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Resumo alargado 

O cancro representa uma das principais causas de mortalidade em todo o mundo, 

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

milhões de mortes. Diversos fatores de risco já foram associados ao desenvolvimento de 

cancro, incluindo predisposição genética, estilos de vida, infeções provocadas por bactérias, 

parasitas ou vírus, etnia, exposição ambiental e idade- 

O vírus do papiloma humano (HPV) é o principal agente causador de cancro do colo 

do útero, que, por sua vez, é o quarto cancro mais comum em mulheres em todo o mundo e 

responsável por mais de 340.000 mortes, apenas em 2020. Este tipo de cancro caracteriza-

se pela excessiva expressão das oncoproteínas E6 e E7, que alteram a regulação do ciclo 

celular e a sua proliferação, comprometendo as funções das proteínas supressoras de 

tumores p53 e pRb, respetivamente. 

Encontram-se disponíveis vacinas preventivas anti-HPV, no entanto, a sua 

administração não é globalmente realizada. Consequentemente, permanecem em 

andamento esforços para o desenvolvimento de terapias eficazes destinadas para este tipo 

de cancro com o objetivo de se obter uma cura eficaz. Neste sentido, os flavonoides têm 

demonstrado um notável potencial terapêutico, oferecendo uma abordagem acessível e 

eficaz, permitindo a sua utilização em países em desenvolvimento e onde, geralmente, os 

cuidados de saúde são muito limitados. 

A taxifolina é um flavonoide com várias propriedades anticancerígenas, já tendo 

mostrado particular relevância na terapia do cancro do colo do útero devido ao facto de 

potenciar a inibição da oncoproteína E6, fazendo assim com que haja um aumento da 

expressão da p53, induzindo apoptose. Contudo, o uso da taxifolina é limitado devido à sua 

baixa solubilidade aquosa e baixa estabilidade. Por conseguinte, a sua fraca 

biodisponibilidade limita as suas aplicações em terapias do cancro. 

Desta forma, esta dissertação de mestrado tem por objetivo desenvolver sistemas de 

entrega para a encapsulação eficiente de taxifolina visando melhorar a sua 

biodisponibilidade e efeito em células HPV positivas. 

Para isso, foram desenvolvidos vários sistemas de entrega, constituídos por 

quitosano, gelana e taxifolina. Primeiramente, foram testados vários rácios de sistemas 

formulados apenas com quitosano de baixo peso molecular e gelana. O rácio mais favorável 

apresentou um tamanho de 238,07 ± 31,18 nm, um PdI de 0,29 ± 0,08 e um potencial zeta 

de +22,56 ± 2,83 mV e foi o escolhido para prosseguir com os estudos e tentar a 

encapsulação de taxifolina. Para a incorporação de taxifolina nos sistemas de entrega, foram 
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testados vários tipos de quitosano (5 kDa, baixo peso molecular e alto peso molecular) em 

vários rácios de taxifolina. Os sistemas constituídos por quitosano de baixo peso molecular 

(LMW CH/GG/TAX) apresentaram um tamanho de 276,23 ± 30,68, um PdI de 0,36 ± 0,06 

e um potencial zeta de +30,80 ± 5,66 mV. Por sua vez, os sistemas de entrega formados por 

quitosano de alto peso molecular (HMW CH/GG/TAX) mostraram um tamanho de 272,82 

± 53,58 nm, um PdI de 0,33 ± 0,10 e um potencial zeta de +23,59 ± 5,94 mV, enquanto os 

sistemas compostos por quitosano de 5 kDa (5 kDa CH/GG/TAX) apresentaram um 

tamanho de 249,00 ± 12,58 nm, um PdI de 0,35 ± 0,10 e um potencial zeta de +17,35 ± 5,64 

mV. Relativamente à eficiência de encapsulação de taxifolina, os sistemas LMW 

CH/GG/TAX apresentaram uma eficiência de 65% enquanto os restantes sistemas apenas 

encapsularam 55%.  

Foi ainda realizada microscopia eletrónica de varrimento (SEM) às amostras dos 

sistemas formulados e foi possível verificar que todos os sistemas apresentaram forma 

esférica e uniforme. Além disso, foi também realizada espetroscopia de infravermelho por 

transformada de Fourier (FTIR) e espetroscopia de UV/vis para verificar a presença e 

interações dos compostos presentes nos sistemas de entrega. 

Por fim, foram realizados ensaios de libertação in vitro a 2 pHs diferentes, um 

representativo do microambiente tumoral (pH 5.8) e um representativo do pH fisiológico 

(pH 7.4). Os resultados mostraram que os sistemas HMW CH/GG/TAX libertaram cerca de 

45% e 80% de taxifolina a pH 5.8 e pH 7.4, respetivamente. Os sistemas LMW CH/GG/TAX 

libertaram 25% a pH 7.4 e cerca de 70% a pH 5.8. Os sistemas 5 kDa CH/GG/TAX libertaram 

entre 20% e 40% nos 2 diferentes pHs. 

Com base em toda a informação obtida sobre a caracterização dos sistemas de 

entrega, apenas o mais favorável, a formulação LMW CH/GG/TAX, prosseguiu para ensaios 

celulares, onde foi realizado ensaio de internalização em células saudáveis e células HPV 

positivas. Os resultados demonstraram que os sistemas de entrega foram capazes de 

internalizar nas duas linhas celulares, no entanto, é expectável que taxifolina apenas tenha 

efeito nas células HPV positivas, devido à ação especifica contra a oncoproteína E6. 
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Abstract 
 

Cancer is a leading cause of mortality worldwide, with over 19.3 million cases 

reported in 2020, resulting in approximately 10 million deaths. Various risk factors have 

been associated with the development of cancer, including age, genetic predisposition, 

ethnicity, environmental exposure, lifestyle, and infections caused by bacteria, parasites, or 

viruses. 

Human papillomavirus (HPV) is the primary causative agent of cervical cancer, 

which is the fourth most common cancer in women worldwide, responsible for over 340,000 

deaths in 2020. This cancer is characterized by the overexpression of oncoproteins E6 and 

E7, which disrupt cell cycle regulation and proliferation, compromising the functions of 

tumor suppressor proteins p53 and pRb, respectively. 

Despite the availability of preventive HPV vaccines, their administration is not 

universally carried out. Consequently, efforts continue to develop effective therapies for this 

type of cancer to achieve a successful cure. In this regard, flavonoids have demonstrated 

remarkable therapeutic potential, offering an accessible and effective approach, allowing 

their use in less developed countries with limited healthcare resources. 

Taxifolin is a flavonoid with several anticancer properties, having shown particular 

relevance in cervical cancer therapy due to its ability to enhance the inhibition of 

oncoprotein E6, thereby increasing p53 expression and inducing apoptosis. However, the 

use of taxifolin is limited due to its very low aqueous solubility and low stability. 

Consequently, its poor bioavailability restricts its applications in cancer therapies. 

Thus, this master's dissertation aims to develop delivery systems for the 

encapsulation of taxifolin to improve its bioavailability and effectiveness in HPV-positive 

cells. To achieve this, various delivery systems consisting of chitosan, gelatin, and taxifolin 

were formulated. Initially, several ratios of systems composed solely of low molecular weight 

chitosan and gellan gum were tested. The most favourable ratio exhibited a size of 238.07 ± 

31.18 nm, a PdI of 0.29 ± 0.08, and a zeta potential of +22.56 ± 2.83 mV and was chosen to 

proceed with the studies and attempt taxifolin encapsulation. 

For the incorporation of taxifolin into the delivery systems, various types of chitosan 

(5 kDa, low molecular weight, and high molecular weight) were tested at various taxifolin 

ratios. Systems composed of low molecular weight chitosan (LMW CH/GG/TAX) had a size 

of 276.23 ± 30.68 nm, a PdI of 0.36 ± 0.06, and a zeta potential of +30.80 ± 5.66 mV. 

Delivery systems formed by high molecular weight chitosan (HMW CH/GG/TAX) showed a 
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size of 272.82 ± 53.58 nm, a PdI of 0.33 ± 0.10, and a zeta potential of +23.59 ± 5.94 mV, 

while systems composed of 5 kDa chitosan (5 kDa CH/GG/TAX) had a size of 249.00 ± 12.58 

nm, a PdI of 0.35 ± 0.10, and a zeta potential of +17.35 ± 5.64 mV. Regarding encapsulation 

efficiency, LMW CH/GG/TAX exhibited an efficiency of 65%, while the remaining systems 

encapsulated only 55%. 

Scanning electron microscopy (SEM) was also performed for all formulated samples, 

and it was possible to observe that all systems exhibited a spherical and uniform 

morphology. In addition, Fourier-transform infrared spectroscopy (FTIR) and UV/vis 

spectroscopy were conducted to verify the presence and interactions of compounds in the 

delivery systems. 

Finally, in vitro release assays were performed at two different pH levels, one 

representative of the tumor microenvironment (pH 5.8) and one representative of 

physiological pH (pH 7.4). The results showed that HMW CH/GG/TAX systems released 

approximately 45% and 80% of taxifolin at pH 5.8 and pH 7.4, respectively. LMW 

CH/GG/TAX systems released 25% at pH 7.4 and approximately 70% at pH 5.8. The 5 kDa 

CH/GG/TAX systems released between 20% and 40% at the two different pH levels. 

Based on all the gathered information regarding the characterization of the delivery 

systems, only the most favourable formulation, LMW CH/GG/TAX, proceeded to cellular 

assays, where internalization assays were conducted on healthy cells and HPV-positive cells. 

The results demonstrated that the delivery systems were capable of internalizing into both 

cell lines; however, it is expected that they will solely exert an effect on HPV-positive cells 

due to their specific action against oncoprotein E6. 
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1. Introduction 

1.1. Cancer 

Cancer is a tremendous burden on society, as it is the leading cause of mortality 

worldwide, accounting for almost 10 million deaths and nearly 20 million new cancer 

cases in 2020[1]. This disease can develop from any organ or structure in the body and 

is made up of small cells that have lost their ability to trigger apoptosis. In general, cancer 

must be 1 cm in size or have 1 million cells in order to be detected. Cancer can be defined 

as the abnormal development of cells[2]. However, the conversion of a normal cell into 

a malignant cell, as well as the inability of the body's immune cells to recognize and 

eliminate newly generated cancer cells when they are just a few in number, can be key 

events in the creation of cancer[3]. 

Figure 1 - Estimated cancer rate incidence in 2020, World, both sexes, all ages (adapted from[2]). 

 

 Globally, the most incident type of cancer is the breast cancer (11.7%), followed 

by lung cancer (11.4%) and colorectum cancer (10.0%), matching to almost a third of all 

cancers, as shown in Figure 1. Concerning the mortality rates, the lung cancer leads 

(18%), followed by colorectum (9.4%) and liver (8.3%) cancers[4], as displayed in Figure 

2. 
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Figure 2 - Estimated cancer rate mortality in 2020, World, both sexes, all ages (adapted from[2]). 

 

Unlike most diseases, cancer is not primarily caused by some foreign entity to our 

bodies. However, research has shown that are certain risk factors such as tobacco and 

alcohol usage, age, genetic predisposition, ethnicity, environmental exposure that may 

increase the risk of cancer development[5]. Nevertheless, there are other types of risk 

factors that are associated with cancer development, such as bacteria, parasites and 

viruses infections, such as the human papilloma virus (HPV), which distinguishes from 

others due to the high risk of develop cancers, like head, neck, vaginal, vulvar, penile, 

anal and particularly cervical cancer[6]. 

1.2. Cervical Cancer 

Cervical cancer is the fourth most common cancer in women worldwide (6.5%), as 

shown in Figure 3, being highly associated with high-risk HPV subtypes. 
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Regarding the mortality rates, cervical cancer is also the fourth most common in 

women worldwide (7.7%), representing almost 350,000 deaths in 2020 alone, as Figure 

4 points out. 

 

Nonetheless, these figures are even more concerning in low-income countries, 

where cervical cancer is the second most common type of cancer and the second leading 

cause of death from cancer in women, with 17.9% and 18.9%, respectively, only being 

surpassed by breast cancer, as shown in Figures 5 and 6[7]. The human papillomavirus 

(HPV) is the primary cause of cervical cancer, accounting for 79% to 100% of 

Breast

Lung

Colorectum

Cervix uteri
Stomach

Liver

Pancreas

Other Cancers
Breast (15.5%)

Lung (13.7%)

Colorectum (9.5%)

Cervix uteri (7.7%)

Stomach (6%)

Liver (5.7%)

Pancreas (4.9%)

Other Cancers (37%)

Breast

Colorectum

Lung

Cervix uteri
Thyroid

Corpus uteri

Stomach

Other Cancers
Breast (24.5%)

Colorectum (9.4%)

Lung (8.4%)

Cervix uteri (6.5%)

Thyroid (4.9%)

Corpus uteri (4.5%)

Stomach (4%)

Other Cancers (37.8%)

Figure 3 - Estimated cancer incidence rate, World, females, all ages (adapted from[2]). 

Figure 4 - Estimated cancer mortality rate, World, females, all ages (adapted from[2]). 
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occurrences, with around 70% of cases associated with two high-risk subtypes, namely 

HPV 16 and HPV 18[8].   

 

 

The discrepancy of the data between different regions of the world can be 

explained with the lack of healthcare and the network distribution of anti-HPV vaccines, 

which are way less in low-income countries. 

1.3. Human Papilloma Virus 

Human Papilloma Virus (HPV) is a common sexually transmitted infection that 

affects both men and women. It is estimated that up to 80% of all sexually active 
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Figure 6 - Estimated cancer mortality rate, Low Income Countries, females, all ages. (adapted from[2]). 

Figure 5 - Estimated cancer incidence rate, Low Income Countries, females, all ages. (adapted from[2]). 
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individuals will contract HPV at some point in their lives[9]. As previously stated, HPV 

infections represent between 79 and 100% of all cervical cancers. HPV is spread through 

skin-to-skin contact during sexual activity, and it can be passed on even when the 

infected individual does not show any visible symptoms or signs of infection[10]. 

HPVs, also known as papillomaviruses, are capable to infect both cutaneous and 

mucosal epithelial cells and more than 200 different genotypes have been identified so 

far, which most of them typically cause benign conditions, such as warts or other 

lesions[11]. HPVs subgroups and their associated diseases are represented in Table 1. 

 

Table 1 - HPV subgroups and associated diseases (adapted from[12]). 

 

Within the subgroup of Alphapapillomaviruses, the genotypes that infect the 

mucous membranes can also be classified in compliance to their oncogenic potential, 

being discriminated into low-risk and high-risk genotypes, as presented in Table 2[12]. 

Table 2- HPV genotypes classification according to oncogenic potential (adapted from[13]). 

HPV classification HPV genotype 
Low-risk 6, 11, 40, 42, 43, 44, 54, 61, 70, 72 and 81 
High-risk 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 68, 73 and 82 

 

When it comes to their cancer-inducing ability, 15 are classified as high-risk HPV 

genotypes, being the HPV16 and HPV 18 the ones with the highest prevalence, 

accountable for 50 to 60% and 10 to 20% of all cervical cancer cases worldwide, 

respectively[13]. 

1.4. HPV genome and life cycle 

HPVs are small viruses with a diameter of about 55 nm that have a non-enveloped 

icosahedral of approximately 8000 base pairs, circular structure, and a double-stranded 

DNA genome. This genome encodes 8 reading frames (ORF) and can be divided into 

three functional series, the early (E) region encoding at least seven proteins that have 

regulatory functions in the infected epithelial cell (E1,E2,E4,E5,E6,E7,E8), the late (L) 

Subgroup Epithelial Tropisms Associated disease 
 

Alpha 
 

Mucosal and cutaneous 
High-risk mucosal HPV types associated with cervical cancer. 
Low-risk mucosal and cutaneous HPV types that can cause benign lesions or skin 
warts. 

 
Beta 

 
Cutaneous 

High-risk and low-risk HPV types associated with unapparent infections in 
immunocompromised hosts. 
Persistent infection may develop to skin cancer. 

Gamma Cutaneous Benign cutaneous lesions. DNA very rarely found in skin cancers. 
Mu Cutaneous Benign cutaneous lesions. Not associated with cancer. 
Nu Cutaneous Benign cutaneous lesions. DNA only very rarely found in skin cancers. 
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region that encodes the two viral structural proteins that form the viral capsid (L1 and 

L2) and the long control region (LCR), also known as upstream regulatory region (URR) 

that contain the viral cis-acting regulatory sequences that control viral replication and 

transcription, and post-transcription control via the LRE (late regulatory element)[14]. 

Figure 7 shows HPV genome structure and Table 3 display the major roles of proteins 

expressed by high-risk HPV. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3- Major roles of proteins expressed by high-risk HPV (adapted from[15]). 

 

The replication cycle of HPV is linked to differentiation of the epithelium that was 

infected[14]. HPV can entry into the epithelium through microabrasions or the HR-HPV 

strains invading the cervical epithelium via the cellular junction between the endo- and 

ectocervix[15]. The endocervical canal is lined with stratified squamous epithelium and 

Region Protein Role 

Early 

E1 Genome replication: ATP-dependent DNA helicase. 
E2 Viral DNA replication. E6 and E7 transcriptional repressor. 
E4 Cell cycle arrest. Virion assembly. 
E5 Control of cell growth and cell differentiation. 
E6 Oncoprotein. Induces degradation of p53. Regulates cell cycle. 
E7 Induces degradation of pRb. Cell cycle control. 

Late 
L1 Encodes major capsid protein (55 kDa). 
L2 Encodes minor capsid protein (70 kDa). Recruits L1. 

Long control LCR Regulates viral replication and transcription. 

Figure 7 -Human Papilloma Virus genome structure (adapted from[16]). 
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columnar epithelium that cover the ectocervix and endocervix, respectively, and the 

transition zone between these cells is called the squamocolumnar junction[16].  

The HPV L1 capsid protein attaches to cellular receptors present on the basal 

membrane or the surface of basal layer cells. The initial binding of HPV seems to be 

facilitated by heparin sulphate proteoglycans (HSGPs), which appear to be the primary 

receptor. Such bond induces a conformational change in the viral capsid, mediated by 

cyclophilin B, leading to the exposure of the N-terminus of the L2 component on the 

surface of the virion. 

After acquiring the infection, the early E1 and E2 proteins are expressed in the 

undifferentiated epithelial cells of the basal layer, thereby controlling viral replication 

and further expression of viral early proteins. At this juncture, the viral replication cycle 

is completely conditioned by the differentiation cycle of the infected cells, as the viral 

DNA replication only occurs when the DNA of the infected cells undergoes 

replication[17]. 

Viral proteins are probably expressed at low levels in infected basal cells to avoid 

activating the local immune response[18]. In this way, the HPV can continue to infect 

epithelial cells for a sizable amount of time. A transit amplifying cell can be created by 

the division of an infected basal epithelial cell. This cell differentiates and moves to the 

upper epithelial layers while carrying the viral genomes with it[19]. 

Hence, the infected basal cells, upon differentiation, will subsequently express E6 

and E7 viral proteins. Both proteins serve as cell proliferation stimulators, prolong the 

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

is a result of the absence of the E2 protein, which is no longer expressed after the 

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

increased expression of E6 and E7 will occur, which further promotes the development 

of malignant lesions. During this stage, the infected cells exhibit an accelerated life cycle, 

dividing more frequently and leading to an increase in their population, gradually 

replacing normal cells[17]. The synthesis of L1 and L2 proteins occurs in the final phase 

of the cell cycle, primarily in the superficial layers of the epithelium[17]. Ultimately, the 

more differentiated cells produce virions that are released by keratinocytes situated in 

the outermost layers, as they die[17].  

Figure 8 displays the distribution of epithelial cells in the normal cervix and HPV-

infected cells in precancerous (CINs) and cancerous environment. 
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Carcinogenesis refers to the entire process from infection to the manifestation of 

cancer. As previously stated, any premalignant alteration of cells occurs mostly in the 

squamocolumnar junction and is strongly linked to HPV-16 and HPV-18. Cervical 

intraepithelial neoplasia (CIN) refers to these premalignant alterations or dysplasia of 

squamous cells in the cervical epithelium. If CIN is not treated early enough or if the HPV 

is able to deactivate the host cellular activities, it might develop to carcinoma in situ 

(CIS). The severity of CINs is classified histologically from 1 to 3. The epithelial cells are 

normally well structured. In CIN, CIS, and cancer, however, HPV-infected cells become 

dysplastic. CIN 1, also known as low-grade CIN (LGCIN), is a minor dysplasia 

characterized by abnormality of the lowest one-third of the epithelium. When two-thirds 

of the epithelium is affected, it is classified as CIN 2 or moderate dysplasia; when more 

than two-thirds of the epithelium is affected, it is classified as severe dysplasia or CIN 3. 

CIN 2 and CIN 3 lesions are both considered high-grade CIN (HGCIN)[16]. Figure 8 

depicts the distribution of normal cervix epithelial cells and HPV-infected cells in 

precancerous (CINs) and cancerous environments. 

1.5. HPV E6 and E7 oncoproteins activities during the 

replication cycle 

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

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

oncogenic power. 

The E7 oncoprotein consists of 98 amino acids and possesses a zinc-binding 

domain at its C-terminal that plays a crucial role in the activity of the oncoprotein[20]. 

Early in the infection, the expression of E7 triggers the activation of the G1 to S-phase 

checkpoint in keratinocytes that would typically undergo terminal differentiation. As a 

result, the compartment of epithelial cells that are activated in the DNA replication 

expands. E7 can activate the cycle of infected cells, differentiating them by binding and 

Figure 8 - Schematic representation of HPV-infected squamous epithelial cells in normal, precancerous 
lesions and cancerous conditions (adapted from[18]). 
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releasing, or by degrading pRb and other pocket proteins (p107 and p130), from a 

transcriptional repression complex containing the E2F transcription factor. This 

combination inhibits cell proliferation by inhibiting the transcription of E2F-dependent 

genes. In the case of an HPV infection, the binding of E7 to pRb impairs the latter's 

capacity to control the E2F family transcription factors, resulting in continuous DNA 

replication and viral cycle progression[21]. 

In addition, during the viral life cycle, E7 is always present with E6 in the infected cells, 

probably due to the bicistronic nature of the E6/E7 coding region of the genome. Ergo, 

activities of either protein will be affected by the other and it is coherent that they often 

act co-operatively, for instance in avoiding immune detection[22]. 

Usually, cells respond to any kind of unscheduled event in cell proliferation by 

inducing apoptosis. So, it would be expected from cells to induce cell death due to E7 

activity. In order to prevent this, HPVs express E6, an oncoprotein containing roughly 

150-160 amino acids with a molecular weight of 18 kDa and four Cys-X-X-Cys motifs that 

generate two zinc fingers[23]. This oncoprotein binds to the E6-associated protein 

(E6AP), a ubiquitin ligase that is needed for p53 interaction. As a result of the creation 

of this trimeric E6-E6AP-p53 complex, the p53 is targeted for destruction. In this way, 

reducing p53 activity promotes DNA replication in infected cells and enhances cell 

survival while suppressing apoptosis and promoting carcinogenesis. Furthermore, E6 

has the ability to destroy other cellular proteins involved in the apoptotic signaling 

cascade, such as Bak, FADD, and procaspase 8[24,25].  

As illustrated in Figure 9, the combined actions of E6 and E7 oncoproteins result 

in a synergistic impact that leads to an unregulated rise in cell proliferation, which leads 

to carcinogenesis. 



 

 

10 

 

 

1.6. Current therapies 

Cancer continues to be a highly lethal disease on a global scale. The existing 

treatments for cervical cancer include chemotherapy, radiation and surgery. However, 

these treatments have shown limited success rates, being effective in localized early-stage 

tumours and rarely prove to be effective in advanced stages or when metastasis had 

already occurred. Consequently, there is a pressing need for the development of novel 

therapeutic approaches that can provide durable protection and selectively target cancer 

cells, such as DNA vaccines, gene therapy and drugs with high anticancer capacity. 

Nowadays, there are available three commercial prophylactic vaccines that offer 

protection against the main high-risk HPV types. Even though HPV vaccines have been 

widely available since 2006, vaccine acceptability has been low in many countries and, 

latterly, it has dropped in some countries where the vaccination rates were initially high. 

Besides, these vaccines are only prophylactic and are one of the most expensive to 

produce, being really difficult to distribute them in low-income countries, where most 

cases of HPV-associates diseases occur. In this sense, new therapies are needed and are 

being studied to find an effective, specific and affordable way to prevent or treat cervical 

cancer[24,26]. Such vaccines are summarized in Table 4. 

Table 4- Current vaccines against HPV[26]. 

Vaccine HPV type 

Cervarix 16,18 
Gardasil 6, 11, 16, 18 

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

Figure 9 - Synergetic effect of the HPV E6 and E7 oncoproteins[22]. 
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These investigations involve DNA- or RNA-based gene treatments, which have 

enormous promise but are prohibitively expensive, restricting their utility in the real 

world. Other therapies, such as the utilization of natural substances, have been 

investigated in this case due to their low cost and toxicity when compared to other 

chemical molecules[27]. Flavonoids are natural chemicals with significant anticancer 

activity, with prospective use in the treatment of cervical cancer due to their capacity to 

block the E6 oncoprotein, as in the instance of taxifolin[27]. 

1.7. Flavonoids 

Flavonoids are a group of natural polyphenol compounds and can be found in 

vegetables, plants, fruits, grains and tea and are normally produced as secondary 

metabolites. Flavonoids are portrayed by having a skeleton base of C6-C3-C6, which forms 

two aromatic rings (A and B) linked by a third heterocyclic pyran ring (©), as represented 

in Figure 10[28]. When flavonoids have an open C ring, they are called chalcones.  

 

 

 

 

 

 

 

 

 

 

 

These compounds have a widespread use as dietary complements and are 

considered scientific relevant, being stated as antidiabetic, anti-inflammatory, 

antimicrobial, antiviral and anticancer agents. However, the main biological activity of 

flavonoids is their antioxidant activity, which has been extensively explored and is well 

documented in literature[29]. 

Nowadays, the major focus revolves around the application of flavonoids in 

anticancer therapies. Some flavonoids such as quercetin, taxifolin, luteolin, apigenin, 

naringenin and silibinin have been reported as potential flavonoids in anticancer 

therapies. These flavonoids illustrated significant anticancer capacity, particularly 

Figure 10 - Basic chemical structure of flavonoids[28]. 
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through some mechanisms like reduction of oxidative stress, increased antioxidant 

activity, induction of apoptosis and cytotoxic activity and carcinogen inactivation[29,30]. 

Even though the mechanisms that play a part in the anticarcinogenic potential of 

flavonoids have been reported, the several pathways leading to each one of them is not 

fully understood yet. So, research has been conducted to fully understand and unlock the 

processes of action of flavonoids to improve their effect and reduce their limitations. 

As previously stated, one of the most essential roles of flavonoids is to reduce 

oxidative stress. When the balance of cellular homeostasis between pro-oxidant activity 

and antioxidant defense is disturbed, free radicals accumulate[31]. ROS are 

predominantly produced as byproducts of cellular oxidative phosphorylation in the 

mitochondrial electron transport chain. This increase in ROS levels causes oxidative 

stress, which is involved in the beginning and progression of inflammatory processes, as 

well as various degenerative illnesses and cancer[32]. 

Flavonoids have a dual action regarding ROS homeostasis, acting as antioxidants 

under typical physiological conditions and as a potent pro-oxidant in cancer cells, leading 

to a reduction in cell proliferation and, consequently, proto-oncogenes, thus decreasing 

the risk or retarding the progression to more perilous stages of cancer[29,33]. 

The ability to induce apoptosis is another crucial mechanism that flavonoids can 

do. There are two main signalling cascades of apoptosis, the extrinsic and the intrinsic 

pathway. The caspase 8 is the main signaling protein in the extrinsic pathway, which is 

connected to the tumour necrosis factor (TNF) superfamily. The intrinsic pathway, also 

known as the mitochondrial pathway, is linked to Bcl-2 family proteins, which 

subsequently activate caspase 9. Both caspases 8 and 9 will lead to an increase in 

caspases 3, 6 and 7, inducing apoptosis, as shown in Figure 11. 
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 Some flavonoids also have a major anti-cervical cancer mechanism, notably the 

suppression of the E6 oncoprotein. As previously stated, inhibiting this oncoprotein 

causes a rise in p53 levels, which leads to an increase in apoptosis induction via the 

intrinsic pathway. When compared to other types of cancer, this apparatus shows a 

specific and amplified action of flavonoids in cervical cancer, expanding its potential 

applications[34]. Taxifolin is a flavonoid that has shown potential to inhibit the E6 

oncoprotein[27]. 

Furthermore, the use of flavonoids as chemotherapeutic adjuvants has been 

extensively researched. The use of this type of therapy enhances the intercellular 

accumulation of the medication in cancer cells, resulting in a significant reduction in the 

growth of these cells. Flavonoids have also helped to minimize toxicity in healthy cells. 

The combination of flavonoids and anticancer medications may overcome one of 

chemotherapy's most significant limitations, increasing the drug's anticancer activity 

even at low concentrations. 

1.8. Flavonoids subgroups 

Figure 11 - Apoptotic pathways mediated by flavonoids[30]. 
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As mentioned earlier, flavonoids are a class of polyphenols. They can be classified 

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

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

between the two rings. Based on their differences, flavonoids can be divided into 7 major 

groups[33], as illustrated in Figure 12, and their characteristics are described below. 

1.9. Flavones 

In the form of glucosides, flavones, a large subclass of flavonoids, are widely 

distributed in leaves, flowers, and fruits. Some of the main sources of flavones include 

mint, chamomile, red peppers, parsley, celery, and peppers. Some of the most researched 

flavonoids, like luteolin and apigenin, are part of this subgroup. The peels of citrus fruits, 

particularly those with the polymethoxylated flavones tangeretin and sinensetin, are 

particularly abundant in these compounds. A double bond between positions 2 and 3 and 

a ketone group at position 4 of the C ring define flavones. For this reason, they are largely 

used in the food industry[28].  

Regarding human beneficiary, flavones can decrease ROS production, inducing 

apoptosis and may interact with oestrogen receptors, preventing them to distort and thus 

binding to carcinogenic co-activators[35,36]. 

Figure 12 - Flavonoids classification: (A) flavones, (B) flavonols, (C) flavanones, (D) isoflavonoids, (E) 
flavanols, (F) chalcones, (G) anthocyanidins[33]. 
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1.10. Flavonols 

The subclass of flavonoids known as flavonols differs from flavones principally by 

having a higher degree of oxidation, which can be seen in Figure 12B by the presence of 

a hydroxyl group (-OH) on carbon 2. 

Flavonols are abundant in nature and can be found in a variety of foods and 

drinks, including red wine, black and green tea, as well as fruits and vegetables like 

bananas, apples, onions, broccoli, and grapes. Additionally essential for plant growth, 

development, and physiological response in their native habitat, flavonols give plants 

resistance to insects and ultraviolet rays. Due to their antioxidant, antibacterial, anti-

inflammatory, cardiovascular, and anticancer properties, flavonols are significant in 

terms of human health[36]. 

Among the various flavonols, quercetin stands out as a highly prominent subject 

of scientific investigation and therapeutic research. However, there are other flavonols 

with great potential, such as rutin, myricetin and fisetin[28]. Quercetin possesses the 

ability of increasing p53 levels by suppressing the E6 oncoprotein by binding to E6, 

thereby blocking the binding of E6 with E6AP, preventing its function[34,37].  

1.11. Flavanones 

The saturated and deoxidized carbons in flavanones—represented in Figure 12C 

by the numbers 1 and 2—are what give them their unique properties. They are the main 

byproducts of the flavonoid biosynthesis pathway and are renowned among the several 

flavonoid groups for being extremely reactive. Fruit skins, seeds, barks, and flowers are 

the main sources of this category of compounds[38,39]. 

Some of the important flavanones include taxifolin, hesperidin, and naringenin, 

which have antioxidant and anti-inflammatory properties[40]. 

Taxifolin has shown anti cervical cancer properties mediated by E6 oncoprotein 

activity[27,41]. Studies show that taxifolin was able to induce BAX protein activity in 

resemblance to the p53 protein results, suggesting apoptosis induction on HPV positive 

cell line, such as HeLa cells. In HPV-negative cell lines, taxifolin did not affect BAX 

protein levels, suggesting taxifolin inhibits the E6-dependent degradation of p53[27]. 

 

 

1.12. Flavanols (Flavan-3-ols) 

The numerals 1, 2, and 3 in Figure 12E represent a structure that is present in 

flavanols, also known as flavan-3-ols, and in which the carbons are entirely saturated. 
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Among the members of this class, catechin, epicatechin, epigallocatechin, and 

epigallocatechin-3-gallate are the most well-known substances. This category is 

additionally known as catechins due to its structural characteristics. Although they can 

also be found in apples, chocolate, and cocoa, flavanols are mostly found in tea leaves33.  

Flavanols have been recognized for their capacity to reduce the activity of various 

digestive enzymes, including -amylase and -glucosidase, which has implications for 

human health. Additionally, flavanols have demonstrated an influence on blood 

pressure, lowering it efficiently and lowering the risk of cardiovascular disease[33,42]. 

1.13. Isoflavonoids 

Isoflavonoids are secondary metabolites that are found in plants, particularly 

soybeans, red clover, and chickpeas. These substances play a crucial part in guarding the 

plants from pathogenic invaders. Due to the presence of a phenol group bonded to carbon 

number 2 rather than carbon number 1, as seen in Figure 12D, isoflavonoids structurally 

differ from other flavonoid families. They can exist in both glycosylated and 

aglycosylated aglycone forms. These substances have demonstrated promise in the 

prevention of diseases like diabetes, Alzheimer's disease, Kawasaki's syndrome, and 

heart disease, among others[43,44].  

Additionally, isoflavones can bind to estrogen receptors because to their 

structural resemblance to estrogens, competing with cancer-related estrogens and 

lessening their effects[43,44]. 

1.14. Chalcones 

Chalcones stand out as a distinct category of flavonoids in terms of chemical 

makeup due to the unusual arrangement of carbons denoted by numbers 1, 2, and 3 in 

Figure 12F. These carbons do not create a third ring between the two benzyl rings like 

other flavonoids do. Chalcones also contain a ketone group at carbon number three. The 

Moraceae, Leguminosae, and Compositae groups of plants frequently include this 

specific family of open-chain flavonoids. They can be found in a variety of plant products, 

including fruits, vegetables, cereals, flowers, roots, teas, and wines. Licochalcone A, 

phloretin, and isoliquiritigenin are notable chalcones[45].  

Chalcones display a remarkable capacity to defend plants in their native habitat 

by efficiently scavenging ROS. This protective mechanism shields against attacks from 

bacteria and assists in preventing molecular damage. Chalcones have also been 

thoroughly researched for their therapeutic qualities, including, among others, their 

antifungal, anti-inflammatory, antibacterial, antiviral, anticancer, and neuroprotective 

activities[46].  
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1.15. Anthocyanidins 

Anthocyanidins are the only group that is significantly soluble in water, and they 

have the distinctive property of having an unsaturated ring sandwiched between the two 

benzyl rings, which leads to the formation of a flavylium cation, as shown in Figure 12G. 

The pigments in leaves, flowers, vegetables, and fruits of plants contain a variety of these 

compounds. Additionally, anthocyanidins have exceptional qualities like the capacity to 

control physiological phases in plant tissues and inhibit ROS. This group of flavonoids 

contains some of the best-known flavonoids, such as cyanidin, malvidin, peonidin, and 

petunidin[47]. 

Anthocyanidins have been acknowledged for their numerous positive effects on 

human health. They have anticancer, anti-inflammatory, antidiabetic, anti-oxidant, and 

neuroprotective properties[47]. 

1.16. Flavonoids limitations 

Although different flavonoids groups differ in this aspect, flavonoids generally 

have low toxicity and significant therapeutic value, but their bioavailability is quite low. 

With the exception of the anthocyanidins, which exhibit notable aqueous solubility, none 

of the other groups of flavonoids have much solubility in water. Due to the severe 

limitations on their oral absorption, both their bioavailability and therapeutic efficacy 

are decreased. Additionally, flavonoids are subject to extensive metabolism, low stability, 

intestinal permeability limitations, and degradation in highly acidic environments, all of 

which contribute to their overall low bioavailability[48].  

Numerous delivery system-based approaches are actively being researched as 

ways to address these issues. These methods emphasize increasing intestinal absorption, 

enhancing stability, and changing the absorption site[49]. In addition to improving 

flavonoid solubility, delivery systems can also lessen gastrointestinal degradation, 

increase bloodstream absorption, stop renal clearance, and guard against hepatic 

excretion. As a result, research into how to accomplish this has drawn considerable 

scientific attention. Such delivery systems have the enormous potential to overcome 

these bioavailability constraints, releasing flavonoids' full therapeutic benefits and 

opening the door for their efficient use in a variety of applications.[50,51]. 

1.17. Delivery systems 
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As previously stated, a wide range of delivery systems is currently being developed for 

anticancer therapy. These innovative systems offer the opportunity to utilize lower 

concentrations of flavonoids while efficiently delivering them to cancer cells using 

specific ligands. This approach minimizes the risk of toxicity to healthy cells and 

maximizes the therapeutic benefits. Several delivery systems can be from different 

natures, being the main groups summarized in figure 13. 

1.18. Lipid based delivery systems 

Liposomes, emulsions, and lipid-based nanoparticles are the three major types of 

lipid-based delivery methods, with minor divisions within these groups. 

1.19. Liposomes 

The main component of a liposome is a spherical vesicle that is typically created 

by emulsifiers and a bioactive substance that has been dissolved in an organic solvent. 

These delivery systems can be used to encapsulate both hydrophilic and hydrophobic 

drugs because they typically consist of at least one lipid layer. Phospholipids make up the 

majority of liposomes, but they can also contain cholesterol and/or hydrophilic materials 

like polyethylene glycol (PEG). Liposomes that have PEG incorporated into them are 

known as stealth liposomes because they circulate for a longer period of time, increasing 

their overall efficacy. When phospholipids and cholesterol are used to create liposomes, 

they typically offer structural and biological stability, resulting in biocompatible 

Figure 13 - Foremost types of delivery systems currently under development for the encapsulation of 
flavonoid[33]. 
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transport systems with high flavonoids encapsulation efficiency. The encapsulation 

efficiency frequently exceeds 80%[52]. 

Because they tend to be stable, liposomes don't tend to aggregate, making them 

safe for therapeutic use. Additionally, the encapsulated flavonoids can be released in a 

controlled manner thanks to liposomes. However, because flavonoids naturally possess 

certain physical and chemical characteristics, there may be some issues with drug 

aggregation and degradation over time while being stored. Despite these difficulties, the 

advantages of liposomes include their size (typically between 100 and 200 nm) and 

polydispersity index (PdI), which ranges from 0.1 to 0.25. These characteristics allow 

liposomes to travel through blood capillary pores and collect in tumours, which typically 

have more capillary pores surrounding them[53]. 

Numerous therapeutic benefits of using liposomes have been consistently shown 

by both in vitro and in vivo studies, particularly their remarkable ability to encapsulate 

flavonoids. This ability to encapsulate results in a greater therapeutic effect while 

lowering potential toxicity. Studies on the viability of cervical cancer cell lines (HeLa) 

have shown that the concentration of flavonoids needed to reach a half inhibitory 

concentration (IC50) is reduced when they are encapsulated within liposomes[54].  

The application of liposomes has also been explored for other types of cancer, 

demonstrating high encapsulation values, low toxicity, and substantial cell inhibition 

percentages in in vitro studies. Besides, various emulsifiers, mainly lecithin or PEG 

derivatives, have been extensively tested in anticancer therapies. In some cases, chitosan 

coatings have been investigated to improve bioavailability and stability in vivo, opening 

new possibilities to enhance the utilization of these type of systems in cervical cancer 

research[54]. 

1.20. Emulsions and nanoemulsions 

Consideration should also be given to emulsions and nanoemulsions as delivery 

methods. Emulsifying agents like polyglyceryl-10 laurate or PEG 660-stereate are used 

in this particular class to take advantage of the interaction between water and oils. The 

objective is to develop systems that improve flavonoids' solubility and bioavailability. 

The thermodynamic instability of emulsions and nanoemulsions, which may experience 

some dissociation over time, should also be noted. However, they have some distinct 

advantages, such as a high flavonoid encapsulation efficiency that typically exceeds 80%, 

a decreased propensity for aggregation, and the prevention of gravitational 

separation[55]. Emulsions and nanoemulsions differ between themselves mainly by 

their size, with emulsions having a size greater than 200 nm, whereas nanoemulsions 

exhibit sizes below 200 nm. By adjusting the ratios of emulsifying agents, it is possible 
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to tailor the size range of these systems to achieve optimal targeting and accumulation at 

specific sites of interest[56,57]. 

1.21. Lipid based nanoparticles 

Another category of nanoparticles that has undergone extensive research is lipid-

based ones. These solid lipid structures are created at room temperature. Solid lipid 

nanoparticles (SLNs) and nanostructured lipid carriers (NLCs) are included in this 

subcategory. In contrast to NLCs, which have a non-ideal crystal structure that results in 

systems with both solid and liquid regions, SLNs have an entirely solid structure with a 

clearly defined crystal lattice. This distinguishes SLNs from NLCs. This distinguishing 

feature of NLCs enables a higher drug loading capacity and a lower water content58. 

SLNs, as opposed to liposomes, do not require organic solvents, which reduces 

cytotoxicity while maintaining a notable ability to encapsulate both hydrophilic and 

hydrophobic drugs. The excellent bioavailability, cost-effectiveness, scalability, and 

controlled release capabilities of SLNs are as a result of these factors[58]. 

Regarding composition, both SLNs and NLCs consist primarily of non-ionic 

surfactants, such as Poloxamer 188, Tyloxa-pol and sometimes lecithin or 

phosphatidylcholine, as these amphoteric components contribute to the system´s 

stability. NLCs can also incorporate liquid lipids, such as oleic acid, olive oil and almond 

oil, to form the liquid portion of the system. Despite the numerous advantages previously 

stated and their compatibility with in vitro and in vivo assays due to their natural 

composition, it is crucial to consider the potential toxicity of surfactants and other 

excipients required for their production. Additionally, the risk of aggregation and 

recrystallization remains within this type of delivery system[58,59].  

1.22. Polymer based nanoparticles 

Polymer-based delivery systems have been the most commonly researched and 

used for flavonoid encapsulation. Typically, such delivery systems are made up of 

nanoparticles and spherical walls with an outer polymer and a core made up of a 

hydrophobic surfactant that offers most flavonoids with good stability, solubility, and 

bioavailability[60,61]. This type of delivery system takes advantage of the dissolution of 

flavonoids in an organic compound, frequently ethanol, which is then removed by 

evaporation under vacuum, lyophilisation, or spray drying, to reduce the system's 

cytotoxicity. The features of these nanoparticles can vary substantially depending on the 

type of polymer used, and they are then classed based on their nature, being divided into 

natural, synthetic, or inorganic-based polymers[62]. 
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1.23. Natural polymers 

Biopolymers, also referred to as natural polymer-based systems, provide a wide 

range of applications depending on the particular ingredients used in their creation. 

Proteins and polysaccharides are frequently used in biopolymers. Due to their natural 

origin, these polymers have high biocompatibility, biodegradability, and low toxicity, 

which allows for their widespread use in both in vitro and in vivo experiments. However, 

it is uncommon to only use protein- and/or polysaccharide-based systems. 

Combinations with other kinds of biopolymers, synthetic polymers, or polymers derived 

from inorganic materials are frequently taken into consideration. Chitosan, one of the 

most widely used polysaccharides, is frequently combined with proteins, other 

polysaccharides, or various kinds of polymers. It has been discovered that this method 

improves biocompatibility, biodegradability, and stability[63,64]. Chitosan also has 

mucoadhesive qualities, making it easier to deliver systems to particular mucosal sites 

with precision. An approach that is frequently used to produce systems with enhanced 

performance for in vitro and in vivo assays is the conjugation of various biopolymers. 

These systems typically have sizes under 200 nm, high levels of stability, and controlled 

drug release, making it easier to deliver drugs to target cells. Natural polymeric systems 

that incorporate polysaccharides are frequently used in conjunction with other polymers 

or inclusion complexes and represent a significant method for improving the 

bioavailability of systems[63,64]. 

Regarding the use of polysaccharides in cervical cancer research, their utilization 

mostly relies on the conjugation of chitosan with another polymer, such as quinoline or 

gliadin[65]. 

Incorporating various polymer types through conjugation not only reduces the 

size of the system but also leads to a higher encapsulation rate[63,64]. 

 

1.24. Synthetic polymers 

Polyethylene glycol (PEG) is the most commonly used polymer in synthetic 

polymers, which are another category of polymer-based nanoparticles. In order to 

increase the solubility of flavonoids and achieve a higher rate of encapsulation, PEG is 

frequently combined with other types of systems. Even though PEG-based systems have 

a low rate of degradation and limited biocompatibility, the encapsulation rate is typically 

high, exceeding 90%. However, using a combination of polymers can significantly reduce 

these negative effects, allowing for their use in both in vitro and in vivo assays[66]. 
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Studies have been conducted to explore anticancer therapies against cervical 

cancer using both in vitro and in vivo approaches. These studies involve the use of PEG 

systems combined with poly lactide coglycolide, poly e-caprolactone conjugated with 

PEG 1000 succinate and pluronic systems modified with gelatin[67].  

Cell viability assays have also revealed that synthetic polymer-based systems can 

achieve low IC50 values. This is attributed to the extended circulation time in the 

bloodstream that these systems offer. Even more, these systems also demonstrate a high 

capacity for conjugation with specific ligands such as folic acid, which actively facilitates 

the targeting of cancer cells. This targeting is only possible due to the higher presence of 

folic acid receptors in cancer cells compared to healthy cells[68]. Some in vivo studies 

exhibited a notable reduction in tumour weight compared to the administration of the 

drug in free form[69]. 

1.25. Inorganic polymers 

A wide range of applications are available for inorganic polymer-based delivery 

systems, particularly in the areas of drug delivery, tissue repair, hyperthermia, and 

magnetic resonance imaging. The systems primarily make use of nanoparticles made of 

substances like gold, copper, and occasionally iron oxide, which are frequently used as 

nanoparticles or nanotubes. Although the systems may encounter difficulties like 

aggregation, oxidation, low stability, and restricted biocompatibility, these problems can 

be successfully overcome by coating the systems with polymers like PEG or 

chitosan[70,71]. The incorporation of such polymers not only helps overcome these 

disadvantages but also provides a platform for the attachment of flavonoids and ligands, 

thereby enhancing the viability and functionality of these systems. In addition, the 

inorganic systems are featured by a small size when compared to other types of delivery 

systems, around 50 nm or less, and good encapsulation rates, ranging from 70% to 

80%[72]. 

 

1.26. Micelles 

Micelles are formed by amphiphilic molecules, which can then be classified as 

polymeric micelles or lipidic micelles based on their polymeric or lipidic character[73]. 

The hydrophobic core makes it possible to encapsulate therapeutic agents with high 

hydrophobicity and low solubility, which makes them the perfect platform for flavonoid 

encapsulation. Additionally, improved stability and controlled release of flavonoids are 

ensured by this encapsulation. The hydrophilic region of these molecules, which makes 
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up the hydrophilic outer part of micelles, offers improved stability and protection, 

increasing the system's bioavailability[74,75]. 

Micelles offer several advantages, including their reduced size (normally below 

100 nm), high thermodynamic stability, high drug loading capacity, increased cellular 

uptake and ease of large-scale production. However, the formulation of these systems 

requires careful consideration of component ratios and extensive studies are yet 

necessary to identify the ideal ratio[76,77]. 

1.27. Inclusion complexes 

Inclusion complexes are delivery systems characterized by having a host molecule 

that can bind to another molecule through non-covalent interactions[70]. These 

complexes can interact hydrophobically with flavonoids, effectively trapping them inside 

their internal cavity. The solubility, stability, and bioavailability of flavonoids are all 

improved by this unusual structure. The complexes' cone shape, which has open ends, 

creates an outer surface that is hydrophilic and an inner surface that is hydrophobic, 

which helps with the encapsulation process. The encapsulation rates typically hover 

around 100%[78,79]. 

However, inclusion complexes have their limitations. They may not be ideal for 

encapsulating larger flavonoids, especially those with glycosylation. Additionally, these 

complexes tend to be relatively large in size, often exceeding 200 nm, which limits their 

use in controlled delivery studies conducted both in vitro and in vivo. Consequently, 

their versatility is somewhat restricted and alternative and more cost-effective methods 

for flavonoids encapsulation are available[80]. 

Cyclodextrins make up the majority of this group of delivery mechanisms, with 

β-cyclodextrins being the most popular. These cyclodextrins can also have their physical 

and chemical properties changed to better suit particular delivery sites. β-cyclodextrins 

can be positively or negatively charged and have varying levels of substitution by going 

through chemical modifications. There are various kinds of -cyclodextrins, including β-

cyclodextrin, carboxymethyl-β-cyclodextrin, sulfobutyl ether-β-cyclodextrin, and 

hydroxypropyl-β-cyclodextrin, with the latter being the type that is most frequently used 

in scientific studies. Additionally, cyclodextrins can be blended with other polymers, 

such as chitosan, to increase their stability, shrink their size, and boost their 

bioavailability.[81]. Moreover, the conjugation of cyclodextrins with biotin is common, 

as biotin receptors are often highly expressed in cancer cells, enabling a more effective 

targeting of cancer cells. In addition to β-cyclodextrins, other delivery systems based on 

inclusion complexes are being investigated for flavonoid encapsulation, such as α-

cyclodextrins, γ-cyclodextrins and β-lactoglobulins[79,80]. 



 

 

24 

 

 

1.28. Other types of delivery systems 

Dendrimers are one of the most promising carriers among the alternative delivery 

systems that may be used to encapsulate and target flavonoids to cancer cells. 

Dendrimers are polymeric substances with an intricately branched structure, numerous 

functional groups, and an interior cavity that can encapsulate medications like 

flavonoids. Particularly, poly(amidoamine) dendrimers have received extensive study 

and application in numerous in vitro assays focusing on various types of cancer[74,82]. 

However, the application of dendrimers is still limited due to their inherent 

toxicity. To address this concern, approaches like PEG conjugation have been explored 

to minimize toxicity and establish a stronger association with specific ligands. Further 

investigations are needed to explore new strategies that can enhance the stability and 

bioavailability of dendrimer-based delivery systems, thereby improving their 

effectiveness in encapsulating flavonoids and facilitating their targeted delivery to the 

desired cells[83,84]. 

The emergence of nanotechnology in the biomedical area has opened up exciting 

prospects, particularly in drug vectorization research. Nanocarriers offer the potential to 

safeguard drugs against premature degradation, enhance their bioavailability, extend 

their presence at specific anatomical locations, thereby diminishing necessary dosages 

and extending dosing intervals. Chitosan, being the exclusive positively charged natural 

polysaccharide, has been widely used in drug delivery applications[85]. 

1.29. Chitosan 

Over the span of a few years, nanomaterials have undergone a notable 

transformation. Which was initially regarded with just curiosity, has now become the 

focus of intense research and development, progressing swiftly, and reaching the point 

of commercialization and industrial relevance[86]. 

Biomass-based nanomaterials have garnered significant global attention as a 

thriving area of research due to their unique combination of intricate nanostructure 

design, biocompatibility, and sustainable sourcing, leading to extensive exploration and 

value derivation. Among the biomass-based materials, cellulose emerged as a pioneer, 

dominating both the number of publications and the wide range of applications that have 

been extensively studied and successfully commercialized[86].  

However, more recently, researchers have opened their horizons and interest 

beyond cellulose and begun exploring alternative biomass sources capable of producing 

similar nanostructures. One natural alternative is chitin, which is the second most 
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abundant biopolymer worldwide, surpassed only by cellulose. Chemically, chitin is a 

linear polysaccharide consisting of repeat units of β-(1→4)-2-acetamido-2-deoxy-β-d-

glucose, with a distinctive acetamide attached to the C2 position. Chitin is found in the 

shells of crustaceans, insects, and certain fungi, boosting an annual global availability in 

the order of billions of tonnes[86].  

In contrast to chitin, chitosan, which is derived from chitin, has a slightly different 

chemical composition, consisting of repeating units of β-(1→4)-2-amino-2-deoxy-β-d-

glucose and is characterized by having primary amine functionalities. The conversion of 

chitin to chitosan involves deacetylation. Typically carried out in basic conditions, where 

the acetamide groups in chitin are hydrolysed to form chitosan and acetic acid. To 

quantify the extent of deacetylation, a degree of deacetylation (DDA) measurement is 

commonly used. This chemical modification through deacetylation gives chitosan an 

advantage in terms of solubility in acidic and aqueous media compared to chitin. This 

enhanced solubility makes chitosan highly suitable for a variety of applications. Figure 

14 shows the chemical structures of chitin and chitosan[86,87]. 

Chitosan, as previously mentioned, has high compatibility and biodegradability, 

low toxicity, a high mucoadhesive ability and a cationic nature. It also has antioxidant 

and antimicrobial properties. This versatility arises from its active amino groups, which 

serve as reactive sites for attaching a wide range of functional groups using mild reaction 

conditions. Additionally, the cationic nature of chitosan, stemming from its amino 

groups, makes it known as an amino polysaccharide. At low pH, chitosan remains as a 

polycationic polymer, due to protonation of amino group with increased solubility 

properties[88]. 

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 by electrostatic interactions, such as TPP or gellan gum[89]. 

As already mentioned, chitosan polymers can vary its deacetylation degree, as 

well its molecular weight and the formulation method. These parameters will be 

Figure 14 - Chemical structure of chitosan[86]. 
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modified according to the type and site of the delivery system and also according to the 

drug to be encapsulated[88]. 

Regarding the DDA, is normally comprised between 30 and 95% and 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 the other 

polysaccharide or crosslinker, leading to a change in the system’s charge and facilitating 

cellular internalization[86]. 

Likewise, the use of a chitosan with a high molecular weight (HMW), normally 

higher than 200 kDa, promotes the creation of systems with larger sizes, thus allowing 

the encapsulation of bigger drugs. Alternatively, when considering low molecular weight 

(LMW) chitosan, usually smaller than 150 kDa, the systems tend to have smaller sizes, 

enabling the encapsulation of smaller molecules, being widely used for the encapsulation 

of DNA vectors[90].   

Finally, the use of different formulation methods gives the possibility of varying 

the ratios between amine and phosphate groups on the surface of the delivery systems, 

along with a change in their size and shape. Furthermore, the use of chitosan conjugated 

with other compounds offers a wide range of delivery systems, allowing the 

encapsulation of several kinds of drugs, like flavonoids[91]. 

1.30. Chitosan-based formulation methods 

Therefore, since there is the possibility of creating systems with unique 

characteristics, the most employed techniques include ionic crosslinking, polyelectrolyte 

complexation, precipitation or flocculation, solvent evaporation, spray drying and 

chitosan coating solution. These methods will be further elaborated upon in the following 

subsections, outlining their specific features and applications. 

1.31. Ionic cross-linking 

Ionic crosslinking is widely used for the formation of nanoparticles, particularly 

for chitosan-based ones. This technique involves adding a negatively charged compound 

to the chitosan solution. As a result, the positive charge of chitosan interacts with the 

negative charge of the crosslinker, facilitating the formation of delivery systems[92]. 

 Ionotropic gelation is a specific form of ionic crosslinking where the negative 

charge compound is gradually introduced to the chitosan solution while the last one is 

being under agitation. This method is known for its simplicity and low cost. However, it 

has some drawbacks such as low stability of the resulting systems and a variable size 

distribution, needing the optimization of ratios between the chitosan and the 

crosslinker[92]. 



 

 

27 

 

1.32. Precipitation or flocculation 

This technique involves the preparation of nanoparticles by incorporating sodium 

sulfate as a precipitation agent. However, it is important to note that the precipitation 

method tends to result in the formation of delivery systems with a wide size range, which 

can limit their suitability for biomedical applications[92].  

1.33. Solvent evaporation 

The solvent evaporation technique relies on the varying volatility of solutes to 

create nanosystems. In this method, a surfactant is added to an organic phase containing 

chitosan, resulting in the formation of an emulsion. This emulsion is then stirred, 

allowing for the evaporation of the organic phase and the subsequent formation of 

nanosystems. Generally, these nanosystems exhibit a spherical and uniform 

morphology. The solvent evaporation technique finds extensive use in formulating 

nanosystems that encapsulate hydrophobic drugs[92]. 

1.34. Spray drying 

In the formulation process of spray drying, chitosan and the desired drug are 

dissolved together, and, optionally, a crosslinker may be added to enhance stability. The 

resulting solution is then sprayed into a drying chamber, where the solvent evaporates, 

leading to the shaping of nanoparticles. These nanoparticles typically exhibit a uniform 

and spherical morphology, along with a relatively consistent size range. However, it is 

important to note that the use of hot air during spray drying can cause degradation of the 

encapsulated drug. This occurrence is particularly significant for compounds such as 

flavonoids, which are known for their poor stability[92]. 

1.35. Chitosan coating solution 

 This technique consists of incorporating a chitosan solution into an existing 

chitosan nanoparticle solution. Through this process, the nanoparticles become 

enveloped with an outer chitosan layer, resulting in a more uniform and spherical 

morphology. Additionally, this outer layer enables a controlled release of the 

encapsulated drug, enhancing the desired drug delivery of the nanoparticles. However, 

with the addition of chitosan, the nanoparticles size tends to increase[92]. 

1.36. Polyelectrolyte complexation 

Coulomb’s (electrostatic) interactions between charged microdomains of two 

oppositely charged polyionic components give rise to the formation of polyelectrolyte 
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complexes (PECs). These complexes exhibit optical homogeneity and stability, resulting 

in nanodispersions with colloidal dimensions. One of the most important advantages of 

PEC formation is the avoidance of a chemical cross-linking agent, which helps mitigate 

potential toxicity and unwanted effects normally associated with such reagents[93].  

PECs can possess diverse structures and properties, making them highly versatile 

for a wide range of applications in various fields. They find utility in medicine, pharmacy, 

biotechnology, tissue engineering, biomaterials, biomedicals, cosmetics, and more. This 

is largely due to their biodegradable, biocompatible and non-toxic nature, making them 

of significant interest in pharmaceutical and biomedical research[94]. 

PECs are typically prepared at room temperature by utilizing a polycation or 

polyanion as the initial solution. The process of forming the complex can generally be 

achieved in two ways. The first approach involves the gradual addition of the polyanionic 

solution, drop by drop, at a predetermined flow rate to a polycationic solution. The 

second approach entails a rapid, one shot addition of one polyelectrolyte solution to an 

oppositely charged polyelectrolyte of similar ionic strength, while maintaining a constant 

speed magnetic stirring. Both approaches enable the controlled and efficient formation 

of PECs under carefully controlled conditions, facilitating their subsequent use in various 

applications[95]. 

The physicochemical characteristics of the complexes formed when chitosan 

interacts with other polyanions are significantly influenced by several factors that include 

the inherent properties of the parent polyelectrolytes, such as the type of charges present 

and the charge density along the polymer chains. Additionally, the conformation of the 

polymer chains in solution plays a crucial role in shaping the behaviour of these 

complexes. This conformation is influenced by the intrinsic characteristics of both 

polymers[85]. 

Gellan gum (GG) has been researched for the preparation of polyelectrolyte 

complex nanoparticles in different ratios of GG to chitosan[96]. As GG carries negative 

charges when dissolved in water, chitosan is a promising choice for use as a positively 

charged groups to create electrostatic interactions between oppositely charged chains 

and thus produce nanoparticles[97]. 

1.37. Gellan gum 

The ability of certain microorganisms to produce biopolymers through 

fermentation provides a valuable source of materials with remarkable technological 

properties. These microbial exopolysaccharides are increasingly getting recognized as 

valuable components in a range of human-made products across industries such as 

chemicals, pharmaceuticals, cosmetics, and food manufacturing. Notably, these 
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biopolymers offer the advantages of easy availability, environmental friendliness and are 

bioresorbable[98]. 

Among the various microbial exopolysaccharides, gellan gum (GG) stands out as 

a widely used biomaterial due to its affordability and consistent quality, which allows for 

large-scale industrial production. GG is a water-soluble polysaccharide produced by the 

bacterium Sphingomonas elodea. While is traditionally employed as a stabilizer, 

thickener, viscosifier and gelling agent, the unique nature of GG opens up exciting 

possibilities for exploring alternative applications. Gellan gum is approved by FDA and 

is widely used as a food additive and beverage fortification due to its non-toxicity[99]. 

This diverse range of potential applications for GG stems from its properties. GG 

can form gels in the presence of divalent cations, such as calcium, making it a promising 

candidate for use in tissue engineering, drug delivery systems and encapsulation of 

bioactive compounds[100]. Gellan gum is a linear anionic polysaccharide and is 

comprised by a backbone of repeating unit of [β – 1,3 – D – glucose, β – 1,4 – D – 

glucuronic acid, β – 1,3 – D – glucose, α – 1,4 – L – rhamanose]  and two acyl groups, 

acetate and glycerate bound to the glucose residue adjacent to glucuronic acid. The 

percentage of the main constituents is approximately 60% glucose, 20% rhamnose and 

20% glucuronic acid. Figure 15 shows the chemical structure of gellan gum[99]. 

 

 

 

 

Studies have been developed based on GG and CH through the formation of PECs, 

allowing nanoparticles to be formed with the ability to encapsulate drugs, like 

taxifolin[101,102]. 

1.38. Taxifolin 

Taxifolin, also known as dihydroquercetin or 3,5,7,3,4-pentahydroxy flavanone, 

is a flavonoid commonly found in onions, milk thistle, Douglas fir bark and French 

maritime pine bark, as well in many plants[103]. 

The basic structure of taxifolin consists of two phenyl groups (rings A and B), 

which are joined together by a heterocyclic ring (C) and its chemical structure is shown 

in Figure 16[104]. 

Figure 15 - Chemical structure of gellan gum[99]. 
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Taxifolin differs from quercetin in one single structural element, which is the 

presence/absence of a C2, C3-double bond in the C ring. Taxifolin is considered an 

antioxidant and meets two of the criteria for effective radical scavenging ability, which 

are the presence of the o-dihydroxy structure in the B ring conferring stability and the 5- 

and 7-OH groups with 4-oxo function in the A and C rings that are responsible for a 

maximum radical scavenging potential. However, it lacks the 2,3 double bond in the C 

ring rendering it less potent than other flavonoids, like quercetin[105]. 

Taxifolin is known for its anti-inflammatory[106], antimicrobial[107], 

hepatoprotective[108], cardiovascular[109], and anticancer activities. Within the 

anticancer activity, both in vitro and in vivo experiments showed promising results 

against breast[110], lung[111], colorectal[112] cancer. 

HPLC analysis has revealed that taxifolin can exist in both cis and trans forms 

and that it crystallises as two independent molecules in a cell[113]. 

However, taxifolin has a very limited bioavailability due to its slight water 

solubility (0.1% at room temperature), making it very difficult for taxifolin to be absorbed 

and metabolized, compromising its efficacy[104,105]. 

 

 

 

 

 

 

 

 

 

Figure 16 - Chemical structure of taxifolin[104]. 
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2. Objectives 

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

taxifolin 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 taxifolin encapsulation and promote its delivery to target 

cells.  

Different delivery systems were explored, considering three different types of 

chitosan, all combined with gellan gum. Several ratios, between these compounds, were 

considered at formulation step and then evaluated in order to select the one that gives 

rise to the most favourable properties, namely a reduced size and PdI, a positive surface 

charge, a uniform and spherical morphology, a high encapsulation efficiency and good 

releasing profile.  

The system that presents the most suitable properties will be tested in cell assays, 

namely cell internalization to monitor its ability to enter the cells and promote taxifolin 

delivery. 
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3. Materials and methods 

3.1. Materials 

High molecular weight chitosan (HMW CH), with a MW range between 200 and 

500 kDa, was acquired from Heppe Medical (Halle, Germany). 5 kDa chitosan, low 

molecular weight chitosan (LMW CH), with a MW range between 50 and 190 kDa, gellan 

gum (Gelzan™, Gelrite®) and taxifolin were purchased from Sigma Aldrich Chemicals 

(St. Louis, MO, USA).  

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

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

3.2. Methods - Preparation of solutions 

Stock solution of chitosan (LMW, HMW and 5 kDa, 1 mg/mL) was prepared by 

dissolving the chitosan in sodium acetate buffer (0.1 M, pH 3). The solution was then 

diluted in Milli Q water to a concentration of 0.1 mg/mL and 0.3 mg/mL. 

Gellan gum (0.1 mg/mL) was suspended in Milli Q water at 80 °C for 30 min. 

Both chitosan and gellan gum solutions were filtered with a 450 nm filter and stored at 

room temperature until use. 

Stock solution of taxifolin (1 mg/mL) was dissolved in 70% ethanol for 1 h in a 

dark chamber at room temperature. Taxifolin was then diluted until reach a 

concentration of 0.2 mg/mL. 

Taxifolin was also dissolved in Milli Q water (0.2 and 0.4 mg/mL) in a dark 

chamber at room temperature for 30 min. All the taxifolin solutions were stored at 4 °C 

and were protected from light until use. 

3.3. Preparation of chitosan and gellan gum systems 

Chitosan and gellan gum systems (CH/GG) were formulated using the 

polyelectrolyte complexation technique. Briefly, the gellan gum solution was added to 

the chitosan solution (2mL), drop by drop, using the Apparatus system under continuous 

agitation at 500 rpm. Different concentrations of chitosan (0.1 and 0.3 mg/mL), different 

volumes of gellan gum (0.5, 1, 1.5 and 2 mL) and different flow rates (0.3 and 0.5 

mL/min) were tested to assess the best formulation possible for the posterior 

incorporation of taxifolin.  

CH/GG systems were then left for 30 min under agitation at room temperature 

to allow stabilization of the nanoparticles. The nanosuspensions obtained were used for 

the particle size and zeta potential analysis. 
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3.4. Preparation of taxifolin delivery systems 

Taxifolin delivery systems (CH/GG/TAX) were formulated using the same 

technique described above. 2 mL of chitosan solution was put on stirring at 500 rpm. 

Then, 3 different volumes of taxifolin (0.1, 0.2 and 0.4 mL) at 2 different concentrations 

(0.2 and 0.4 mg/mL) were added to the chitosan solution, dropwise. Thereafter, gellan 

gum was added to the previous mixture, drop by drop, followed by continuous stirring 

for 30 min. 

3.5. Nanoparticle size and zeta potential analysis 

Nanoparticles characterization was performed by Dynamic Light Scattering 

(DLS) at 25 °C using the Zetasizer Nano ZS equipment (Malvern Instruments, UK) and 

the Malvern Zetasizer software. Each formulation was evaluated by measuring its size, 

PdI and zeta potential. 1 mL of sample was placed in a disposable cell, which was used to 

measure size and PdI. Zeta potential specific DTS 1070 cuvettes were used to measure 

the zeta potential. All samples were analysed in suspension immediately after 

preparation in order to avoid changes in size and charge due to Ostwald ripening or 

particle growth and all parameters evaluated were measured in triplicates from three 

independent samples and validated by the Zetasizer Nano ZS (n=3).  

3.6. UV/vis Absorbance Spectrum 

After formulation as previously described, the CH/GG systems were centrifuged 

at 14000 rpm for 10 min and the pellets were resuspended in water. UV/vis spectrum 

was acquired using a UV-vis spectrophotometer (Thermo Scientific™ Evolution 220, 

Waltham, MA, USA) with a range between 250 and 500 cm-1 in order to understand if 

CH/GG systems would interact between them and if there is a significant peak at 289 

nm, which is the taxifolin peak[114]. 

3.7. Scanning electron microscopy 

The morphology of the most favourable NPs was evaluated using a scanning 

electron microscopy (SEM). Delivery systems made with each type of chitosan were 

centrifuged at 9500 rpm for 12 min at 4 °C and the pellett was then resuspended in 200 

µL of Milli-Q water and centrifuged again in the same conditions. This last step was made 

three times two 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%. Then, each sample was diluted 1:20 in ultra-pure water and 10 µL was 

placed in a circular coverslip. The samples were left drying overnight, at room 
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temperature. The next day, the samples were coated with gold using an Emitech K550 

sputter coater. A SEM Hitachi S-2700 was used with an acceleration of 20 kV at various  

magnifications to evaluate the morphology of the delivery systems. 

3.8. Fourier-transform infrared spectroscopy 

Fourier-transform infrared spectroscopy (FTIR) study was performed for pure 

drug, pure polymers, CH/GG systems and CH/GG/TAX systems to evaluate the 

interaction between the compounds of the delivery systems. Regarding samples 

preparation, each formulation was centrifuged at 14000 rpm for 10 min at room 

temperature and the pellett was then resuspended in 400 µL of ultra-pure water. Each 

formulation was freeze dried and kept overnight at -80 °C and then lyophilized for 24 h 

using a ScanVac Coolsafe freeze dryer (Labogene, DK). The spectra were acquired using 

a Nicolet iD10 FTIR spectrophotometer (Thermo Scientific, Waltham, USA) with an 

average of 120 scans, a spectral width within the range of 4000-400 cm-1 and a spectral 

resolution of 32 cm-1. 

3.9. Encapsulation efficiency 

To determine the encapsulation efficiency of the most favourable 

nanosuspensions obtained, the formulations were centrifuged for 10 mins at 14000 rpm 

and the supernatant was transferred to a Vivaspin concentrator with a MWCO of 10000 

and centrifuged for 20 min at 5000 rpm at room temperature. The filtrate, which 

contained free taxifolin, was then analysed by HPLC.  

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

C18 column (250 mm × 4.6 mm) and detected using a DAD detector at an ultraviolet 

wavelength at 289 nm. The mobile phase consisted of acetonitrile (50%) and 0.1% acetic 

acid in water (50%) and the column temperature was set at 25 °C. Taxifolin was identified 

by comparing the retention time of a standard sample and quantified it through 

calculating the area under the curve with the external standard. A calibration curve was 

previously obtained with standards concentrations of taxifolin dissolved in Milli-Q water 

(10, 25, 50, 75, 100, 150, 175 and 200 µM)[115]. The calibration curve is represented in 

figure 17. 
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Figure 17 - HPLC calibration curve for taxifolin in water. 

 

The encapsulation efficiency was determined by using equation 1. All the 

conditions were performed in three independent assays (n=3). 

 𝐸𝐸(%) = 100 − 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑓𝑟𝑒𝑒 𝑡𝑎𝑥𝑖𝑓𝑜𝑙𝑖𝑛𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑖𝑜𝑛 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑑𝑟𝑢𝑔 × 100   (1) 

 

3.10. In vitro release studies 

In vitro release studies were performed in a phosphate buffer saline (PBS). 

Delivery systems of each type of chitosan were centrifuged for 10 min at 14000 rpm. 

Then, the supernatant was transferred to a Vivaspin concentrator filter with a MWCO of 

10000 and centrifuged for 20 min at 5000 rpm to wash and get loose of any free drug 

and recover system in suspension. The following retentate was then used to resuspend 

the previous pellett and was added PBS until the final volume of 1 mL. The sample was 

placed in an orbital agitator at 30 rpm and 37 °C, secured from light. At defined time 

intervals of 0, 2, 6, 12, 24, 48 and 72 h the sample was centrifuged using the same 

conditions as described above. This time, the filtrate was transferred to a 96-well plate 

(100 µL per well) and quantified through the absorbance at 289 nm, using the microplate 

reader Bio-Rad x Mark spectrophotometer (Bio-rad, EUA). The filtrate would resuspend 

the pellett and PBS was again added until 1 mL of final volume. A standard curve was 

previously obtained with standards concentrations (10, 25, 50, 75, 100, 125, 150, 175 and 

200 µM) of taxifolin in PBS at the required pH. The releasing was calculated in a 

y = 8.2306x + 40.21

R² = 0.9974

0 50 100 150 200 250

Taxifolin concentration (µM)
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cumulative way, i.e., the releasing at 6 h was  obtained adding the release value at that 

defined time interval and the previous releasing values and so on. These assays were 

performed at two different pH values (7.4 and 5.8) to understand the release in normal 

physiological conditions and in acidic conditions that represents a tumor environment.  

3.11. Cell culture 

HeLa cells (HPV18 positive cervical cancer cells) and hFiB (fibroblasts) cells 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 37 °C 

and in a 5% CO2 humidified atmosphere until 80% confluence was obtained. 

3.12. Cell internalization 

FITC-labelled chitosan was produced as described by Yuqing Ge and coworkers 

with slight modifications[116]. Briefly, 0.5 µL of FITC 100 mg/mL dissolved in DMSO 

was added to 10 mL of LMW chitosan (0.1 mg/mL in sodium acetate buffer 0.1M pH 4.5). 

The reaction was kept for 4h in dark conditions under agitation. After that, chitosan 

solution was washed with distilled water and centrifuged for 30 min at 12.000 rpm at 4 

°C until no fluorescence was detected in the supernatant.  

Then, the delivery systems assemblance was performed as described previously. 

After, the nanoparticles were centrifuged for 10 min at 14000 rpm. The formed 

supernatant was transferred to a Vivaspin concentrator with a MWCO of 10000 and 

centrifuged for 20 min at 5000 rpm to wash and get loose of any free drug and recover 

systems in suspension. The following retentate was used to resuspend the previous 

pellett and the nanoparticles were kept at -20 °C overnight. At the next day, delivery 

systems were resuspended with PBS and applied at 120 µM. 

HeLa and hFiB cells were seeded in an 8-well µ-slide (Ibidi, Martinsried, Munich, 

Germany) at a concentration of 15625 and 31250 cells/well for 24 h, respectively. 

Therefore, media was discarded and replaced by free media (0% FBS) for an overnight 

incubation. At the next day, FITC labelled LMW CH/GG/TAX systems were resuspended 

in free media and applied to the cells. At defined intervals of 0, 2, 4 and 6 h of 

transfection, cells were visualized using LSM 710 Confocal Laser Scanning Microscope 

(Carl Zeiss, Oberkochen, Germany) under 63× magnification. To better understand cells’ 

locations, nuclei were stained with DAPI 1:1000. DAPI was applied 10 min before the 

first visualization. 
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4.  Results and discussion 

4.1. Development of chitosan and gellan gum systems 

Polymeric nanoparticles have been a material of choice for delivery of active 

compounds due to their biodegradability, biocompatibility, good encapsulation 

efficiencies and stability.  

According to the literature, one of the factors that most influences the cellular 

internalization is the size of the delivery systems. It is desirable that delivery systems 

ideally have a size smaller than 200 nm, although they can reach up to 500 nm depending 

on the type of system under study and its application[117]. 

PdI is also an important property that quantifies the degree of size distribution or 

heterogeneity of particles in a sample. It is a dimensionless value ranging from 0 to 1. A 

PdI of 0 indicates a fully monodisperse system where all the particles have the same size, 

while a PdI of 1 refers to a very polydisperse system with a wide range of particle sizes. A 

lower PdI value suggests a narrower size distribution and greater uniformity among the 

nanoparticles, with regarding to the size. Generally, a PdI value below 0.3 indicates 

relatively homogeneous or monodisperse nanoparticles[118]. 

Another important factor that influences cellular internalization is the surface 

charge of the delivery systems. Positively charged nanoparticles are the most efficient at 

cell membrane entry and cellular internalization due to their effective binding to the 

negatively charged groups on the cell surface. Normally, values around +30 mV are 

recommended because it favours electrostatic interaction  and avoid toxicity and 

agglomeration[119]. 

However, it is also known that polymer concentration influences the particle size 

and the zeta potential of nanoparticles. Thus, in the beginning, low molecular weight 

chitosan and gellan gum (CH/GG) systems were formulated to see if the polymers would 

interact between them and form adequate nanoparticles. Both polymer’s solutions were 

adjusted to pH 4.5 before being mixed due to the biggest difference between their 

charges, favouring electrostatic interactions[102]. 

As previously mentioned, to determine the most favourable formulation for the 

subsequent incorporation of taxifolin, several variables were tested such as chitosan 

concentration, gellan gum volume and flow rate, (i.e, the dropping speed of the gellan 

gum solution when is adding to the chitosan solution). Chitosan volume (2 mL) and 

gellan gum concentration (0.1 mg/mL) remained constant through the whole procedure. 

Characterization studies based on the determination of size, PdI and zeta 

potential of the resultant nanoparticles were carried out by the Zetasizer Nano ZS 
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equipment to assess the best ratio of CH/GG. All the results were made in triplicate (n=3) 

and are presented in table 5 and figure 18 for better visualization. 

Table 5- Preparation conditions, mean size, PdI and zeta potential of CH/GG systems. 

  

The results showed that an increase in gellan gum volume tend to get bigger NPs, 

with PdI and zeta potential remaining constant, with few exceptions. This might be due 

to gellan gum interaction with chitosan, and when gellan gum volume is increased, the 

Chitosan 
concentration 

(mg/mL) 

Gellan 
gum 

Volume 
(mL) 

Flow rate 
(mL/min) 

Size (nm) PdI 
Zeta Potential 

(mV) 

0.1 0.5 0.5 238.07 ± 31.18 0.29 ± 0.08 +22.56 ± 2.83 

0.1 1 0.5 267.89 ± 19.39 0.29 ± 0.12 +27.01 ± 4.12 
0.1 1.5 0.5 269.59 ± 08.45  0.25 ± 0.07 +28.74 ± 5.17 
0.1 2 0.5 317.48 ± 53.27* 0.24 ± 0.08 +29.75 ± 4.14 
0.3 0.5 0.5 221.98 ± 22.33  0.51 ± 0.04* +21.36 ± 7.67 

0.3 1 0.5 270.57 ± 16.81  0.47 ± 0.02 +21.93 ± 7.99 
0.3 1.5 0.5 307.05 ± 77.39* 0.41 ± 0.06 +28.65 ± 11.17 
0.3 2 0.5 307.25 ± 24.45* 0.36 ± 0.07 +26.07 ± 7.97 
0.1 0.5 0.3 308.40 ± 78.57* 0.35 ± 0.09 +18.97 ± 5.37 

0.1 1.0 0.3 278.41 ± 38.37 0.36 ± 0.09 +27.57 ± 4.75 
0.1 1.5 0.3 288.82 ± 26.09  0.23 ± 0.10 +30.35 ± 5.10 
0.1 2.0 0.3 317.78 ± 10.57* 0.27 ± 0.12 +30.07 ± 4.41 

0.3 0.5 0.3 260.32 ± 21.28  0.39 ± 0.10 +24.36 ± 9.37 
0.3 1.0 0.3 277.60 ± 32.99  0.36 ± 0.07 +18.71 ± 6.19 
0.3 1.5 0.3 310.59 ± 40.03* 0.39 ± 0.10 +28.66 ± 9.19 
0.3 2.0 0.3 313.14 ± 29.61* 0.35 ± 0.09 +29.92 ± 5.43 

* means significant differences between the value in question and the first formulation (p<0.05). 

Figure 18 - Size and PdI comparison between the same formulation in different flow rates. 
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polymer interactions intensify, resulting in the formation of larger delivery systems[120]. 

An increase in chitosan concentration showed similar NPs in size and in zeta potential 

but with bigger PdI. This phenomenon can be attributed to the intensified interaction 

between chitosan molecules itself that can lead to the formation of larger nanoparticle 

aggregates or clusters within the solution, increasing its heterogeneity[121,122]. Flow 

rate of 0.5 mL/min revealed slightly smaller NPs with similar PdI and zeta potential 

when compared to the same formulation but with a flow rate of 0.3 mL/min. At a low 

flow rate, nanoparticles may have more time to interact and aggregate leading to larger 

sizes and a broader size distribution. Additionally, slower diffusion rates can result in 

localized areas of higher polymer concentration, promoting coarsening and non-

uniformity in particle size[122,123]. Zeta potential measurements remained similar 

between the formulations, with few exceptions. The data showed two possible 

formulations (highlighted in bold) to encapsulate taxifolin with similar sizes and zeta 

potentials. However, the PdI in the second formulation was statistically significant and 

bigger than the first one. For that reason, the formulation composed of 0.1 mg/mL of 

chitosan, 0.5 mL of gellan gum and with a flow rate of 0.5 mL/min was the chosen one 

to proceed with the plan. 

4.2. UV/vis spectrum of CH/GG systems 

To examine if the polymers would interact between them and form nanoparticles 

able to incorporate taxifolin, the UV/vis spectra was traced between 250 and 500 

nm[114]. The spectrum is represented in figure 19. 

 

Figure 19 - UV/vis spectrum of CH/GG systems. 
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The results show that the CH/GG systems have an absorbance value near zero 

throughout the whole spectra, especially at 289 nm which represents the taxifolin 

peak[114]. This result indicates that, in further studies, any absorbance value measured 

at that specific wavelength will be attributed to taxifolin and not to CH/GG systems. 

4.3. Development of taxifolin delivery systems 

The same formulation technique was used to incorporate the taxifolin into 

nanoparticles (CH/GG/TAX). In this case, taxifolin was added dropwise to the chitosan 

solution and then was added the gellan gum solution, also drop by drop. For that, some 

preliminary studies were performed. First, the taxifolin solubility was tested, being 

dissolved in 70% ethanol at a concentration of 0.2 mg/mL and in water at concentrations 

of 0.2 and 0.4 mg/mL, considering its solubility in both solutions. The addition of three 

different volumes of taxifolin in the formulation was also evaluated (0.1, 0.2 and 0.4 mL) 

and the results are represented in Table 6. 

Table 6- Physico-chemical characterization of CH/GG/TAX formulations obtained by varying the volume of 
taxifolin solution dissolved in ethanol and water. 

 

The data demonstrate that nanoparticles formulated with taxifolin dissolved in 

ethanol presented bigger sizes than when dissolved in water, so the approach of taxifolin 

dissolved in ethanol was discarded. Between the two different concentrations of taxifolin 

dissolved in water, as the taxifolin volume increased, the size of delivery systems 

decreased, except when added 0.8 mL of taxifolin. This can be explained probably 

because we might be approaching an optimal formulation balance that promotes efficient 

taxifolin encapsulation while minimizing particle aggregation, resulting in smaller and 

more consistent nanoparticles[124].  

Thus, the formulation approach with 0.4 mg/mL of taxifolin concentration was 

the chosen one to proceed with further studies, because although the size is slightly 

Taxifolin 
dissolved in 

Taxifolin 
concentration 

(mg/mL) 

Taxifolin 
volume 

(mL) 
Size (nm) PdI Zeta Potential (mV) 

Ethanol 0.2 
0.1 339.24 ± 69.13* 0.38 ± 0.17 +26.00 ± 4.37 
0.2 303.17 ± 31.52* 0.38 ± 0.08 +26.25 ± 5.42 
0.4 390.93 ± 66.11* 0.41 ± 0.11* +21.47 ± 6.02 

Water 

0.2 
0.1 248.95 ± 22.13 0.35 ± 0.06 +21.40 ± 8.09 
0.2 229.88 ± 23.83 0.34 ± 0.05 +21.14 ± 5.36 
0.4 223.90 ± 24.34 0.32 ± 0.04 +18.65 ± 9.85 

 
0.4 

0.1 296.82 ± 30.58* 0.38 ± 0.09 +30.90 ± 4.14 

0.2 283.36 ± 29.56 0.43 ± 0.04* +33.12 ± 3.94* 

0.4 276.23 ± 30.68 0.36 ± 0.06 +30.80 ± 5.66 

  0.8 450.88 ± 51.13* 0.48 ± 0.08* +25.75 ± 6.00 

* means significant differences between the value in question and the chosen CH/GG formulation 

(p<0.05). 
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bigger than the formulation made with 0.2 mg/mL of taxifolin, the difference is not 

statistically significant between those formulations and the CH/GG formulation. 

Besides, the formulated nanoparticles carry twice the amount of taxifolin which is an 

asset. 

4.4. Fourier transformed infrared spectroscopy 

To further ensure that all compounds are present in each one of delivery systems, 

a FTIR analysis of each isolated polymer as well as CH/GG and CH/GG/TAX 

formulations was performed. The spectra are present in Figure 20. 

FTIR spectra of LMW chitosan showed a peak at 3352.63 cm-1 corresponding to 

the intermolecular and intramolecular hydrogen bonds -OH and -NH. A characteristic 

peak at 2874.99 cm-1 corresponds to -CH stretching vibrations and the peak at 1027.67 

cm-1 is attributed to the asymmetric stretching of the C-O-C bridge[125].  

Regarding FTIR spectrum of GG, it showed a wide peak at 3326.27 cm-1 that can 

be attributed to the stretching vibrations of -OH, the peak at 2903.98 cm-1 corresponds 

to aliphatic -CH and the peaks at 1602.81, 1401.80 and 1024.30 represents asymmetric 

COO-, symmetric COO- and hydroxylic C-O bonds, respectively[126]. 

Taxifolin has several characteristics peaks, such as broad peaks in the range of 

3300-3500 cm-1 corresponding to O-H stretching vibrations; vibrational modes of the 

aromatic ring C-H bonds can result in peaks in the region of 2900-3100 cm-1; carbonyl 

group (C=O) typically produces a peak around 1700-1750 cm-1; and carbon-carbon (C-C) 

Figure 20 – FTIR spectra of gellan gum, LMW Chitosan, CH/GG systems and CH/GG/TAX systems. 
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and carbon-oxygen-carbon (C-O-C) result in a fingerprint region (1500-400 cm-1), 

producing a complex pattern of bands that is unique to the flavonoid structure[127,128]. 

When the CH/GG systems were analysed, some characteristic peaks were 

observed of each compound (CH and GG), with slight changes in the wavenumbers of 

the respective peak that arises from the electrostatic interactions formed between both 

polymers. 

Regarding CH/GG/TAX systems, it is visible an increase of peaks intensity, a shift 

in the wavenumber and a broader peak at 3360 cm-1. However, it is not visible any 

characteristic peak of taxifolin, proving that there is no free or unencapsulated taxifolin 

present in  the systems, proving the washing of the sample through centrifugation as 

previously described works. An increase in peak intensity may be due to the presence of 

taxifolin, that could indicate changes in the local environment of the functional groups 

within the nanoparticles. A shift in the wavenumber from 3269 to 3360 cm-1 also suggests 

taxifolin interaction with the polymer matrix. The broadening of peaks implies that there 

are variations in the local environments and the presence of taxifolin leads to a more 

complex and diverse molecular environment, through hydrophobic interactions with the 

hydrophobic sites created by nanoparticles, causing a broadening of peaks. These 

observations suggest that the incorporation of taxifolin into the nanoparticles has an 

impact on chemical interactions and, therefore, taxifolin is present in the final 

formulation. 

4.5. Different chitosan types 

As mentioned before, initial experiments were made by using LMW chitosan. 

However, there are different kinds of chitosan with relevance for the pharmaceutical 

industry. To understand if the type of chitosan used has some influence on the 

formulated nanoparticles, three different sorts of chitosan were used, namely 5 kDa, 

LMW and high molecular weight (HMW) chitosans. The main difference between the 

types of used chitosan is the molecular weight. 

Since the most favourable formulation for the incorporation of taxifolin had 

already been chosen, it made sense to only test the different chitosans with taxifolin 

already in the systems. 

DLS measurements were considered to assess the size, PdI and zeta potential of 

the nanoparticles and the results are represented in the table 7. 

Table 7 - Size and Potential Zeta of nanoparticles with different types of chitosan. 

 Formulation Size (nm) PdI Zeta potential (mV) 
5 kDa CH + GG + TAX 249.00 ± 12.58 0.35 ± 0.10 +17.35 ± 5.64 
LMW CH + GG + TAX 276.23 ± 30.68 0.36 ± 0.06 +30.80 ± 5.66 
HMW CH + GG + TAX 278.82 ± 53.58 0.33 ± 0.10 +23.59 ± 5.94 
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Nanoparticles formulated with LMW and HMW chitosans showed very similar 

results in terms of size, PdI and zeta potential between them. The data also show that 

nanoparticles formulated with 5 kDa chitosan were smaller and had less zeta potential 

when compared to other types of chitosan. This can be explained due to the shorter 

polymer chains that present fewer charged groups and could lead to smaller-sized 

nanoparticles[129]. However, further characterization studies were made using these 

three kinds of chitosan to fully understand the influence of each chitosan in the previous 

formulation.  

4.6. Scanning electron microscopy 

The morphology of delivery systems can also influence cellular internalization, 

making this parameter of high relevance to verify if the delivery systems have a regular, 

uniform and spherical shape[130]. In this sense, SEM was performed for both CH/GG 

and CH/GG/TAX systems to assess the morphology of the nanoparticles and the results 

are displayed in Figure 21.  

Figure 21 - SEM images: (A) CH/GG systems, (B) 5 kDa CH/GG/TAX systems, (C) LMW CH/GG/TAX, 
(D), HMW CH/GG/TAX systems. 

According to SEM results, all the nanoparticles showed spherical and uniform 

shapes, independently of the chitosan used, making it ideal to a posterior cell 



 

 

47 

 

delivery[131]. However, nanoparticles formulated with LMW chitosan seem to be the 

most uniform between all the systems tested. 

4.7. Encapsulation efficiency 

Encapsulation efficiency can be defined as the percentage of drug that is 

successfully entrapped into the micelle or nanoparticle and it is influenced by various 

factors, with the interaction between the drug’s hydrophobic nature and the hydrophobic 

regions of the delivery system being particularly significant[132].  

Thus, to determine the amount of taxifolin incorporated into the delivery systems with 

different CH, the amount of free taxifolin was measured using the HPLC technique. The 

obtained results are showed in Table 8. 

Table 8 - Encapsulation efficiency of each delivery system. 

Delivery system EE (%) 
5 kDa CH NPs 53.52 ± 6.56 
LMW CH NPs 65.56 ± 5.80 
HMW CH NPs 53.69 ± 4.47 

 

The results obtained by HPLC showed nanoparticles made with 5 kDa and HMW 

chitosan encapsulated around 54% and delivery systems made with LMW chitosan 

showed good encapsulation efficiency, with around 66%. Some possible reasons for this 

are that nanoparticles formulated with 5 kDa chitosan did not provided enough chain 

length for favourable interaction, whereas HMW chitosan, due to its longer polymer 

chains, resulted in less surface area providing fewer active sites for taxifolin interaction. 

LMW chitosan showed a good balance between an enough chain length and an adequate 

surface area for taxifolin encapsulation[129,133]. These encapsulation efficiency values 

are satisfactory, since flavonoids encapsulation through polymer nanoparticles typically 

present encapsulation efficiencies between 19 and 80%[134,135] 

4.8. In vitro release studies 

To monitor taxifolin release profile from the delivery systems formulated with 

different CH types, release studies were performed over 3 days. Release studies were 

performed at two different pH to mimic some conditions in the human body. These 

assays were performed at pH 7.4, which represents the normal bloodstream pH and at 

pH 5.8, representative of the pH found in a tumoral environment[136]. The data 

obtained is presented in Figure 22. 
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The results show that every system sustained a controlled release that can be 

associated to the diffusion  or time-dependent degradation of delivery systems.  

However, ideally, there should be low taxifolin release at pH 7.4, which indicates 

that the delivery systems are stable during the passage in the bloodstream. When the 

systems arrive at the tumoral site, where an acidic pH is present, a significant taxifolin 

release should be obtained, thereby targeting these delivery systems to cancer 

cells[136,137]. The results show that 5k Da CH/GG/TAX systems presented a reasonable 

releasing profile at pH 7.4 but poorly released at pH 5.8. Between the two remaining 

systems, HMW CH/GG/TAX showed high releasing profile at both pH studied, while 

LMW CH/GG/TAX systems revealed low release at pH 7.4 and a high release at pH 5.8. 

The release behaviour of the LMW CH/GG/TAX suggests this system can be adequate to 

deliver the taxifolin in the tumour environment and avoid its lost in systemic circulation.     

Overall, and considering all obtained results, LMW CH/GG/TAX systems were 

the ones that showed best morphology, best encapsulation efficiency and better releasing 

profiles and, for these reasons, the remaining systems were discarded and LMW 

CH/GG/TAX were the only ones that proceeded to the cellular assays. 

Figure 22 - In vitro release studies: (A) pH 7.4, (B) pH 5.8. 
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4.9. Delivery systems internalization studies 

HeLa and hFiB cell lines were used to evaluate the capability for cell uptake and 

internalization by the delivery systems. The images of the internalization studies are 

presented in Figures 23 and 24, with the nuclei stained blue with DAPI and the chitosan 

of delivery systems are stained green with FITC. 

 

 

 

 

 

Figure 23 - Uptake of FITC labelled LMW CH/GG/TAX delivery systems in HeLa cells: (A) control group 
(non-treated), (B) after 2 h of incubation, (C) after 4 h of incubation, (D) after 6 h of incubation. 
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Figures 22 and 23 show that after 2 h, some delivery systems are dispersed in the 

medium while other nanoparticles are in the surroundings of both cell lines, after 4 h 

some delivery systems have already entered the cells and after 6 h it is possible to observe 

that most delivery systems have entered both HeLa and hFiB cell lines. 

These results indicate these systems present a good internalization efficiency in 

both cell lines. However, we expect to observe a taxifolin therapeutic effect only in HeLa 

cells due to the specific action of this molecule in the HPV E6 oncoprotein inhibition. 

With an increase in taxifolin concentration, it is anticipated that there will be an impact 

on the viability of HPV-positive cells through a blockade of E6 recognition by the p53 

protein that will result in the restoration of levels of this tumor suppressor protein, 

inducing apoptosis in HeLa cells. 

However, according to expected and described previously, more studies need to 

be carried out, such as viability studies, IC50 determination, western blot to assess the 

Figure 24 - Uptake of FITC labelled LMW CH/GG/TAX delivery systems in hFiB cells: (A) control group 
(non-treated), (B) after 2 h of incubation, (C) after 4 h of incubation, (D) after 6 h of incubation. 
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levels of p53, Bax or other intervenient of the apoptotic pathway, to fully understand the 

effectiveness of these systems. 
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5. Conclusions and future perspectives 

Cervical cancer incidence and mortality have been declining, but it remains a 

leading cause of death in less developed nations where anti-HPV preventative 

immunizations are not widely used and health care is inadequate. With this in mind, 

treatments for HPV infections and cervical cancer have been researched. Taxifolin, one 

of the most promising flavonoids, has emerged as a molecule with demonstrated anti-

cancer potency. Taxifolin, in addition to its anti-cancer capabilities, has the ability to 

block the E6 oncoprotein, which increases p53 levels and induces apoptosis. 

Nonetheless, the vast majority of flavonoids, such as taxifolin, have relatively low 

bioavailability due to poor water solubility, easy degradation and fast metabolism. 

 Thus, it is imperative to study ways to encapsulate this type of drugs and ensure 

its controlled delivery to cancer cells. 

The aim of this work was the development of taxifolin loaded delivery systems to 

be applied in HPV positive cells, aiming to increase the effect of taxifolin. For this 

purpose, three types of delivery systems were formulated and characterized, being them 

formulated with different types of chitosan, gellan gum and taxifolin (CH/GG/TAX 

systems). The ratios have been optimized in order to obtain the most favourable delivery 

systems in terms of size, PdI and surface charge. 

Hence, it was possible to obtain optimised delivery systems of LMW CH/GG/TAX 

with a size of 276.23 ± 30.68 nm, a PdI of 0.36 ± 0.06 and a zeta potential of +30.80 ± 

5.66 mV, delivery systems of 5 kDa CH/GG/TAX with a size of 249.00 ± 12.58 nm, a PdI 

of 0.35 ± 0.10 and a zeta potential of +17.35 ± 5.64 mV and delivery systems of HMW 

CH/GG/TAX with a size of 278.82 ± 53.58 nm, a PdI of 0.33 ± 0.10 and a zeta potential 

of +23.59 ± 5.94 mV. After that, the encapsulation efficiency of taxifolin in the delivery 

systems was calculated, being the formulation made with LMW CH/GG/TAX the most 

favorable, reaching 65% of encapsulation, while the other formulations encapsulated 

around 55%.  

Furthermore, all systems were characterized in their morphology by SEM and in 

interactions between their components by FTIR. The results showed spherical delivery 

systems and FTIR analysis revealed interactions between all the components in all 

delivery systems.  

In vitro release studies were also performed to analyse the amount of taxifolin 

that the systems released during 72 h and if the release occurred in a controlled manner 

under two different pHs, representing a tumor microenvironment (pH 5.8) and the 

bloodstream (pH 7.4). Results showed that delivery systems made with LMW 

CH/GG/TAX systems presented the best releasing profiles, based on a good release at 

pH 5.8 (72%) and a low release at pH 7.4(28%). 
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Cell internalization studies revealed that LMWCH/GG/TAX systems were able to 

successfully enter the cells. 

As future perspectives, other studies can be carried out, such as cell viability 

studies and quantification of p53 levels in order to ensure that the delivery systems 

present an increase in the expression levels of p53, indicating an inhibition of the 

carcinogenesis processes and apoptosis induction. Moreover, studies in co-culture may 

be addressed to mimic more closely cellular interactions and better simulate tissue 

microenvironments to test the performance of these delivery systems. 

Modifications in the delivery systems preparation can also be made, such as 

lyophilisation of the systems after their formulation, as well the inclusion of specific 

ligands to specifically direct them to the cancer cells, thus enabling a greater therapeutic 

effect. 

This work had an important exploratory nature in determining the optimal 

formulation of taxifolin delivery systems through the combination of two natural 

polymers with opposing charges. It evaluated the physicochemical properties and 

characteristics of the systems, as well as their capacity to incorporate and release 

taxifolin. This information is crucial for advancing towards therapeutic applications of 

taxifolin or other potential pharmaceuticals. 
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