitosan and the negative charge of TPP. The formation of these 

delivery systems enables the interaction with quercetin, which due to its hydrophobic 

behaviour, has a higher affinity to be encapsulated inside the system.  

Chitosan/TPP/Quercetin nanoparticles were left for 30 minutes at room temperature 

for stabilization. Thereafter, these nanoparticles were centrifuged at 10.000 rpm for 10 

minutes at 4ªC.  

3.2.2. Preparation of SBE-β-CD/Quercetin inclusion complexes 

 

SBE-β-CD/quercetin inclusion complex was formulated by mixing 30 mg of SBE-β-CD 

and 0.3 mg of quercetin powder in 5 mL of ultrapure water. The solution was left under 

stirring, protected from light, for 24h at 37ºC and 500 rpm. The maximum amount of 

quercetin that can be encapsulated within the SBE-β-CD inclusion complex had already 

been calculated by Nguyen and co-workers and their solubilization straight was applied 

to guarantee that the maximum amount of quercetin was encapsulated [106].  

Before the characterization of these inclusion complexes, they were centrifuged at 

12.000 rpm for 10 minutes at 4ºC. 

3.2.3. Preparation of Chitosan/ SBE-β-CD/Quercetin delivery 
systems 

 

Stock solution of chitosan (2 mg/mL) was prepared by resuspending HMW chitosan 

powder in 2% acetic acid (pH 3.5). Chitosan stock solution was filtered with a 450 nm 

filter and was stored at room temperature until use. SBE-β-CD/Quercetin inclusion 

complexes was prepared as described before. 

Chitosan/SBE-β-CD/Quercetin nanoparticles were formulated by adding, drop by 

drop, 100 µL of different concentrations of SBE-β-CD/Quercetin (from 6mg/mL to 1.5 

mg/mL of SBE-β-CD) to 300 or 400 µL of different concentrations of HMW chitosan 

solution (from 2 mg/mL to 1 mg/mL).  

These nanoparticles were left stabilizing for 30 minutes and then were centrifuged at 

10.000 rpm for 20 minutes at 4ºC. 
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3.2.4. Characterization of the delivery systems 

 

Nanoparticles characterization was performed by Dynamic Light Scattering (DLS) at 

25ºC using a Zetasizer Nano ZS equipment (Malvern Instruments, UK) and the 

Malvern Zetasizer software v6.36. The evaluation of each delivery system conditions 

was evaluated by measure its size, PdI and zeta potential. To measure the size and PdI, 

all nanoparticles solution was mixed with ultra-pure water to make up 1 mL and was 

placed in a disposable cell. To evaluate the zeta potential, all types of nanoparticles 

were centrifuged as described before and were resuspended in 750 µL of ultra-pure 

water. All parameters were measured three times from three independent samples 

(n=3). 

3.2.5.  Determination of encapsulation efficiency  

 

To determine the encapsulation efficiency of the best ratios of each type of delivery 

system, the formulations were centrifuged, as described before, and were resuspended 

in the same volume of methanol. Then, the samples were sonicated for 10 minutes and 

centrifuged for 5 minutes at 8000 rpm and 4ºC as described by Sundararajan and co-

workers [82]. Finally, the supernatant was recovered and the quercetin content was 

quantified using high-performance liquid chromatography (HPLC). 

For the quercetin quantification by HPLC, 100 µL of each sample was injected in a C18 

column (150 mm x 4.6 mm x 5 µm) and detected using a PDA detector at an ultraviolet 

wavelength of 374 nm. The analytical chromatograms were carried out using an 

isocratic elution system containing ultra-pure water/5% acetic acid (volume/volume 

(v/v))/acetonitrile (40:30:30, v/v/v) with a constant flow rate of 1 mL/min as 

described by  Kim and co-workers [103].  Quercetin concentrations were determined 

through the peak areas of HPLC chromatograms for each sample. A standard curve was 

previously obtained with standards concentrations of quercetin dissolved in methanol. 

All the conditions were performed three independent assays (n=3). 

3.2.6. Scanning electron microscopy  

 

The morphology and geometry of the best ratios of each type of quercetin-loaded 

delivery system were evaluated using a scanning electron microscopy (SEM). Each type 

of delivery system was centrifuged as described before and the pellet was resuspended 

in 200 µL of ultra-pure water and was centrifuged as 9500 rpm during 12 minutes at 
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4ºC. This step was repeated three times to ensure that all the impurities were removed. 

After the last centrifugation, the supernatant was removed and the nanoparticles were 

resuspended in 40 µL of tungsten 2%. Each sample was then diluted 1:20 in ultra-pure 

water and 10 µL was placed in a roundly shaped coverslip. The samples were left drying 

at room temperature overnight.  

At the next day, the samples were sputter coated with gold using an Emitech K550 

(London, England) sputter coater. A SEM Hitachi S-2700 (Tokyo, Japan) was used 

with an acceleration of 20 kV at various magnifications to evaluate the morphology and 

geometry of each type of delivery system.  

3.2.7. Fourier Transform Infrared Spectroscopy  

 

To evaluate the interaction between the compounds of each type of delivery system, 

fourier transform infrared spectroscopy (FTIR) was performed. To prepare the 

samples, each type of formulation was centrifuged as described before and the pellet 

was resuspended in 400 µL of ultra-pure water. Each formulation was then freeze-

dried at -80ºC and then lyophilized for 24h using a ScanVac Coolsafe freeze dryer 

(Labogene, DK). 

The spectra of each isolated component and each prepared delivery system were then 

acquired using a Nicolet iD10 FTIR spectrophotometer (Thermo Scientific, Waltham, 

USA) with an average of 120 scans, a spectral resolution of 32 cm-1 and a spectral width 

ranging from 4000 and 400 cm-1. 

3.2.8. Cell culture 

 

HPV18 positive cells (HeLa) were cultured in Dulbecco’s Modified Eagle’s 

Medium/Ham’s F-12 nutrient mixture (DMEM-F12), supplemented with 10% (v/v) 

fetal bovine serum and a mixture of penicillin (100 mg/mL) and streptomycin (100 

mg/mL). 

Cells were grown in 25 cm3 T-flasks at 37ºC and in a 5% CO2 humidified atmosphere 

until 80% confluence be obtained. 
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3.2.9. Cell viability assays 

 

Cell viability assays were performed by the MTT method, which allows to evaluate the 

metabolic activity of cells by the formation of formazan crystals. 

Briefly, 5 x 103 HeLa cells were seeded in 96-well plates for 24h. Afterwards, the 

medium was discarded and 100 µL of fresh medium containing different 

concentrations of quercetin-loaded delivery systems were added to each well. 

Quercetin-loaded delivery systems were tested at concentrations of 10 µM, 80 µM and 

150 µM. Ethanol-treated cells and free quercetin were also tested as positive controls. 

After 48 and 72h of incubation, medium containing delivery systems was removed and 

cells were washed with 100 µL of phosphate-buffered saline (PBS) to remove all the 

impurities. Then, MTT solution (0.5 mg/mL) was prepared by dissolving MTT powder 

in serum-free medium and 100 µL was added to each well, followed by incubation for 

4h at 37ºC.  

After the incubation period, the medium was removed and 100 µL of dimethyl sulfoxide 

(DMSO) was added to dissolve the formazan crystal. The redox activity was quantified 

through the absorbance measured at 570 nm, using the microplate reader Bio-Rad 

xMark spectrophotometer (Bio-Rad, EUA). Cell viability values were presented as 

percentages relative to the absorbance observed in non-treated cells.  

 IC50 for 48h of incubation was calculated for the quercetin-loaded delivery system that 

presented the best results in viability reduction assays. IC50 for free quercetin was also 

performed as comparative control. 
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Chapter 4 – Results and discussion 
 

4.1. Development of Chitosan/TPP/Quercetin delivery 
systems 

 

As mentioned earlier, quercetin has a well proven anti-cancer power although it has a 

low bioavailability. In this sense, a system based on chitosan and TPP was explored to 

improve the solubility and biodistribution of quercetin, considering this polymer has 

been widely used in the working group for the delivery of plasmid DNA [136,137]. The 

ionotropic gelation technique was applied for the formulation of these systems, as 

previously described in subsection 1.8.1.1. The stability of the systems was ensured by 

an ideal conjugation between the positive charges of chitosan and the negative charges 

of TPP [136,141]. 

In this sense, in order to ensure the stability of the system, characterization studies 

based on size and PdI measurement of the systems were performed using Zetasizer 

Nano ZS equipment to understand which is the best ratio of chitosan/TPP/quercetin. 

To optimise the ratios, the volume and concentration of quercetin (150 µL and 300 µM) 

and the volume of TPP (100 µL) were fixed. The volume of chitosan (500 µL or 400 

µL), the concentration of chitosan (from 1 mg/mL to 0.1 mg/mL) and the concentration 

of TPP (0.75, 0.5 and 0.25 mg/mL) were varied. The solution, where chitosan and TPP 

are dissolved, was changed in order to verify if there was an improvement in the 

formulation of systems and the encapsulation of quercetin. An acetate buffer solution 

(pH 4.5) was tested first and then a 2% acetic acid solution (pH 3.5). 

According to the literature, one of the factors that most influences cellular 

internalization is the size of the delivery systems. It is advisable that delivery systems 

ideally have a size less than 200 nm but can reach 500 nm depending on the type of 

system under study [142,143].  

Another factor that also influences cellular internalization is the surface charge of the 

delivery systems. Positively charged nanoparticles are the most efficient at cell-

membrane penetration and cellular internalization due to their effective binding to 

negatively charged groups on the cell surface [144]. According to the literature, a 

comparative study on HeLa cells of the endocytosis action with either a negative or 

positive superficial charged nanosystem, demonstrated that the charge significantly 
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affects not only their internalization ability but also the cellular endocytosis 

mechanism, being the positively charged nanoparticles internalized faster [145]. For 

this reason, it is recommended that this parameter has a value between +10 and +30 

mV, so that it provides a positive charge that favours interaction with the cell 

membrane, without being excessively cationic to avoid toxicity and agglomeration 

[146]. Thus, ratios that presented a size below 500 nm, the zeta potential was further 

measured in order to understand if this delivery system is suitable for the cell 

internalization. 

In the case of using chitosan and TPP dissolved in acetate buffer and for a chitosan 

volume of 500 µL, the size and PdI data of all the ratios tested, as well as the zeta 

potentials of the ratios that showed sizes smaller than 500 nm, are summarised in 

Table 6. 

Table 6: Preparation conditions, mean size, polydispersity index and average zeta potential for 

chitosan/TPP/quercetin delivery system obtained with 500 µL of chitosan and 100 µL of TPP dissolved in 

acetate buffer. The values already present the media of three independent assays (n=3). 

Chitosan 

concentration 

(mg/mL) 

Chitosan 

volume 

(µL) 

TPP 

concentration 

(mg/mL) 

Size (nm) PdI 

Zeta 

potential  

(mV) 

1 500 0.75 266.78 ± 40.75 0.423 ± 0.036 
+ 21.13 ± 

2.06 

0.75 500 0.75 1467 ± 611.2 0.888 ± 0.129  

0.6 500 0.75 2281 ± 228.4 1  

0.5 500 0.75 848.1± 222.8 0.787 ± 0.133  

0.4 500 0.75 8628 ± 3299 0.853 ± 0.255  

0.25 500 0.75 1967 ± 214.7 1  

1 500 0.5 10527 ± 1476 0.902 ± 0.169  

0.75 500 0.5 16285 ± 8047 0.733 ± 0.231  

0.6 500 0.5 6358 ± 984.5 1  

0.5 500 0.5 1672.7 ± 272.6 1  

0.4 500 0.5 2346 ± 818.7 1  

1 500 0.25 21391 ± 14040 0.835 ± 0.144  

0.75 500 0.25 4589.7 ± 1643 1  

0.6 500 0.25 5086 ± 2007 1  

0.5 500 0.25 2512 ± 699.1 1  

0.4 500 0.25 32390 ± 14320 0.72 ± 0.245  
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The analysis of results showed only the creation of nanosystems with a size less than 

500 nm for the ratio of 1 mg/mL chitosan and 0.75 mg/mL TPP, where they showed a 

size of 266.7 nm and a PdI of 0.423. The zeta potential of this ratio was +21.13 mV, 

which indicated a surface charge that favours the interaction with the negative 

membrane of the cells, thereby facilitating its internalization. All other tested ratios 

showed a high size, indicating that may have occurred agglomeration of the systems. 

PdI values was also indicative of systems agglomeration, since they are very close to 

one, suggesting a high polydispersity of the samples. 

The same preparation conditions were performed only changing the volume of chitosan 

from 500 µL to 400 µL, and the results are summarised in Table 7. 

Table 7: Preparation conditions, mean size, polydispersity index and average zeta potential for 

chitosan/TPP/quercetin delivery system obtained with 400 µL of chitosan and 100 µL of TPP dissolved in 

acetate buffer. The values already present the media of three independent assays (n=3). 

Chitosan 

concentration 

(mg/mL) 

Chitosan 

volume 

(µL) 

TPP 

concentration 

(mg/mL) 

Size (nm) PdI 
Zeta potential 

(mV) 

1 400 0.75 3963 ± 377.5 0.332 ± 0.113  

0.75 400 0.75 1447 ± 831.1 0.853 ± 0.161  

0.6 400 0.75 247.8 ± 36.3 0.359 ± 0.069 + 40.5 ± 1.41 

0.5 400 0.75 452.1 ± 39.39 0.470 ± 0.017 + 37.2 ± 4.01 

0.4 400 0.75 535.1 ± 31.05 0.53 ± 0.036  

0.25 400 0.75 2592 ± 3348 0.070 ± 0.658  

1 400 0.5 436.3 ± 80.40 0.471 ± 0.034 + 39.5 ± 11.1 

0.75 400 0.5 530.5 ± 221.3 0.553 ± 0.121  

0.5 400 0.5 319.2 ± 214.0 0.420 ± 0.210  

0.25 400 0.5 297.9 ± 131.7 0.387 ± 0.104  

1 400 0.25 1224 ± 1287 0.856 ± 0.102  

0.75 400 0.25 3819 ± 330.9 0.636 ± 0.257  

0.5 400 0.25 5380 ± 585.5 1  

0.25 400 0.25 2914 ± 1323 1  

 

The decrease in the volume of chitosan led to a greater proportion of quercetin in the 

system, thus causing different results from the data presented in Table 6. The ratio that 

presented the smallest size was the one containing 0.6 mg/mL of chitosan and 0.75 

mg/mL of TPP. However, other ratios also presented sizes below 500 nm or very close 

to this value. Zeta potentials were measured for the ratios that showed the best sizes. 
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The ratio that showed lower size presented a surface charge (+71.92 mV) higher than 

the one  usually recommended for cell internalization (≈ +30 mV) [146]. 

The use of systems dissolved in acetate buffer showed a very accelerated degradation of 

quercetin through the time, thus making the application of this strategy not suitable for 

the formulation of quercetin delivery systems. Thus, and taking into consideration the 

literature, it was possible to verify that the use of 2% acetic acid at a pH of 3.5 allowed 

the solubilization of chitosan and TPP as well as a high stability of quercetin [42,103]. 

In this way, the same procedure that was carried out for the delivery systems 

components dissolved in acetate buffer, was also performed for the acetic acid solution. 

For the 500 µL volume of chitosan in 2% acetic acid, ratios of chitosan between 1 and 

0.1 mg/mL and TPP between 0.75 and 0.25 mg/mL were tested. The summary of the 

obtained results of size and surface charge of systems with smaller sizes are shown in 

Table 8. 

Table 8: Preparation conditions, mean size, polydispersity index and average zeta potential for 

chitosan/TPP/quercetin delivery system obtained with 500 µL of chitosan and 100 µL of TPP dissolved in 

acetic acid 2%. The values already present the media of three independent assays (n=3). 

Chitosan 

concentration 

(mg/mL) 

Chitosan 

volume 

(µL) 

TPP 

concentration 

(mg/mL) 

Size (nm) PdI 
Zeta potential 

(mV) 

1 500 0.75 245.5 ± 31.50 0.408 ± 0.083 + 79.63 ± 3.16 

0.75 500 0.75 1924.5 ± 371.67 1  

0.6 500 0.75 2545 ± 1127.8 1  

0.5 500 0.75 2606 ± 1617 1  

0.4 500 0.75 325.1 ± 193.2 0.371 ± 0.197 + 16.6 ± 1.08 

0.25 500 0.75 3183.25 ± 62.93 0.564 ± 0.005  

0.1 500 0.75 2690 ± 715.6 0.403 ± 0.207  

1 500 0.5 504.1 ± 193.4 0.483 ± 0.113 + 85.0 ± 18.1 

0.75 500 0.5 990.17 ± 180.93 0.634 ± 0.081  

0.6 500 0.5 7002 ± 1028.84 0.394 ± 0.054  

0.5 500 0.5 18774 ± 1224 0.202 ± 0.142  

0.4 500 0.5 1460 ± 48.08 0.809 ± 0.029  

0.25 500 0.5 408.75 ± 193.1 0.486 ± 0.122 + 50.57 ± 6.03 

0.1 500 0.5 2239 ± 236.17 0.369 ± 0.030  

1 500 0.25 1063.29 ±328.1 0.589 ± 0.200  

0.75 500 0.25 1626 ± 403.05 0.657 ± 0.199  
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0.6 500 0.25 4380 ± 254.56 0.363 ± 0.408  

0.5 500 0.25 3061 ± 91.21 0.802 ± 0.141  

0.4 500 0.25 3142 ± 523.2 0.832 ± 0.243  

0.25 500 0.25 4020 ± 1079.8 0.940 ± 0.074  

0.1 500 0.25 2854 ± 1023.4 0.036 ± 0.028  

 

The use of acetic acid in the preparation of a chitosan solution of 1 mg/mL and TPP 

solution of 0.75 mg/mL showed a reduced size of 245.5 nm and a PdI of 0.408 when a 

volume of chitosan of 500 µL was used in the formulations. Nonetheless, the surface 

charge measurement of the systems indicated +79.63 mV, which can be too high for 

subsequent cell internalization causing toxicity due to the excess of cationic charges. 

On the other hand, for a chitosan concentration of 0.4 mg/mL and TPP concentration 

of 0.75 mg/mL it was obtained a size of 325.1 nm, a PdI of 0.371 and a zeta potential of 

+16.6 mV. Therefore, this ratio although presenting a slightly bigger size, shows a zeta 

potential suitable for cell internalization, making this ratio the most indicated to be 

consider for the formation of delivery systems for in vitro assays. 

The volume reduction of chitosan to 400 µL was also performed in the case of the 

solutions diluted in acetic acid, and the summary of the obtained average sizes is 

presented in Table 9. 

Table 9: Preparation conditions, mean size, polydispersity index and average zeta potential for 

chitosan/TPP/quercetin delivery system obtained with 400 µL of chitosan and 100 µL of TPP dissolved in 

acetic acid 2%. The values already present the media of three independent assays (n=3). 

Chitosan concentration 

(mg/mL) 

Chitosan 

volume (µL) 

TPP 

concentration 

(mg/mL) 

Size (nm) PdI 

1 400 0.75 6021 ± 1043.1 1 

0.75 400 0.75 1880 ± 1591.0 0.8 ± 0.707 

0.5 400 0.75 1471 ± 645.32 1 

0.25 400 0.75 4130 ± 2014.2 0.315 ± 0.12 

1 400 0.5 2272 ± 1740.2 1 

0.75 400 0.5 3871 ± 609.53 0.584 ± 0.294 

0.5 400 0.5 2358 ± 1069.9 0.87 ± 0.092 

0.25 400 0.5 2028 ± 2649.5 0.769 ± 0.163 

1 400 0.25 2212 ± 523.97 0.737 ± 0.186 

0.75 400 0.25 6918 ± 615.18 1 
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0.5 400 0.25 2856 ± 960.25 1 

0.25 400 0.25 3218 ± 704.28 1 

 

The results presented in Table 9 showed that the reduction of chitosan volume to 400 

µL led to non-formation or agglomeration of the systems, independent of the 

chitosan/TPP ratio used. Considering that no ratio gave values below 500 nm, no zeta 

potential was measured. 

Decreasing the concentration of TPP to 0.25 mg/mL led to non-formation of systems 

due to the low number of negative charges in the system to crosslink the positive 

charges of chitosan polymer. This observation is applied for both the 500 µL and 400 

µL volume of chitosan. 

In summary, with the experiments of chitosan and TPP dissolved in acetate buffer and 

acetic acid, it was possible to visualize ratios where the delivery system could be 

suitable for delivery into cells and subsequent cellular internalization. However, and as 

previously mentioned, the delivery systems with chitosan and TPP dissolved in acetic 

acid allowed a high stability of the encapsulated drug. In this manner, the formulations 

having both chitosan and TPP dissolved in acetic acid were selected to proceed to 

further studies, with the best ratio being defined considering the size, PdI and surface 

charge presented. Thus, the delivery systems formulated with 500 uL of 0.4 mg/mL 

chitosan and a TPP concentration of 0.75 mg/mL, were selected since they showed a 

size of 325.1 nm, a PdI of 0.371 and a surface charge of +16.6 mV.  

4.2. Development of SBE-β-CD delivery systems 
 

As previously mentioned, the use of inclusion complexes such as SBE-β-CD can be a 

potential strategy for the encapsulation of hydrophobic drugs, such as quercetin, thus 

facilitating their delivery into cells as well as its stability and bioavailability. 

In order to check whether the size of formulations is influenced by the concentration of 

cyclodextrins, several concentrations of SBE-β-CD were tested and the values of the 

average sizes as well as the surface charge of the best ratio are summarised in Table 10. 
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Table 10: Average size, PdI and zeta potential of SBE-β-CD based delivery systems with quercetin for the 

various ratios. The values already present the media of three independent assays (n=3). 

SBE-β-CD concentration 

(mg/mL) 
Size (nm) PdI Zeta potential (mV) 

6 2782.5 ± 974.6 1  

3 2468.33 ± 207.4 0.123 ± 0.019 - 21.03 ± 0.723 

1.5 1758 ± 410.6 1  

 

The size values presented in Table 9 indicate a high agglomeration of the cyclodextrins. 

This factor may be due to an excess of negative charges in the system, since the 

cyclodextrin chosen presents a negative charge, and also to the fact that it has sodium 

in its constitution in order to stabilise the negative charges and its presence can create 

some agglomerates [125,147]. Thus, regardless of the ratio chosen, the systems always 

presented sizes higher than 500 nm, which could limit their internalization process in 

cells. Since the SBE-β-CD concentrations of 6 mg/mL and 1.5 mg/mL systems 

presented a PdI of 1, it was understandable that the system sizes showed a high range of 

values and therefore were not suitable to be used in further studies. For the 

cyclodextrin concentration of 3 mg/mL, although the size was still larger than desired, 

the PdI presented was only 0.123, monodispersity being for that reason the most 

suitable system to be used in in vitro studies. The surface charge was measured for this 

ratio and a value of -21.03 mV was obtained, thus indicating surface charge as one more 

limiting factor of cell internalization caused by the repulsion of anionic charges [146]. 

4.3. Development of Chitosan/SBE-β-CD delivery systems 
 

Since the systems containing only SBE-β-CD and quercetin obtained a very high size 

compared to what it is expected, a conjugation of these systems with chitosan was 

made, through the ionotropic gelation technique, as indicated previously. 

Optimization of chitosan/SBE-β-CD/quercetin systems was performed by keeping 

constant the volume of the SBE-β-CD/quercetin solution (100 µL) and changing its 

concentration (between 6 mg/mL and 1.5 mg/mL), chitosan concentration (between 2 

and 1 mg/mL) and chitosan volume (400 µL or 300 µL). For a chitosan volume of 400 

µL, the respective average sizes and PdI are summarised in Table 11. 



 51 

Table 11: Average size and PdI of delivery systems based on chitosan and SBE-β-CD with quercetin for the 

various ratios and for a chitosan volume of 400 µL. The values already present the media of three 

independent assays (n=3). 

Chitosan 

concentration 

(mg/mL) 

Chitosan 

volume (µL) 

SBE-β-CD 

concentration 

(mg/mL) 

Size (nm) PdI 

2 400 6 964.07 ± 22.32 0.562 ± 0.118 

1.5 400 6 318.6 ± 2.18 0.271 ± 0.009 

1 400 6 303.63 ± 1.89 0.25 ± 0.007 

2 400 4.5 3129 ± 756.44 1 

1.5 400 4.5 2399 ± 47.38 1 

1 400 4.5 329.3 ± 3.78 0.309 ± 0.007 

2 400 3 2654 ± 627.94 1 

1.5 400 3 3256.67 ± 761.05 1 

1 400 3 485.73 ± 9.30 0.336 ± 0.019 

2 400 1.5 3320 ± 896.61 0.801 ± 0.141 

1.5 400 1.5 2890 ± 304.06 1 

1 400 1.5 1662 ± 40.36 0.093 ± 0.004 

 

Taking into consideration the data present in Table 11, it was possible to verify a lower 

size of 303.63 nm and a PdI of 0.25 for the systems with a chitosan concentration of 1 

mg/mL and a SBE-β-CD concentration of 6 mg/mL. However, better results were 

obtained by performing the same procedure and only change the chitosan volume from 

400 µL to 300 µL, with the size, PdI and zeta potential values summarized in Table 12. 

Table 12: Average size and PdI of delivery systems based on chitosan and SBE-β-CD with quercetin for the 

various ratios and for a chitosan volume of 300 µL. For the best ratios, superficial charge measurements 

were also realized. The values already present the media of three independent assays (n=3). 

 

Chitosan 

concentration 

(mg/mL) 

Chitosan 

volume 

(µL) 

SBE-β-CD 

concentration 

(mg/mL) 

Size (nm) PdI 

Zeta 

potential 

(mV) 

2 300 6 404.5 ± 4.68 0.314 ± 0.009  

2 300 4.5 4330 ± 557.20 1  

1.5 300 4.5 433.03 ± 16.43 0.424 ± 0.074  

1 300 4.5 289.07 ± 2.02 0.261 ± 0.013 +34.27 ± 0.55 

2 300 3 2714.67 ± 927.87 1  

1.5 300 3 1379.5 ± 164.76 1  

1 300 3 272.07 ± 2.87 0.287 ± 0.011 + 38 ± 1.34 

2 300 1.5 3104 ± 438.73 0.592 ± 0.204  
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1.5 300 1.5 2960 ± 1252.61 0.826 ± 0.239  

1 300 1.5 1151.23 ± 536.35 0.934 ± 0.069  

 

According to Table 11, better results were obtained by decreasing the chitosan volume 

from 400 µL to 300 µL, and a size of 272.07 nm and a PdI of 0.287 were obtained for a 

concentration of 1 mg/mL chitosan and 3 mg/mL SBE-β-CD. Within the 

Chitosan/SBE-β-CD/Quercetin systems, this was the ratio that presented the best 

characteristics. The surface charge was subsequently measured, being obtained +38.0 

mV, a value only slightly above what is desirable for cell internalization. 

4.4. Encapsulation efficiency 
 

The encapsulation efficiency of quercetin depends on several factors, being the affinity 

between the hydrophobicity of the drug and the hydrophobic domains of the delivery 

system one of the most relevant [64].  On the other hand, and taking into consideration 

that quercetin has almost null aqueous solubility, the use of aqueous solutions in the 

systems leads to quercetin molecules being forced to interact with the delivery systems 

formed and, thus, increasing its encapsulation [64]. In this aspect and taking into 

consideration that in the formulation of chitosan/TPP/Quercetin delivery systems, 

quercetin is dissolved in a 50% ethanol solution, the interaction of quercetin with the 

system may be less than desirable, thus reducing its encapsulation. 

Thus, in order to understand the amount of quercetin encapsulated in each type of 

delivery system, the encapsulation efficiency was measured using HPLC. The results 

obtained are presented in Table 13.  

Table 13: Encapsulation efficiency, in percentage, for the optimized ratio of each type of delivery system. 

The data were obtained through the average of triplicates (n=3). 

Delivery system Encapsulation efficiency (%) 

Chitosan/TPP/Quercetin 10.80 

SBE-β-CD/Quercetin ≈ 100 

Chitosan/SBE-β-CD/Quercetin ≈ 100 
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The results present in Table 12 showed low quercetin encapsulation for the 

chitosan/TPP systems, indicative that these systems have a low number of hydrophobic 

domains where quercetin can bind. On the other hand, systems that have cyclodextrins, 

a compound that has a hydrophobic cavity, showed an almost total encapsulation rate, 

this being due to the high number of hydrophobic domains present in the system where 

quercetin can bind. In addition, the quercetin concentration was optimised following 

the work of Nguyen and co-workers as described above, which allowed to place the 

maximum concentration of quercetin that could be encapsulated in the optimized 

chitosan/SBE-β-CD conditions [106]. 

Thus, systems composed by SBE-β-CD allow a higher ratio between quercetin and the 

system, thus making these formulations more efficient for payload encapsulation. 

4.5. Scanning electron microscopy 
 

The morphology of the delivery systems can also influence cellular internalization, so it 

is of high relevance to verify if the delivery systems have a regular and spherical 

morphology. In this way, and using SEM, images were captured for each type of 

formulated system, and are presented in Figure 16. 
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Figure 16: Delivery systems images obtained by SEM. (A) Chitosan/TPP/Quercetin delivery systems; (B) 

SBE-β-CD/Quercetin delivery systems; (C) and (D) Chitosan/SBE-β-CD/Quercetin delivery systems. 

For chitosan-based systems, an uniform and spherical morphology was observed, what 

can favour their cellular internalization. However, for the SBE-β-CD and quercetin 

delivery systems it was possible to verify a non-uniform and non-rounded morphology, 

also presenting many agglomerates, thus making their application in cells limited. 

4.6. UV/Vis absorbance spectrum 
 

In order to understand the interactions that arise with the formulation of systems, the 

UV-vis absorption spectra were plotted for each component of each type of system and 

are presented in Figure 17. 
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Figure 17: UV-vis spectra for each component and for the formulated delivery systems of (A) 

Chitosan/TPP/Quercetin; (B) SBE-β-CD/Quercetin; (C) Chitosan/SBE-β-CD/Quercetin. 

For the chitosan/TPP/quercetin delivery systems shown in Figure 17.A, it was verified 

that quercetin exhibits a significant peak near 374 nm while the chitosan/TPP 

spectrum does not show any significant peak. In the case of complete systems with 

chitosan, TPP and quercetin, it was obtained a significant peak around 374 nm with a 

lower absorbance than the one observed in free quercetin spectrum, indicating an 

interaction with the drug. 

In the case of SBE-β-CD/Quercetin delivery systems, the same study was carried out 

being presented in figure 17.B. Here, it was observed that SBE-β-CD did not show a 

significant peak but, after conjugation with quercetin, it showed a higher peak than that 

observed in free quercetin spectrum at the wavelength of 374 nm. Finally for the 

Chitosan/SBE-β-CD/Quercetin delivery systems presented in Figure 17.C, the spectrum 

showed a significant peak at 374 nm with an absorbance similar to that of free 

quercetin. 
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Thus, these experiments showed the interaction of quercetin with all the systems 

tested. 

4.7. Fourier Transform Infrared Spectroscopy 
 

To further ensure that all compounds are present in each type of delivery system, a 

FTIR analysis of each system was also performed. For Chitosan/TPP/Quercetin 

systems, the presence of specific chemical groups of each compound was evaluated as 

well as the interaction between each compound in the system, and the respective 

spectra are shown in Figure 18. 

 

Figure 18: FTIR spectra (absorbance versus wavenumbers) of quercetin, chitosan, TPP, chitosan/TPP and 

chitosan/TPP/quercetin delivery systems. 

Considering the spectrum of Figure 18, quercetin presents a characteristic peak at a 

wavelength of 3386.22 cm-1 attributed to the phenolic stretching vibrations of the -OH 

bonds. Additionally, it presents several peaks in the regions between 1600 cm-1 and 

1100 cm-1, corresponding to -CO stretching, aromatic stretching and bending and -OH 

phenolic bending [148].  For the case of the pure chitosan spectrum, characteristic 

absorption peaks were identified at the wavelength of 3359.52 cm-1, corresponding to 

the intermolecular and intramolecular hydrogen bonds -OH and -NH; at 2873.78 cm-1, 

corresponding to -CH stretching vibrations; and at 1027.41 cm-1, attributed to the 

asymmetric stretching of the C-O-C bridge [64,136,149]. Similarly, the spectrum of 
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pure TPP showed two characteristic peaks at 1131.42 cm-1 and 883.59 cm-1, 

corresponding to the -PO stretching vibration and to asymmetric stretching of the P-O-

P bridge, respectively [136]. 

After chitosan/TPP conjugation, it was obtained a shift of the characteristic peak of 

chitosan from the wavelength of 3359.52 cm-1 to 3272.84 cm-1, showing an interaction 

between the two compounds resulting from the alteration of the -OH and -NH bonds 

present in chitosan. In addition, significant peaks appeared at wavelengths of 1572.40 

and 1407.45 cm-1 corresponding to vibrations of the N-O-P bonds that were formed 

[136]. Regarding this FTIR spectra, it was possible to evidence that TPP anions were 

crosslinked with the amine groups of chitosan, forming the complexes, and similar 

results were obtained in other works [136,150,151]. Finally, for the case of 

chitosan/TPP/Quercetin systems it was possible to identify a characteristic peak of 

quercetin, at a wavelength of 3401.91 cm-1, as well as all the peaks referring to the 

interactions between chitosan and TPP, showing the presence and binding of all the 

compounds.  

The same assessment was performed for the SBE-β-CD/Quercetin based systems and 

are shown in Figure 19. 

 

Figure 19: FTIR spectra (absorbance versus wavenumbers) of quercetin, chitosan, SBE-β-CD, 

chitosan/SBE-β-CD and chitosan/SBE-β-CD/quercetin delivery systems. 

Taking into consideration the spectra presented in Figure 19, characteristic absorbance 

peaks of SBE-β-CD at the wavelength of 3387.42 cm-1 are observed, corresponding to 
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the -OH bonds, and at the wavelengths of 1156.18 cm-1 and 1023.99 cm-1 

corresponding to the -CH bonds and the asymmetric stretching of the C-O-C bridge 

[106]. After the addition of chitosan to the SBE-β-CD complexes, characteristic peaks of 

each compound were obtained, with only slight changes in the wavelengths of each 

peak arising from the interactions formed between the compounds.  

In the case of chitosan/SBE-β-CD/quercetin delivery systems, a similar spectrum to the 

result without quercetin was verified, due to the nature of the encapsulation system. 

Cyclodextrins are inclusion complexes that allow hydrophobic drugs to be "trapped", 

making the drug completely coated and limiting its detection by techniques such as 

FTIR [106]. Accordingly, the FTIR spectrum of the chitosan/SBE-β-CD/quercetin 

system allowed to prove that quercetin was encapsulated inside the systems and not 

bound to their surface. This fact is also evidenced in other similar studies [106,141,152]. 

4.8. Cell viability assays 
 

In order to understand the therapeutic efficiency of quercetin delivery systems to 

cancer cells, an initial screening was performed for each type of system during 48h and 

72h of incubation. The results of the cell viability reduction for each type of system and 

for free quercetin are shown in Figure 20. 
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Figure 20: Cell viability assay on HeLa cells for each type of delivery system for a period of incubation of 

(A) 48h; (B) 72h. Non-transfected cells were used as negative control (K-) and cells treated with 70% 

ethanol were used as positive control. Free quercetin was used as a comparative control. Data are 

presented as mean ± SD for three independent experiments (n=3) and was analyzed by one-way ANOVA 

with the Bonferroni test. Significance was determined as ρ-values *<0.05, **<0.01, ***<0.001, 

****<0.0001. 

The results presented in figure 20, show that delivery systems of 

chitosan/TPP/quercetin and SBE-β-CD/quercetin did not induce a greater reduction in 

cell viability than the result presented by free quercetin. Thus, the delivery of quercetin 
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with these systems does not significantly increase the reduction of the viability of HPV 

positive cancer cells.  

As for the chitosan/SBE-β-CD/quercetin systems, it was observed a higher reduction of 

cell viability in relation to free quercetin for both 48 and 72h of incubation, being more 

evident for higher concentrations of quercetin. For this type of system, a significant 

decrease in HPV positive cancer cells was obtained to 20.12% and 13.64% after an 

incubation period of 48h and 72h, respectively, for a quercetin concentration of 150 

µM. 

4.9. Half inhibitory concentration 
 

Thus, having in mind the results presented in the initial screening of the viability 

assays, it is evident that the chitosan/SBE-β-CD/quercetin systems presented the most 

promising results, having for this reason been selected for the IC50 calculation. The 

incubation period selected was 48h. The same calculation was performed for free 

quercetin in order to serve as a positive control and allow comparison of results 

between the delivery of quercetin in encapsulated and free form. The results are shown 

in figure 21. 

 

Figure 21: IC50 on HeLa cells for an incubation period of 48h for (A) free quercetin; (B) chitosan/SBE-β-

CD/quercetin delivery systems. Data was obtained from three independent assays (n=3). 

Considering the results obtained, it was possible to verify a decrease in IC50 from 59.84 

µM to 43.55 µM with the encapsulation of quercetin in this type of delivery system, thus 

indicating that the use of delivery systems increases the quercetin bioavailability, and 

they are more effective than the application of free quercetin. 



 61 

Comparing the results obtained with other quercetin delivery systems, summarised in 

table 5, it can be seen that there is an improvement in the therapeutic effect compared 

with nanoemulsions, micelles and the vast majority of synthetic polymeric systems 

[63,72,76,78–80]. In addition, it also showed similar results to those found in 

liposome-based delivery systems as well as systems formed by chitosan and quinoline, 

indicating an IC50 between 40 and 50 µM [58,60,64,70]. Lower IC50 values have been 

achieved for PEG-based delivery systems, which can reach up to 3.033 µM [59,61,71]. 

Nevertheless, PEG has a well-proven cell toxicity limiting its use for in vivo assays. 

In this way, the systems formed present very promising results, and since they only 

consist of non-toxic compounds, enable their implementation for in vivo trials. 
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Chapter 5 – Conclusions and future 

perspectives 

 

Cervical cancer has decreased in incidence and mortality but has remained a leading 

cause of death in less developed countries, where anti-HPV preventive vaccines are not 

widely administered and health care is weaker. In this sense, therapies that allow the 

treatment of HPV infections and cervical cancer have been studied. Flavonoids have 

emerged as compounds with proven anti-cancer power and quercetin has been the 

most clinically relevant flavonoid. Quercetin, in addition to its numerous anti-cancer 

properties, also has the ability to inhibit the E6 oncoprotein, which leads to an increase 

in p53 levels and post-induction of apoptosis. However, the vast majority of flavonoids, 

and especially quercetin, have a very low bioavailability, resulting from their low 

aqueous solubility, and easy degradation. Thus, it is important to study ways to 

encapsulate this type of drug and ensure its delivery to cancer cells. 

The aim of this work was the development of quercetin loaded delivery systems to be 

applied in HPV positive cells, in order to increase the effect of quercetin. In this sense, 

three types of delivery systems were developed and characterized, being them made of 

chitosan/TPP/quercetin, SBE-β-CD/quercetin and chitosan/SBE-β-CD/quercetin. The 

ratios of each delivery system have been optimized in order to obtain the best sizes, PdI 

and surface charge of formulations. Thus, it was possible to obtain optimised delivery 

systems of chitosan/TPP/quercetin with a size of 325.1 nm, a PdI of 0.371 and a surface 

charge of +16.6 mV, delivery systems of SBE-β-CD/quercetin with a size of 2468.33 

nm, a PdI of 0.123 and a surface charge of -21.03 mV and chitosan/SBE-β-

CD/quercetin delivery systems with a size of 272.07 nm, a PdI of 0.287 and a surface 

charge of +38 mV. The encapsulation efficiency of quercetin delivery systems also 

differed between each type of system, with the chitosan/TPP/quercetin systems 

showing only a 10% encapsulation, limiting their use, compared to the other types of 

systems tested which showed close to 100% encapsulation. 

Furthermore, all the systems were also characterised in their morphology and in 

interactions between their constituents, and in the case of the chitosan/TPP/quercetin 

delivery systems it was verified the presence of quercetin in the FTIR spectrum, 

indicating the presence of quercetin on the surface, while in the systems containing 

SBE-β-CD the same was not observed, due to the fact that it is completely encapsulated 

inside the inclusion complex. 
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Cellular viability assays also allowed to verify that chitosan/SBE-β-CD/quercetin 

systems showed the greatest reduction in viability among the three types of systems 

being tested in an initial comparative screening, with a viability of 20.13% being 

obtained after 48h of incubation for this type of system containing 150 µM quercetin. 

Subsequently these systems showed a lower IC50 than free quercetin, being respectively 

43.55 and 59.84 µM, indicating an improved reduction of the HPV positive cancer cells 

viability. 

Taking into consideration the results presented in this master's thesis, it was possible to 

observe that the encapsulation of quercetin allowed the improvement of therapeutic 

effect against HPV positive cells. However, as future perspectives, other studies may 

still be carried out, such as the quantification of p53 oncoprotein through western blot, 

in order to ensure that the delivery systems present an increase in the expression levels 

of p53, thus indicating an inhibition of the carcinogenesis processes and induction of 

apoptosis. Modifications to the delivery systems can also be made in order to direct 

them to the target cells, for example, by the addition of ligands thus enabling a greater 

therapeutic effect. 
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