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Resumo 

 

O cancro representa uma das principais causas de morte em todo o mundo. Até 2040, 

estimasse que o número de novos casos de cancro aumente para 29,5 milhões e o número 

de mortes associadas aumente para 16,4 milhões. Na maioria dos casos, a taxa de 

incidência tem aumentado nos países com maior esperança média de vida, nível de 

educação e qualidade de vida. No entanto, no caso do cancro do colo do útero, acontece 

o oposto, a sua incidência é maior em países menos desenvolvidos, devido à falta de 

consciencialização sobre a doença, programas de rastreio e procedimentos de tratamento 

eficazes, factos que levam a um diagnóstico tardio e, consequentemente, a taxas de 

sobrevivência baixas. 

O vírus do papiloma humano (HPV), é um vírus sexualmente transmissível, e a principal 

causa da ocorrência do cancro do colo do útero. Cerca de 79 % dos casos diagnosticados 

são atribuídos às estirpes de maior risco, HPV-16 e HPV-18. A gravidade dos sintomas 

está associada à afinidade das oncoproteínas E6 e E7 pelas proteínas supressoras de 

tumores, p53, e proteína do retinoblastoma, pRb, respetivamente; uma vez que 

desregulam a expressão destas proteínas levando à invasão, proliferação e sobrevivência 

das células cancerígenas. Várias estratégias estão a ser desenvolvidas para detetar e 

prevenir esta doença, tais como vacinas contra o HPV. No entanto, em países menos 

desenvolvidos as medidas preventivas nem sempre funcionam, pelo que novas 

terapêuticas estão a ser desenvolvidas para o tratamento mais eficiente desta patologia. 

A terapia génica tem sido amplamente explorada nos últimos tempos por permitir 

corrigir um determinado defeito genético ou até mesmo induzir a morte programada de 

uma célula anormal. Assim, o DNA plasmídico que codifica o gene da p53 representa 

uma abordagem promissora para combater o cancro do colo do útero. No entanto, o seu 

uso é limitado, uma vez que é facilmente degradado por vários agentes, sendo necessário 

um sistema de entrega para proteger, transportar e entregar o pDNA às células alvo. 

Nanopartículas de fosfato de cálcio apresentam benefícios uma vez que são compostas 

por iões que existem naturalmente no corpo humano e a sua degradação não implica 

consequências negativas. 

Neste contexto, o foco principal do presente trabalho é o desenvolvimento de 

nanopartículas de fosfato de cálcio para encapsular pDNA e serem funcionalizadas com 

ácido fólico para uma entrega direcionada às células cancerígenas HPV positivas. 
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Inicialmente, as condições da formulação deste sistema de entrega foram otimizadas, 

resultando em sistemas com tamanhos de 76,34 ± 34,08 nm, com índice de 

polidispersividade (PdI) de 0,40 ± 0,09 e uma carga superficial de – 20,90 ± 0,90 mV. 

A inclusão do pDNA foi realizada através do método de adsorção, resultando num 

tamanho de 133,13 ± 58,12 nm, PdI de 0,65 ± 0,17 e uma carga superficial de – 23,70 ± 

1,10 mV, com uma eficiência de encapsulação de aproximadamente 100 %.  

Posteriormente, foi explorada a funcionalização com ácido fólico tendo sido escolhidas 

duas metodologias de formulação, a primeira consiste na adição do ácido fólico na 

solução precursora de cálcio (CaP-NP/FACa) e a segunda consiste na adição do ácido 

fólico por adsorção após a formulação (CaP-NP/FAAd). Estas formulações apresentaram 

uma eficiência de loading deste ligando de aproximadamente 70 e 92 %, respetivamente. 

Após a inclusão de pDNA nos sistemas, a formulação CaP-NP/pDNA/FAAd apresentou 

uma eficiência de aproximadamente 100 % para a encapsulação de pDNA e 

aproximadamente 99,6 % para o ácido fólico, com um tamanho de 112,63 ± 19,81 nm, 

PdI de 0,50 ± 0,22 e uma carga superficial de – 27,40 ± 0,69 mV. A formulação CaP-

NP/pDNA/FACa apresentou uma eficiência de encapsulação de pDNA de 

aproximadamente 100 % e uma eficiência de aproximadamente 73 % para a 

funcionalização com ácido fólico, com um tamanho de 110,42 ± 65,71 nm, PdI de 0,50 ± 

0,07 e uma carga superficial de – 22,20 ± 0,60 mV.  

De forma geral, os ensaios in vitro não mostraram citotoxicidade inerente às CaP-NPs. 

Somente foi observada a diminuição da viabilidade celular quando foram aplicadas 

concentrações elevadas (500 e 1000 µg/mL) destes sistemas. Os sistemas de entrega não 

afetaram a viabilidade das células saudáveis, mas diminuíram a viabilidade das células 

cancerígenas. A internalização das nanopartículas foi verificada através de microscopia 

confocal, tendo se observado elevada internalização em ambas as linhas celulares, com 

particular incidência nas células cancerígenas. As formulações de pDNA com inclusão do 

ácido fólico na solução de cálcio (CaP-NP/pDNA/FACa) e adsorvido após a formulação 

(CaP-NP/pDNA/FAAd) parecem ter melhor capacidade de internalização. A avaliação 

por PCR parece apresentar um nível superior de transcritos de p53 na linha celular 

cancerígena quando a transfeção foi realizada com CaP-NP/pDNA e com CaP-

NP/pDNA/FACa. 

De modo geral, o presente trabalho demonstrou que os sistemas CaP-NP apresentam o 

efeito terapêutico desejado e mostram-se promissores para o tratamento do cancro do 

colo do útero. 
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Abstract 

 

Cancer is among the leading causes of death worldwide. By 2040 it is expected that the 

number of new cancer cases will rise to 29.5 million and the number of cervical cancer-

related deaths to 16.4 million. Generally, cancer incidence rate increases in countries 

with highest life expectancy, education level and standard of living. However, for cervical 

cancer the reverse happens, its incidence is higher in less developed countries, due to the 

lack of proper awareness, screening programs, inaccessibility to proper diagnosis and 

efficient treatment procedures, these facts lead to a late diagnosis and consequently low 

survival rates.  

Human Papillomavirus (HPV), a highly sexually transmissible virus, is the main agent in 

cervical cancer. Around 79 % of the diagnosed causes are attributed to HPV-16 and -18. 

The severity of symptoms is usually associated with the affinity presented by 

oncoproteins E6 and E7 within each HPV type toward the target protein, p53, a tumour 

suppressor, and pRb, a retinoblastoma protein, respectively. Thus, the deregulation of 

these proteins’ expression leads to invasion, proliferation, and survival of cancer cells. A 

plethora of strategies are being developed to detect and prevent the disease, with anti-

HPV vaccines being at the front. However, in less developed countries, with poor health 

resources, the preventative measures do not always work, and new therapies are being 

developed to treat this type of cancer.  

Gene therapy has been increasingly used since it allows the correction of a genetic effect 

while also facilitating for an induced cell death. Thus, plasmid DNA that encodes the p53 

gene can be a promising approach to combat cervical cancer. However, pDNA use is 

limited since it is easily degraded by various agents, so a delivery system is needed to 

carry pDNA to the target cells. Calcium phosphate nanoparticle are promising delivery 

systems since they are composed of ions that naturally exist in the human body, and its 

degradation does not entail negative consequences for the patient. 

In this context, the present work’s focus is the development of plasmid DNA-loaded 

calcium phosphate nanoparticles and further functionalization with folic acid for a 

targeted delivery to HPV positive cancer cells.  

Initially, the delivery system formulation was optimized resulting in delivery systems 

presenting a size of 76.34 ± 34.08 nm, with a polydispersity index (PdI) of 0.40 ± 0.09 

and a surface charge of – 20.90 ± 0.90 mV. pDNA inclusion was performed through an 

adsorption approach yielding a size of 133.13 ± 58.12 nm, PdI of 0.65 ± 0.17 and a surface 
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charge of – 23.70 ± 1.10 mV with an encapsulation efficiency of approximately 100 %. 

Folic acid loading was investigated, and two methods were chosen, firstly when folic acid 

is added in the precursor calcium solution (CaP-NP/FACa) and also when folic acid is 

added through adsorption (CaP-NP/FAAd), which exhibited a folic acid loading 

efficiency of approximately 92 and 70 %, respectively. The CaP-NP/pDNA/FAAd 

achieved an efficiency of approximately 100 % for pDNA encapsulation and 

approximately 99.6 % for folic acid loading, with a size of 112.63 ± 19.81 nm, PdI of 0.50 

± 0.22 and a surface charge of – 27.40 ± 0.69 mV. The CaP-NP/pDNA/FACa presented 

an encapsulation efficiency of pDNA in the nanoparticles of 100 % and an efficiency of 

approximately 73 % for the loading of folic acid, with a size of 110.42 ± 65.71 nm, PdI of 

0.50 ± 0.07 and a charge of – 22.20 ± 0.60 mV.  

Overall, the in vitro assays showed no inherent cytotoxicity for the CaP-NPs, with 

viability reduction only in higher concentrations (500 and 1000 µg/mL). The delivery 

systems did not affect the healthy cells viability but decreased the viability in the cancer 

cell line. Cell internalization was evaluated through confocal microscopy, which showed 

significant uptake in both cell lines. The formulations presenting pDNA and folic acid, in 

the calcium solution (CaP-NP/pDNA/FACa) and adsorbed after the nanoparticle 

formulation (CaP-NP/pDNA/FAAd), presented high accumulation in cancer cells. PCR 

evaluation seems to present increased expression values of p53 when the cancer cell line 

was transfected with both CaP-NP/pDNA and CaP-NP/pDNA/FACa. 

The present work demonstrated that CaP-NPs, loaded with pDNA and modified with 

folic acid, show a therapeutic effect, and represents a promising treatment for cervical 

cancer. 
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Chapter 1 - Introduction 

1.1 Cervical Cancer 
Cervical cancer ranks among the leading causes of death in women and is the 

fourth most prevalent female cancer worldwide [1]. Every year, approximately 500,000 

women are diagnosed, and tragically, nearly 250,000 lose their lives due to this disease 

[2]. Projections indicate that by 2030, the death toll will surpass 474,000, highlighting 

the immense global burden of this illness [1]. The single most important etiological factor 

of cervical cancer is infection by high-risk Human Papillomavirus (HPV), affecting an 

estimated 291 million women globally [3]. Nearly 85 % of deaths related to cervical 

cancer come from low or developing countries, where the mortality rate is eighteen times 

higher compared to developed nations. This stark disparity is primarily attributed to 

insufficient education and awareness, inadequate screening programs, and limited 

access to proper diagnosis and effective treatments in developing regions [4].  

 

1.1.1 HPV Infection 

Around 90 % of cervical cancer cases can be attributed to prior infections with 

HPV [5]. HPV is a member of the Papillomaviridae family and is classified into five 

genera: alpha (α), beta (β), gamma (γ), mu (μ), and nu (ν). Among these, the α-

papillomavirus group is further categorized into low-risk and high-risk types. The low-

risk types typically lead to benign lesions, while the high-risk types have been linked to 

the development of malignancies in anogenital and head-and-neck regions. Notably, two 

specific strains, HPV-16 and HPV-18, are responsible for approximately 80 % of cervical 

cancer cases worldwide [6].  

HPV is categorized as a small, non-enveloped, circular, double-stranded DNA virus, with 

a diameter measuring 50-55 nm. Its genome spans approximately 8,000 base pairs and 

is divided into three sections: the early gene-coding region (E), the late gene-coding 

region (L), and the long control region (LCR), also referred to as the non-coding region 

(NCCR) or upstream regulatory region (URR) [7, 8]. These gene segments are divided by 

two polyadenylation (pA) sites, early pA (AE) and late pA (AL). The 5’ end begins with the 

E region, which has six open reading frames, E1, E2, E4, E5, E6 and E7. E1 and E2 play 

roles in regulating early proteins' transcription and viral genome replication. E4 

influences the structure of infected epithelial cells' cytoskeleton to facilitate virion release. 

E5, E6, and E7 are responsible for cellular transformation, leading to oncogenesis. E5 

aids in keratinocyte differentiation and immune evasion in later stages, while E6 and E7 
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control various cellular checkpoints, contributing to the development of cancer 

hallmarks [1, 7, 9]. These oncoproteins repress tumour suppressors p53 and 

retinoblastoma protein (pRb), disrupting the activation of apoptotic pathways and 

promoting cell proliferation. The L region is divided into two parts, L1, which encodes a 

major viral capsid protein, and L2, which encodes a minor viral capsid structure. On the 

other hand, the LCR does not contain any protein-coding sequence but holds the origin 

of replication and numerous binding sites for transcription factors [1, 7]. Figure 1 and 

Table 1 represent the HPV genome structure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 – Structure and organization of HPV-16 genome. Adapted from [7, 10] 
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Table 1 – Major role and activity of the genes in HPV. Adapted from [1, 7] 

 

 

 

 

 

 

 

 

 

 

  

Genes Activity 

L1 Major capsid protein 

L2 Minor capsid protein, recruits L1 and helps in virus assembly 

E1 
Replication of viral genome and its maintenance; ATP-dependent 

DNA helicase 

E2 
Initiation of viral DNA replication; regulation of transcription of 

E6 and E7 and of cellular gene expression 

E4 
Release of viral particles; remodels cytokeratin network; virion 

assembly 

E5 Enhances growth factor signalling pathways 

E6 
Inhibits p53 and causes loss in cell cycle regulation; regulates cell 

shape, polarity, mobility, and signalling 

E7 
pRb mediated deregulation of cell cycle; controls centrosome 

duplication 
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1.1.1.1 Viral Life Cycle 

 The life cycle of HPV follows a biphasic pattern, encompassing both viral 

maintenance and amplification stages [11]. The viral infections initiate when a viral 

particle infects cells located in the basal layer of stratified squamous epithelia. This 

infection occurs only after the infected cell has undergone mitosis, and one of the 

daughter cells resulting from the division begins to synthesize new virions. As a 

consequence of microwounds, these basal cells become exposed and stand as the sole 

proliferating cells in normal epithelia. In contrast, the differentiated cells in the 

suprabasal layers have exited the cell cycle. Meanwhile, the suprabasal cells continue to 

be active in the cell cycle during the process of differentiation. Among this group of cells, 

a subset re-enters the S phase in the upper epithelial layers, engaging in a process known 

as amplification. During amplification, these cells replicate the HPV genome [12].  

In the initial amplification phase of viral replication, proteins E1 and E2 play crucial roles, 

but once the copy number stabilizes, they can become dispensable for episomal 

maintenance-replication [13]. The early expression of the E2 viral transcription factor is 

essential for proper regulation of the viral early promoter. This regulation directs the 

expression of the E6 and E7 regulatory proteins, which are vital for the continued 

survival of HPV-infected cells. Moreover, these proteins exhibit pleiotropic functions, 

including transmembrane signalling, regulation of the cell cycle, transformation of 

established cells and regulation of chromosomal stability, these oncoproteins play a 

crucial role in malignant conversion. E2 forms a homodimer that can bind to four 

palindromic sites in the LCR, among these sites, three of them are required for E1-

activated viral replication. E2 binds E1, and this complex acts as a dimer of hexamers, 

subsequently, it attaches to the viral origin of replication, facilitating the recruitment of 

the cellular DNA replication machinery. Notably, Brd4, facilitated by E2, is the most 

extensively studied anchor for HPV genomes to cellular chromosomes.  

However, under specific circumstances, the E1-E2 complex alone might be adequate for 

HPVs to position themselves onto cellular chromosomes [14, 15].  

Upon infection, viral proteins are expressed at low levels within the infected basal cells, 

likely to evade triggering a local immune response. E2 plays a crucial role in this process 

by altering the chromatin structure and transcriptionally repressing the P97 promoter. 

Consequently, E2 prevents transcription factors from accessing the promoter, effectively 

suppressing its activity. As a result of these mechanisms, HPV can successfully sustain 

the state of infection in the epithelial cells for a significant duration [13, 14]. 
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1.1.1.2 E6 and E7 Oncoproteins  

 The early gene products of papillomavirus, E6 and E7 function as oncoproteins, 

promoting uncontrolled cell proliferation, angiogenesis, invasion, metastasis, and 

unrestricted telomerase activity [7]. In HPV associated cancers, the continued expression 

of E6 and E7 sustains the constant expression of cancer phenotype [16]. Furthermore, 

the expression of biomarkers influenced by E6 and E7 was observed to decline in the 

upper epithelial layers, highlighting the crucial role of these proteins in the early phase 

of viral replication [14]. 

High risk HPV E6 is a short protein, comprising approximately 150 amino acids. 

Through Nuclear Magnetic Resonance the structure of this oncoprotein has been 

elucidated. It consists of zinc finger domains in its N and C termini, each one separated 

by a short linker region. Following the C-terminal zinc finger is a short PDZ-binding 

motif that facilitates interactions with PDZ domain-containing proteins [11].  

PDZ domains are present in numerous proteins that oversee various biological pathways, 

such as cellular proliferation and polarity. Through this domain, the HPV E6 has the 

potential to affect a range of pathways, in viral propagation and HPV-associated 

oncogenesis. Recent work has demonstrated that this motif is required for induction of 

epithelial hyperplasia and cooperates with RAS to promote anchorage-independent 

growth [11].  

High-risk HPV E6 directly binds to E6AP, a cellular E3 ubiquitin ligase encoded by the 

UBE3A gene, via its zinc finger domain. This binding alters the substrate specificity of 

the E6AP, leading to its stable association and polyubiquitylation of p53, which induces 

p53 degradation by the 26S proteasome [17]. Furthermore, HPV E6 also has a prominent 

function in the proteolytic inactivation of certain pro-apoptotic factors, such as Bak and 

Bcl-2. The Bcl-2 family of proteins critically regulates mitochondrial integrity and 

mitochondria-initiated apoptosis. Bak plays a key role in the apoptosis of several cell 

types. It has been found that increased levels of Bcl-2 and decreased Bak expression 

indicates a shift in the balance and favour of anti-apoptotic activity [15].  

Another primary function of HPV E6 is the ability to activate telomerase, a 

ribonucleoprotein responsible for maintaining telomere length and preventing cellular 

senescence by adding repetitive sequences to the chromosome ends. This activation 

process is distinct from E6AP and p53 degradation. Instead, it involves a complex series 

of transactivation events, including interactions with Myc and the knockdown of the 

nuclear transcription factor NFX1-91 [11]. 
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 HPV E7 was the first oncogene to be discovered, among all the HPV oncogenes 

[7]. Structurally HPV E7 proteins contain approximately 100 amino acids [18]. HPV E7 

can be divided into three regions, conserved region 1 (CR1), conserved region 2 (CR2) 

and the C-terminal region containing two zinc finger domains [19]. A small portion of 

CR1 and nearly the entire CR2 from the amino terminal holds sequence similarity with 

adenovirus E1A protein and large T antigen of SV40. The CR3 region follows a poorly 

conserved sequence in the CR2 domain. This conserved region at the carboxyl terminus 

encodes for a zinc finger domain with two CXXC motifs. This domain is responsible for 

zinc-dependent dimerization and facilitates E7's interaction with cellular proteins 

involved in cell cycle regulation and apoptosis [7].  

Furthermore, one of the notable characteristics of HPV E7 is its ability to interact with 

the pRb through its LXCXE motif in CR2. This interaction leads to the inactivation of 

pRb, causing the release of E2F-responsive genes necessary for cell-cycle progression. As 

a result, genes such as cyclin E, cyclin A, and p16INK4A are transcribed, forcing the cells to 

go through premature S-phase entry  [7, 19]. HPV E7 also interacts with other pocket 

proteins, such as p107 and p130, which are negative cell cycle regulators involved in the 

G1 to S phase and G2 to M phase. This interaction results in enhanced phosphorylation 

and degradation [14, 15]. Furthermore, the E7 expression early in the infection activates 

the G1 to S-phase checkpoint in keratinocytes that would normally undergo terminal 

differentiation, consequently the number of epithelial cells in active DNA replication 

increases [14]. 

High-risk HPV E7 proteins contribute to an increased occurrence of mitotic aberrations 

through multiple mechanisms. Firstly, E7 expression triggers the aberrant synthesis of 

centrosomes, which forms the mitotic spindle poles. As a result, daughter cells arising 

from such aberrant and multipolar cell divisions end up with abnormal chromosome 

numbers. This condition is known as aneuploidy, which is the most frequent 

manifestation of genomic instability in solid tumours, including cervical cancers. In 

addition, HPV E7 also increases the incidence of unrepaired double strand DNA breaks 

in cells, which can lead to chromosomal fusion and translocations. Other mitotic 

abnormalities, include defects in chromosome alignment during metaphase [8]. 

 Moreover, both E6 and E7 contribute to HPV-infected cells obtaining nutrition 

and oxygen from the surrounding tissues by regulating the expressions and activities of 

angiogenesis inducers and inhibitors. Additionally, both oncogenes have been found to 

induce the epithelial-to-mesenchymal transition (EMT), a process required for the 

tumour cells to invade the bloodstream and metastasize at other places in the body [7].  
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1.1.1.3 p53 

 The p53 protein is a nuclear phosphoprotein, comprised of 393 amino acids that 

fall into three functional domains, which are, a NH2-terminal acidic transactivation 

domain, a DNA-binding domain, and an oligomerization domain [20, 21]. The DNA-

binding domain plays a crucial role in the cellular stress response, as it facilitates the 

transactivation of target genes, leading to cell cycle arrest or apoptosis. Additionally, 

functional p53 forms a homo-tetramer, which is mediated by the oligomerization domain 

[21]. 

In addition to the functional domains, p53 has two structural domains, a proline-rich 

regulatory domain, and a C-terminal domain. The proline rich domain is associated with 

pro-apoptotic function of p53 since the deletion of this domain leads to a complete loss 

of pro apoptotic activity. Furthermore, the C-terminal domain participates in the 

regulation of DNA-binding [21, 22].  

Under normal physiological conditions, p53 functions as a "guardian" to maintain 

genome stability and normal cellular processes [20]. Under normal conditions, it is 

expressed at an extremely low level, which is caused by proteasomal degradation 

mediated largely by RING-finger type E3 ubiquitin ligase MDM2. However, when DNA 

damage occurs, post-translational modifications such as phosphorylation and 

acetylation trigger p53 to accumulate in the cell nucleus. These chemical modifications 

alter p53 from a latent to active state. In its functionally active state, p53 transactivates 

a specific set of target genes, leading to cell cycle arrest and/or apoptosis, depending on 

the extent and nature of the DNA damage. When DNA damage is repairable, the p53-

mediated cell cycle arrest allows cells to mend the damaged DNA, after which they re-

enter the cell cycle. Conversely, if the DNA damage is irreparable, p53 exerts its pro-

apoptotic function, preventing the transmission of damaged DNA to the daughter cells 

and thereby maintaining genomic integrity [21]. 

 Approximately 50 % of human cancers harbour loss-of-function mutations in the 

p53 gene [21]. Of all reported mutations, 75 % are missense and 80 % of them occur 

within the sequence responsible for encoding the DNA-binding domain of the protein 

[22]. Consequently, mutant p53 lacks the sequence-specific transactivation ability, which 

is tightly linked to its pro-apoptotic function. Additionally, while p53 has a short life span, 

around 20 min, mutant p53 has a prolonged half-live, ranging from 2 to 12 h, with an 

oncogenic potential [21].  
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1.2 Gene Therapy  
Cancer therapy worldwide primarily revolves around surgery, chemotherapy, and 

radiotherapy. Despite their widespread use, these methods are not always entirely 

effective, and cancer progression can sometimes remain uncontrolled. As a result, there 

is growing interest in gene therapy as a potential alternative approach to block cancer 

[23]. 

Gene therapy involves the use of nucleic acids to repair, replace, or regulate genes with 

to prevent or treat a disease [24]. The fundamental principle of gene therapy is to address 

acquired or inherited diseases by correcting their underlying genetic causes. This can be 

achieved by either replacing faulty genes with healthy ones or by providing the missing 

genes that are essential for normal cellular function [25].  

Gene therapy employs several types of genetic material, including double-stranded DNA 

(dsDNA), single-stranded DNA (ssDNA), plasmid DNA (pDNA), and anti-sense 

oligonucleotides (ASON). However, due to the hydrophilic poly anionic nature of these 

molecules, they are sensitive to nuclease degradation and cannot passively penetrate the 

cell membrane. Therefore, they need to be associated with a delivery system or vector 

that can transport them to the targeted cell, protecting them from degradation [25]. Gene 

therapy vectors are broadly categorized as viral or non-viral [24]. Figure 2 provides an 

overview of the biotechnological processes required for the delivery of gene therapy. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 – Overview of gene therapy production steps.  Adapted from [26]. 
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In 2003, China became the first nation to authorize a gene therapy-based product for 

clinical use. This pioneering product, GendicineTM, is an adenoviral vector created by 

SiBiono Gene Tech Co., which replaces the E1 gene with a human p53 cDNA [27]. By 

January 2006, there were approximately 1020 authorized gene therapy clinical trials 

conducted globally, with 66 % of these trials focused on cancer treatment. Among these 

clinical investigations, 58 trials employed a recombinant adenovirus expressing the 

human p53 tumour suppressor gene for cancer treatment [28].  

In the year 2022, a total of 3685 gene therapy clinical trials were conducted, with a 

majority falling under phase I trials. Adenovirus continued to be the most widely used 

type of vector, while plasmid DNA ranked third with a usage rate of 13.1 %. Furthermore, 

p53 served as the therapeutic agent in 80 clinical trials [29]. Figure 3 illustrates the 

ongoing clinical trials. 

 

Phase I

Phase I/II

Phase II

Phase II/III

Phase III

Phase IV

Single Subject

 

Figure 3 – Different phases of ongoing clinical trials (adapted from  

https://a873679.fmphost.com/fmi/webd/GTCT, accessed on 11 January 2023). 

 

 

 

 

 

  

https://a873679.fmphost.com/fmi/webd/GTCT
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1.2.1 pDNA 

 Plasmids, the molecular tool that is most frequently employed for DNA alteration, 

transfer, and gene expression, have been crucial in the development of biotechnology 

during the past 50 years [30].  

Plasmid vectors are small circular, double-stranded DNA molecules capable of 

replicating in bacterial host cells [31, 32]. Their size ranges from 0.8 to 10 kbp and the 

ability for transgene DNA is almost unrestricted [32]. Due to the compact phosphate 

groups in their backbone, plasmid DNA (pDNA) exhibits strong polyanionic properties 

[33]. Archae, bacteria, and some yeast contain this form of extrachromosomal DNA, it 

has at least one origin of replication (ori), where plasmid replication begins without first 

replicating chromosomal DNA [30]. An ori allows plasmids to deliver therapeutic 

sequences to also transfer into and replicate in other bacteria. Additionally, plasmids 

encode genes for selection of plasmid-harbouring bacteria. However, the use of antibiotic 

and resistance genes is discouraged by regulating agencies because of the risk of transfer 

and replication of resistance genes to bacteria in human microbiome or even the 

environment. Furthermore, the residual that remain from vector production may trigger 

an immune reaction or even resistance to certain antibiotics. To counter this 

disadvantage a new antibiotic-free selection system, such as plasmid Free-of-Antibiotic 

Resistance (pFAR) or RNA OUT, has been designed to increase biosafety [24, 32].  

Thus, a plasmid must possess three essential features, an origin of replication, the 

presence of a selectable marker and a cloning or restriction enzyme cleavage site, where 

the foreign/therapeutic DNA is inserted (Figure 4) [31]. 

 

 

 

 

 

 

 

 

Figure 4 – Plasmid DNA construction. Adapted from [33]. 
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pDNA presents five different conformations, each of them exhibits distinct size 

and therefore heterogenous speed in electrophoresis. The isoforms can be open-circular 

(oc), relaxed circular, linear, supercoiled (sc) and supercoiled denatured. The oc pDNA 

is circular and despite being double-stranded, the circular pDNA is relaxed because of an 

enzymatic action. The linear pDNA is cut double-stranded pDNA which has free ends. Sc 

pDNA is a dense conformation and consists of a double strand with the normal twist and 

shape. Finally, because of the unpaired sections in the helix, sc denatured pDNA is 

comparable to sc pDNA but less dense [34]. The sc isoform is considered the 

physiologically active conformation and is the most favourable for therapeutic use due 

to its outstanding stability and antigenicity [34, 35]. It is interesting to note that sc pDNA 

has a small hydrodynamic size, which may be the cause of its high intracellular mobility 

through entangled and cross-linked composite networks of actin and microtubules [36].  

 The process development for the manufacture of plasmid DNA typically begins 

on a small scale, with the construction and selection of a suitable expression vector and 

host, followed by the optimization of the fermentation conditions (upstream processing), 

cell growth and finally the isolation and purification steps (downstream processing). 

Upstream processing, fermentation and downstream processing are three steps of 

process development, which are interconnected and cannot be treated separately [37]. 

The key focus when developing a fermentation method is to maximize the volumetric 

yield of supercoiled plasmid as well as the specific yield of plasmid. Smaller and cost-

effective fermentations are achieved by volumetric yield optimization, while downstream 

processing benefits from specific yield optimization by increasing plasmid purity. 

Furthermore, media composition impacts plasmid quality and yield, a balanced medium 

with sufficient levels of nutrients required for energy, biomass and cell maintenance is 

necessary for high cell density [38]. 

Following fermentation, a series of unit operations must be established to achieve highly 

purified plasmid DNA by removing all impurities present in the lysate [37, 38]. However, 

plasmid isolation typically incurs significant manufacturing costs. This high cost is 

primarily attributed to two factors. Firstly, plasmid DNA constitutes only a small fraction 

of the cell mass generated by fermentation. Secondly, separating plasmid from host 

nucleic acids poses a challenge. Therefore, the key goal is to develop a process that 

optimizes yield, purity, and safety while simultaneously minimizing expenses [38]. The 

approach involves choosing and integrating appropriate purification operations in two 

distinct stages. During the first stage (clarification and concentration), which occurs after 

the lysis process, high-volumetric-capacity and low-resolution operations are employed 

to eliminate cell debris and structurally unrelated impurities like proteins and low 
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molecular weight nucleic acids, these steps prepare the plasmid extract for the 

subsequent purification step. In the second stage, chromatography is utilized to isolate 

supercoiled plasmid DNA from structurally similar impurities such as relaxed and 

denatured plasmid DNA, genomic DNA (gDNA), high molecular weight RNA, and 

endotoxins [37].  

To further elaborate, several studies have shown that within E. coli lysates, only 3 % of 

the total content is comprised of pDNA. In comparison, proteins make up a significantly 

larger portion at 55 %, while RNA accounts for 21 % [30]. During the clarification step, 

the presence of high molecular weight RNA is a concern. Typically, ‘salting out’ is utilized 

to remove the proteins that remain in the lysates by employing high concentrations of 

chaotropic salts. Some chaotropic salts, like ammonium acetate, ammonium sulfate and 

lithium chloride, offer the additional advantage of precipitating high molecular weight 

RNA and proteins together. After the clarification step, the pDNA is frequently 

concentrated using polyethylene glycol (PEG) precipitation to further eliminate small 

nucleic acids and decrease the volume of process streams before chromatographic 

purification [37]. Tangential flow filtration and aqueous two-phase partitioning can also 

be employed for concentrating and eliminating impurities from plasmid DNA 

preparations before chromatography [39]. 

Plasmid DNA purification poses unique challenges that are not typically encountered in 

purifying other biological molecules. These challenges are primarily related to the 

structural characteristics of plasmid DNA, such as its size, shape, and conformation, as 

well as the rheological properties (such as viscosity) of the lysates and process streams. 

Additionally, the presence of impurities with similar properties can complicate the 

purification process. The main objective is to quickly capture, concentrate, and purify sc 

pDNA in order to achieve high throughput and maximize product yield while minimizing 

product degradation [39]. The chemical composition of chromatographic supports plays 

a crucial role in determining the preferential interactions with the target molecule, 

enabling its retention while undesirable molecules are eluted [40]. The decision to 

employ one or multiple chromatographic methods with varying selectivity relies on the 

type and spread of residual impurities and contaminants, along with the projected 

plasmid yield [39]. Several chromatographic techniques, including size-exclusion (SEC), 

anion-exchange (AEC), hydrophobic interaction (HIC), reversed-phase (RPLC) and 

affinity (AC), have been incorporated into numerous therapeutic pDNA manufacturing 

processes either separately or in combination (Table 2) [41]. 
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Table 2 - Chromatography techniques to purify pDNA. Adapted from [39–44]. 

Chromatographic 

Approach 
Purification Principle Advantages Disadvantages 

SEC 

The reduction of the 

plasmid hydrodynamic 

radius due to 

supercoiling allows for its 

selective separation 

Allows separation 

from RNA, 

oligonucleotides, 

endotoxins, and salts; 

Ideally used as a 

finishing step. 

Limited capacity 

and selectivity 

AEC 

Based on the interaction 

between the negatively 

charged phosphate 

groups on the pDNA 

backbone and the 

positively charged groups 

on the stationary phase 

Ideal to capture and 

concentrate plasmid 

DNA; Rapid and 

simple 

Poor selectivity, 

leads to co-

elution of 

impurities; Low 

capacity. 

HIC 

Explores the differences 

in hydrophobicity 

between pDNA, single-

stranded nucleic acid 

impurities and 

endotoxins 

Allows separation 

from RNA, 

oligonucleotides, 

endotoxins, and salts; 

High recovery 

percentage 

Purified pDNA 

can be eluted in 

high salt or in the 

flow through and 

diluted 

RPLC 

Based upon the 

interaction of 

hydrophobic regions of 

molecules with non-polar 

immobilized ligands 

Separates pDNA from 

contaminants, and 

other isoforms 

Can lead to loss 

of pDNA integrity 

AC 

Explores the highly 

selective reversible 

interactions between the 

ligand and the substrate 

High selectivity, 

specificity and efficacy 

Expensive; Low 

versatility 
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1.2.2 Viral Vectors 

A diverse array of viral vectors has been developed, offering delivery systems for 

both permanent or long-term expression and transient short-term expression [45]. Viral 

vectors are widely used due to their inherent ability to enter cells and transfer genetic 

information for therapeutic purposes [24]. Additionally, it is an effective form of gene 

delivery because of the virus structure preventing degradation via liposome [46]. To date, 

viral vectors are most often used to transfer genes, due to their high transfection 

efficiency in vivo. In truth, viruses have evolved over time to successfully infect a variety 

of cells with their genetic cargo. These viruses are simple to modify to deliver the desired 

genetic cargo into target cells. As a result, most clinical trials and approved gene therapy 

for human use are based in viral vectors, some examples include Luxturna, Zolgensa, 

Oncorine and Imlygic [47]. However, these approaches present some drawbacks, such 

as, causing a potential acute immune response, the size limit of the gene to be delivered 

and their production in large quantities is exceedingly difficult and too expensive [25].  

The most used viruses as carrier vectors in gene therapy include retroviruses, 

adenoviruses, adeno-associated virus (AAV), simple herpes virus and lentiviruses (Table 

3) [25, 45]. Retroviral vectors, which are designed for insertion into the genome, carry a 

substantial risk of gene disruption. AVV vectors have a lower but still existent risk of 

insertional mutagenesis. Adenoviral vectors are maintained episomally, which can cause 

toxicity and immunogenicity. In all these families of viral vectors the same serotype of 

construct cannot be delivered repeatedly to the same patient because it will elicit an 

immune response, rendering the subsequent deliveries less effective [24].  
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Table 3 - Main viral vector used in gene therapy. Adapted from [25, 36, 48]. 

  

Virus Advantages Disadvantages 

Retrovirus 

Integration into cellular genome; 

Broad cell tropism; Prolonged 

stable expression; Requires cell 

division for transduction; 

Relatively high titers (106-107 

pfu/mL) 

No targeting; Inefficient 

transduction; Insertional 

mutagenesis; Immunogenic 

problems; Requires cell division for 

transfection; Potential replication 

competence 

Adenovirus 

Extremely high titers (1012 

pfu/mL); High transduction 

efficiency ex vivo and in vivo; 

Transduces many cell types;  

Delivers large DNA particles 

Remains episomal; Transient 

expression; Potential replication 

competence; No targeting; 

Pre-existing immunity 

AAV 

Prolonged expression; 

Transduction does not require cell 

division; Small genome, no viral 

genes; Non-pathogenic virus 

Low titer production; Potential 

insertional mutagenesis; 

Limited insert size: 5kb 

Herpes 

Virus 

Large insertional size: 40-50kb; 

Neuronal tropism; Latency 

expression; Efficient transduction 

in vivo 

Cytotoxic; No targeting;  

Transient expression; Potential 

oncogenic response 

Lentivirus 

Long term gene expression; Infects 

non-dividing and dividing cells; 

Relatively high titers (106-107 

pfu/mL) 

Generation of replication-competent 

virus; Potential for tumorigenesis; 

Difficult manufacture and storage; 

Safety concerns 
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1.2.3 Non-viral Vectors 

 Due to the drawbacks associated with viral vectors, researchers have sought safer 

alternatives, leading to the development of non-viral vectors for DNA transfer. Non-viral 

vectors offer several advantages, such as safety, minimal immune response, ease of 

preparation at low cost and in large quantities. Additionally, they can efficiently transfer 

diverse and large transgenes and exhibit long-term stability, allowing for extended 

storage periods. These DNA delivery systems are categorized into physical and chemical 

[25].  

Physical gene delivery systems operate on the principle of utilizing mechanical, 

ultrasonic, electric, hydrodynamic, or laser-based energy to create temporary weak 

points in the membrane of the target cell (Table 4). These energy-based techniques cause 

transient injuries or defects in the membrane, facilitating the diffusion of DNA into the 

cell [25]. Although conceptually simple yet powerful means for transfecting cells, such 

methods are expensive and inconvenient for most gene delivery applications [36].  

 

Table 4 - Physical gene delivery systems. Adapted from [25, 32, 36, 49]. 

 

 

 

 Advantages Disadvantages 

Electroporation 

Safe; High Efficiency; 

Reproducible; Low cost; 

Large size limit 

Tissue/cell damage; Invasive; 

DNA instability 

Gene Gun 

High level of gene expression; 

Long-lasting gene expression; 

Able to reach numerous 

organs; High efficiency; Safe 

Surgery is necessary in order 

to use for deep tissue; Poor 

penetration of particles; 

Tissue/cell damage 

Ultrasound 

Safe; Non-invasive; Does not 

need surgery to reach internal 

organs 

Low efficiency; Low 

reproducibility; 

Tissue/cell damage 

Microinjection 

High efficiency; Simple and 

reproductible; Low 

cytotoxicity; Large size limit 

Time consuming; Inability to 

transfect large number of cells 
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In chemical vectors, DNA is delivered into the nucleus using a carrier (Table 5). 

These vectors have three primary objectives to enhance gene transfer into the cell nucleus. 

First, they mask the negative charges of DNA, then compress the DNA molecule to reduce 

its size, and finally protect it from degradation by intracellular nucleases. These aims are 

achieved by packing DNA through electrostatic interactions between anionic DNA and 

polycations, encapsulating it or absorbing it [25]. Chemical vectors effectively address 

various challenges in gene transfer, including extracellular stability, specific cell 

targeting internalization, endosomal escape, nuclear envelope entry, nucleic release, and 

genomic integration [32]. Thus, conjugation of pDNA with a carrier, ensures pDNA 

protection and leads to higher transfection efficiency.  

 

Table 5 – Chemical delivery systems. Adapted from [32, 36, 50] 

 Advantages Disadvantages 

Cationic 

Polymers 

Suitable for airway gene 

delivery; Low cytotoxicity; 

Inexpensive 

Aggregates formation; 

Accumulates in major tissues; 

Low transfection efficiency in 

vivo 

Cation Lipids 
Low production cost; Target 

specificity; Low cytotoxicity 

Aggregates formation; Induces 

inflammatory response; Low 

transfection efficiency 

Inorganic 

Nanoparticles 

Low cytotoxicity; Possibility of 

functionalization; Efficient 

transfection 

Instability; Toxicity 
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1.3 Nanotechnology 
Nanotechnology involves and refers to the production, development, and 

application of man-made or engineered particles and molecular structures that measure 

within the nanometer range, typically ranging from 1 to 100 billionth of a meter. This 

means that nanomaterials can consist of anywhere from a few hundred to millions of 

atoms. At this scale, the physical characteristics of chemical elements and larger 

materials alter drastically due to the increased surface-to-area ratio. The nanoscale 

changes in physical properties such as colloidal properties, solubility, and catalytic 

activity are proving to be quite beneficial in various areas of biotechnology. For instance, 

they are utilized in developing new methods of separation, filtration, pharmaceutical 

actives, and drug delivery methods. Thus, nanotechnology holds enormous potential for 

biotechnology applications [51, 52]. 

1.3.1 Nanoparticles 

Nanoparticles (NPs) can be defined as ultra-dispersed solid supramolecular 

structures with sizes ranging from 10 to 100 nm [53]. They can be manufactured from a 

range of materials, including metals, metal oxides, polymers, and carbon-based 

compounds. These tiny particles have special physical and chemical characteristics that 

make them helpful in a variety of industries, such as electronics, energy, and medicine. 

The high surface area to volume ratio of nanoparticles is one of their main advantages, 

due to this, they are extremely reactive and can interact with their environment in ways 

that larger materials cannot. This characteristic has been used as the foundation for the 

development of several nanoparticle-based technologies, including drug delivery 

systems, biosensors, and catalytic converters [52, 54]. 

1.3.1.1 Types of Nanoparticles 

Numerous libraries of nanoparticles have been developed by scientists, and new 

kinds of particles are constantly being added to this collection. Based on their form, size, 

and chemical characteristics, NPs are extensively categorized. Each type of NPs can be 

produced using different techniques, which will determine its characteristics [52, 55]. 

First described in 1965, liposomes are versatile lipid-based nanoparticles. 

Described as spherical vesicles with a lipid bilayer membrane and an aqueous interior, 

lipid NPs have a solid core and matrix containing soluble lipophilic molecules [55–57]. 

Furthermore, they offer significant benefits in terms of enhancing drug penetration and 

decreasing systemic administration time through lipophilicity/hydrophilicity and 

enhanced permeability and retention (EPR) effect [58]. 
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Polymeric nanoparticles (PNPs) are small particles with dimensions ranging 

from tens to hundreds of nanometers that are made of synthetic or biodegradable 

polymers. To lessen immunological interactions and intermolecular interactions 

between the surface chemical groups of PNPs, they are typically coated with non-ionic 

surfactants. PNPs have been extensively investigated as therapeutic carriers due to their 

ability to encapsulate hydrophilic or hydrophobic small drug molecules, proteins, and 

nucleic acid macromolecules. Additionally, they have been used in drug delivery for 

cervical cancer due to their characteristics of flexible controlled-release, tumour 

microenvironment (TME) responsive, and improved solubility of insoluble anti-cancer 

drugs [54–56, 58]. 

Carbon nanoparticles, including fullerenes and carbon nanotubes (CNTs), have 

unique properties that make them attractive for biomedical applications such as drug 

delivery [52, 57]. Fullerenes are globular hollow cages made of carbon atoms with unique 

electrical properties and high strength, while CNTs are cylindrical graphene sheets with 

high surface area and excellent electronic and thermal conductivity [54, 59]. Carbon 

nanocarriers’ biocompatibility may be improved by chemical modification of their 

surface [56]. 

Metallic particles are made from metal precursors with a size range between 15 

and 60 nm [57]. These types of nanoparticles possess unique optoelectrical properties 

that make them ideal for use in biomedical imaging and therapeutic applications. 

Moreover, they can be synthesized in a controlled manner to achieve specific size and 

shape characteristics [54]. Similarly, superparamagnetic nanoparticles, such as those 

made of iron oxide, have been used in selective magnetic bioseparations, targeted 

pharmaceutical delivery, and gene transfection. They possess the ability to be attracted 

to a magnetic field without retaining residual magnetism, allowing for easy handling with 

the aid of an external magnetic field [52, 56]. The combination of magnetic and metallic 

nanoparticles presents a promising platform for drug delivery due to their ability to be 

visualized using magnetic resonance imaging (MRI) and enhanced uptake by the target 

tissue, resulting in effective treatment [56].  

Ceramic nanoparticles, also known as nanoceramics, are inorganic non-metallic 

solids that are synthesized through heating and cooling processes [60]. They exhibit 

diverse forms, such as amorphous, polycrystalline, dense, porous, and hollow structures 

[54]. Furthermore, these nanoparticles possess unique physiochemical properties that 

lead researchers to explore them as potential materials for delivery systems, which 

include, facile preparation and functionalization, high transfection efficiency and good 

biocompatibility and storage stability. Some examples of this type of nanocarriers 
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include carbon nanotubes, calcium phosphate nanoparticles and silica nanoparticles [51, 

61]. Due to these characteristics this type of nanoparticles find utility in the medical field, 

for bone repair and imaging, and in various industries, contributing to catalysis, 

photocatalysis, photodegradation of dyes [54, 60]. 

 

1.3.2 Calcium Phosphates 

Calcium phosphate nanoparticles (CaP-NPs) were first introduced in the 1970s 

as a non-viral gene delivery system for gene transfection. Since then, they have gained 

significant recognition as versatile drug delivery systems capable of incorporating 

imaging probes for cancer diagnosis and bioactive compounds for cancer therapy [62]. 

These nanoparticles present properties similar to the inorganic mineral found in human 

bones, making them highly biocompatible and biodegradable materials, which renders 

them well-suited for applications in orthopedic implants, bone tissue engineering, and 

nanomedicine drug delivery [63]. The physical and chemical characteristics of CaP-NPs 

play a pivotal role in their cellular entry and bioactivity. They also, exhibit exceptional 

mechanical strength, low toxicity, environmentally friendly production methods and, 

demonstrate a strong affinity for proteins and nucleic acids, ensuring the protection of 

sensitive biomolecules, and enabling targeted delivery to specific cells [64]. Their rapid 

degradation and responsiveness to pH variations make them suitable for efficient 

cellular drug delivery. Moreover, CaP-NPs can be easily modified and functionalized for 

diagnostic and therapeutic applications [65]. Overall, the unique properties and 

favourable biological responses of CaP-NPs position them as promising candidates for a 

wide range of medical applications. 
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1.3.2.1 CaP-NPs Preparation Methods 

Numerous methodologies have been devised to produce CaP-NPs with a wide 

range of sizes, shapes, and compositions, specifically designed for biological and medical 

applications in the nanoscale domain. These synthesis methods can be broadly classified 

as wet-based methods and dry-based methods [66].  

The wet-based methods encompass chemical precipitation, sol-gel, hydrothermal, 

solvothermal, microwave-assisted and sonochemical (Table 6) [67, 68]. One of the key 

advantages of the wet-based synthesis method is the ability to adjust external parameters 

to precisely control the morphology and mean size of the resulting CaP powders. 

However, it is worth noting that the lower temperature utilized in these methods can 

impact the reaction efficiency and may result in the presence of impurities and reduced 

crystallinity in the particles [66]. 

The wet chemical precipitation method is a straightforward and effective technique for 

producing CaP nanomaterials, such as amorphous CaP and hydroxyapatite. This method 

involves dissolving precursors in an aqueous medium at low temperatures, eliminating 

the need for organic solvents and making it an environmentally friendly process. 

Controlled conditions, such as pH concentration, temperature, and reaction time, are 

employed to achieve desired biomaterial properties [67]. An advantageous aspect of this 

approach is its ability to include (bio)organic compounds during synthesis, without 

risking denaturation of biomolecules like nucleic acids or proteins, as observed in high-

temperature or organic solvent-based syntheses [69]. Despite its widespread use and 

straightforward nature, this method does have limitations, including long reaction times, 

incomplete reactions, and suboptimal properties for certain applications [67]. 

The hydrothermal method entails conducting reactions at high temperature and 

pressure within an autoclave or pressure vessel [66]. This approach results in relatively 

stoichiometric, highly crystalline, and well-dispersed nanoparticles with controlled 

morphology and narrow size distribution [70]. However, it is worth noting that the 

method can be costly and offers limited control over the morphology and size 

distribution of the nanoparticles [66]. 

The solvothermal synthesis method is a modified version of the hydrothermal approach 

that employs organic solvents instead of water. By using organic solvents, higher 

temperatures and pressures can be achieved, leading to enhanced reactant solubility and 

faster reaction rates. This versatility allows for the fabrication of a wide range of 

structured nanomaterials, including coatings on metallic implants. The process involves 
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mixing starting materials in a solvent, heating the mixture in a sealed container, and 

subsequently washing and drying the resulting product [67].  

The sol-gel method can produce CaP nanomaterials with high purity and controllable 

morphologies, making it suitable for various biomedical applications, including bone 

tissue engineering [67]. This preparation method confers advantages, such as molecular-

level mixing, resulting in stoichiometric structures with a large surface area. Its 

simplicity, high versatility, relatively uniform product composition (e.g., Ca:P ratio), and 

low synthesis temperature making it a favourable option. However, it should be noted 

that the sol-gel method may generate secondary phases and necessitate the use of 

expensive starting materials [67, 70]. 

Microwave-assisted synthesis accelerates chemical reactions by heating the mixture with 

microwaves. The process includes dissolving soluble materials in a solvent, adjusting the 

pH value of the mixture, subjecting it to microwave irradiation at a fixed temperature 

and time, and ultimately isolating the product through centrifugation, cleaning, and 

drying. This method provides benefits such as shorter synthesis times and enhanced 

energy efficiency. However, it should be noted that microwave-assisted synthesis may 

cause some deterioration of the sample constituents and entail higher maintenance costs 

for industrial-level equipment [67, 71]. 

Sonochemical methods have proven to be highly beneficial in CaP-NP synthesis, 

resulting in more uniform products with smaller and spherical particles, higher 

crystalline fraction, and specific surface area, while minimizing agglomeration [72]. 

Compared to other synthesis approaches, sonochemical synthesis offers several 

advantages, including enhanced safety and environmental friendliness as it eliminates 

the need for toxic solvents. Moreover, this method can be conducted at relatively low 

temperatures and standard pressure, leading to reduced energy consumption and 

process costs. Another advantage of sonochemistry lies in its capability to modify the 

surface properties of materials, such as increasing porosity, improving biocompatibility, 

and enhancing drug delivery capabilities [67]. 
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Table 6 – Wet methods for the preparation of CaP-NPs. Adapted from [66, 67, 69, 73, 74] 

 

Methods Morphology Advantages Disadvantages 

Wet chemical Diverse 

Simple, efficient; 

Easy control of the 

reaction system 

environment 

Needs a long reaction time; 

Difficult to purify composites 

Precipitation 

Needle-like, spherical 

and 

rod-like nanocrystals 

Easily synthesized by a 

low-cost process; 

Upscaling can be difficult and 

requires a continuous process; 

Hydrothermal 

Needle-like, spherical 

nanocrystals and 

nanorods 

High crystallinity and 

purity; The size and 

morphology can be well 

controlled 

Needs special devices; Time-

consuming process and the 

yield is very low 

Solvothermal Diverse 

Short reaction time; 

Simple operation 

process 

Security risks in the reaction 

process; Hard to control 

materials’ properties; High 

energy consumption 

Sol-gel 
Aggregated 

nanocrystals 

Simple synthesis 

process; Excellent 

calcium phosphate 

crystallization 

Needs high sintering 

temperature and is a time-

consuming process; Difficult 

upscaling; Organic solvents 

required; Physicochemical 

properties are uncontrollable; 

Mixed with impurities 

Microwave-

assisted 

Bowknot, rod, needle-

like and flower 

structures 

Short reaction time; 

Less raw material 

consumption; 

Morphology can be well 

controlled; 

Raw materials require full 

dissolution; Limited 

application range; High 

equipment maintenance costs 

Sonochemical Needle-like Low cost of the process; 

Few studies on the 

preparation of calcium 

phosphate materials; Hard to 

industrialize 
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Dry methods are solvent-free techniques that are suitable for mass production of 

CaP powders (Table 7) [66, 69]. Among these methods are solid-state synthesis, flame-

spray pyrolysis, pulsed laser ablation and mechanochemical techniques [64]. 

Solid-state synthesis is a relatively simple procedure. In this method, precursors are 

milled and calcined at very high temperatures, resulting in a well-crystallized structure. 

However, the powder may exhibit heterogeneity in its phase composition due to limited 

ion diffusion within the solid phase [66].  

Flame-spray pyrolysis stands as a versatile technique for large-scale synthesis of CaP-NP. 

The process involves injecting a solution or dispersion of precursors into a high-

temperature flame, where particle formation occurs. With a wide range of precursor 

options and flexible reactor system engineering, this method is well-suited to produce 

nanoparticles with diverse properties, particularly for biomedical applications [69]. This 

type of synthesis offers scalability in particle formation, morphology, and size, 

surpassing wet and dry-based synthesis methods. The choice of solvents or liquid 

precursors directly influences the combustion reaction, providing control over primary 

particle size and material phase. The local temperature and residence time of particles in 

the flame play a vital role in determining the crystallinity and nanoscale features of the 

resulting materials [66]. Although it has proven to be highly effective for synthesizing 

well-crystalline products in high yields, it can present challenges when attempting to 

disperse materials in nanoparticulate form due to particle sintering. However, the 

method's versatility extends beyond CaP, as it is also used to prepare metallic and 

ceramic nanoparticles through ablation from a solid substrate [69]. 

Pulsed laser ablation has been utilized for the preparation of CaP-NPs from both 

synthetic and biological CaP substrates. The method relies on ablating nanoparticles 

from a solid substrate, showcasing its versatility in synthesizing metallic and ceramic 

nanoparticles. However, when applied to CaP-NPs, its effectiveness may be somewhat 

restricted compared to other methods that offer greater control over particle size and 

composition. Despite the advantage of yielding well-crystalline products in high 

quantities, one of the challenges with pulsed laser ablation lies in dispersing the material 

in nanoparticulate form due to particle sintering. Consequently, achieving uniform 

nanoparticle dispersion can be more difficult with this method, potentially limiting its 

full applicability for CaP-NPs preparation [69]. 

The mechanochemical method, also known as mechanical alloying, is another dry 

approach used to fabricate advanced materials, including nanocrystalline alloys and 

ceramics. Powder synthesized using this method possesses a well-defined structure due 
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to the perturbation of surface-bonded species, resulting in acceptable microstructure and 

reproducibility [66]. 

  

Table 7 – Dry-methods for the preparation of CaP-NPs. Adapted from [66, 67, 69, 73] 

 

 

 

  

Methods Morphology      Advantages Disadvantages 

Solid-state synthesis Diverse 

Easy and low cost; 

Well-crystallized 

particles; High yield 

Agglomerated particles; 

Poor redispersability; 

Application of organic 

compounds possible only 

after the synthesis 

Flame-spray pyrolysis Diverse 

Good crystallinity; 

Possibility for scale-

up 

Particle agglomeration; No 

incorporation of organic 

molecules possible; Special 

equipment necessary 

Pulsed laser ablation 
Spherical 

nanostructures 

Control over 

product properties 

possible by 

adjustable laser 

parameters 

Tendency for particle 

agglomeration; high-end 

laser equipment needed; 

difficult scale-up 

Mechanochemical 

Fibrous and 

spherical 

nanostructures 

Simple and low-

cost; No high 

sintering is needed 

Nanocrystals tend to 

aggregate; needs special 

devices 
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1.3.2.2 Types of Calcium Phosphates 

The family of CaPs (CaPO4-based) is commonly characterized based on their 

chemical composition, crystallinity, and morphology. The key distinctions among these 

CaPs lie in their Ca/P ratio and solubility, with hydroxyapatite (HA) exhibiting the 

highest Ca/P ratio and displaying the least solubility in a physiological environment. 

Consequently, the resorption kinetics of CaPs heavily rely on the Ca/P ratio, offering the 

opportunity to tailor in vivo bioresorbability and select the most appropriate phase 

composition of CaPs for specific applications [75]. 

Due to their exceptional characteristics, such as biocompatibility, bioactivity, nontoxicity, 

and osteoconductivity, CaP plays a vital role as bone grafts, bone fillers, and coating 

materials. Additionally, they can serve as local drug delivery systems to introduce 

medicines directly into mineralized tissue. CaP can be obtained in different crystalline or 

amorphous phases, depending on the synthesis conditions, resulting in materials with 

varying Ca/P molar ratios and distinct physicochemical and biological properties, 

including solubility, biodegradability, and bioactivity [76]. 

In total, there are 7 main types of CaP of biomedical interest, amorphous calcium 

phosphate (ACP), monocalcium phosphate (MCP), dicalcium phosphate (DCP), 

octacalcium phosphate (OCP), tricalcium phosphate (TCP), hydroxyapatite (HA) and 

tetracalcium phosphate (TTCP) [76]. 

Amorphous calcium phosphate (ACP) is a hydrated, transient phase that forms during 

the precipitation of more stable CaPs in aqueous systems. ACP is typically obtained 

through wet precipitation in an aqueous medium at low temperatures. Its formation 

requires specific conditions, such as low or room temperature, high supersaturation, and 

a pH close to ten. The reaction involves the double decomposition of calcium and 

phosphate salts in an aqueous or water-alcohol medium, followed by rapid mixing and 

precipitate filtration. The structure and chemical composition of ACP depends on the pH 

and composition of the mother solution from which it forms [76]. 

Monocalcium phosphate (MCP), can be presented in its anhydrous and monohydrate 

(MCPM) forms. The anhydrous form of MCP is obtained by heating MCPM above 100 

ºC. Both MCPM and MCP are not biocompatible due to their highly acidic nature and 

high solubility [77, 78].  

Dicalcium phosphate dihydrate (DCPD), also known as brushite or calcium hydrogen 

phosphate dihydrate, is a crystalline form of CaP. The DCPD crystals are composed of 

CaP chains aligned in parallel, with water molecules located between these chains. DCPD 

is naturally found in dental calculi, urinary stones, and precipitates associated with 
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chondrocalcinosis. In laboratory conditions, it readily crystallizes from aqueous 

solutions and remains stable in acidic environments, specifically within a pH range of 4 

to 6. It is commonly obtained through wet precipitation methods [76].  

Octacalcium phosphate (OCP) is commonly produced under high temperatures and is 

regarded as an unstable transitional phase in the precipitation of a CaP compound, which 

exhibits greater thermodynamic stability [77, 79]. One of its key advantages is the 

stability at neutral pH, making it particularly valuable for medical applications [76].  

Tricalcium phosphate (TCP), represented by the general formula Ca3(PO4)2, exists in two 

allotropic forms known as α and β-TCP. Among them, α-TCP presents higher stability 

temperatures but lower solubility [76]. Despite both α-TCP and β-TCP having a Ca/P 

ratio of 1.50, they differ in their crystal structures, leading to variations in their 

thermodynamic behaviour and dissolution rates in vivo, α-TCP degrades at a faster rate 

compared to β-TCP [75]. Similar to HA, an important characteristic of TCP is the ability, 

to form a strong bond with mineralized tissue, promoting bone formation. Its relatively 

higher solubility makes it a common component in CaP cements and other bone 

substitutes [76]. 

Among all CaPs, HA stands as the most extensively studied material. Its formula, 

Ca10(PO4)6(OH)2, is similar to the biological apatite, which is the primary component of 

the inorganic part of human mineralized tissues. This likeness makes HA an attractive 

material, employed either as a standalone bioceramic or as a component in hybrid 

composites for biomedical engineering applications [76]. In the physiological 

environment, HA is typically observed in the form of nano-sized rods, measuring 30 to 

50 nm in length, 15 to 30 nm in width, and 2 to 10 nm in thickness [75]. HA possesses an 

ionic character, and its crystalline structure can be described as a hexagonal arrangement 

of oxygen atoms with metals placed on the tetrahedral and octahedral sites [80]. 

However, it is important to note that HA is not soluble under in vivo conditions [75]. 

Tetracalcium phosphate (TTCP), unlike other non-apatitic CaPs, cannot be easily 

synthesized using standard wet methods. It requires higher temperatures when 

compared to other CaPs and presents an alkaline pH being usually used as an 

antimicrobial agent [77, 81]. Furthermore, TTCP stands as the sole CaP possessing a 

higher Ca/P ratio than HA and, similar to HA, it is insoluble [76, 82]. 
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1.3.2.3 Calcium Phosphates in Cancer Environment 

CaP has remarkable bioactivity and customizable biodegradability, setting them 

apart from other biominerals and rendering them highly suitable for drug delivery in 

nanomedicine applications, as well as in orthopedics, dentistry, and vaccines adjuvants. 

Their inherent properties, such as pH-dependent solubility, and ease of preparation and 

functionalization, make them invaluable in various therapeutic areas, including cancer 

therapy. Biodegradable nanoparticles are particularly favoured in cancer treatment due 

to their predictable clearance pathways, ensuring their safety for clinical use [63]. 

Furthermore, the site-specific cellular entry of CaP-NPs plays a pivotal role in the 

effectiveness and availability of delivered biomolecules. Extensive research has 

highlighted that crucial factors such as size, charge, morphology, composition, and 

surface chemistry of CaP-NPs significantly influence the internalization route of 

nanomedicines. Understanding and optimizing these parameters are essential for 

enhancing the efficacy and success of nanomedicine-based treatments [63]. 

1.3.2.3.1 CaP-NP Properties to Overcome Extra and 

Intracellular Barriers  

The cellular entry pathway and ultimate intracellular localization significantly 

influence crucial factors like the dosage and functionalities of bio-agents. Given the cell's 

multitude of organelles, precise delivery of the therapeutic payload to a specific site 

becomes vital to elicit the desired effect. Understanding the mechanisms through which 

cells transport their components to distinct cellular compartments can offer valuable 

insights, thereby enhancing drug design and leading to more effective tumour 

management strategies [63]. 

Nanoparticle size and morphology significantly influence their interactions with cell 

membranes, intracellular trafficking, pharmacokinetics, extravasation, and clearance 

mechanisms. Specific cell membrane receptor binding and internalization are modulated 

by these factors. When considering CaP in cancer therapy, a straightforward preparation 

method involves synthesizing them in the presence of nucleic acids such as DNA, siRNA, 

and oligonucleotides, resulting in larger particles (100 to 200 nm). However, these larger 

nanoparticles tend to have a brief blood circulation time due to rapid accumulation in 

the reticuloendothelial system (RES), while ultrasmall nanoparticles smaller than 8 to 

10 nm are rapidly cleared from the bloodstream via renal processes [63, 83]. 

To achieve consistent particle size and morphology in CaP nanoparticle synthesis, careful 

selection of precursors and their concentrations is essential. After the initial nucleation 

burst, particle aggregation becomes a challenge, driven by van der Waal's and secondary 
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surface interactions, especially in the nano-sized range where nanoparticles exhibit 

heightened intrinsic surface reactivity. Striking the optimal balance, CaP-NP synthesis 

should be finely tuned to produce sizes within the range of 10 to 80 nm, aligning with 

recommendations for other nanoparticle types. This optimization facilitates longer blood 

circulation time and improved uptake by tumours, enhancing their effectiveness in 

cancer therapy [63]. 

Recent studies in vivo cancer therapy utilizing CaP have predominantly employed 

spherical CaP-NPs or shells to deliver therapeutic agents to cancer tissues. This 

preference is primarily due to the mild mineralization conditions utilized in CaP 

preparation, which tend to yield thermodynamically stable spherical and round 

morphologies. On the other hand, rod-shaped morphologies have been synthesized using 

relatively higher temperature methods. However, for therapeutic delivery applications, 

spherical nanoparticles are generally favoured as they offer the highest specific surface 

area for loading drugs or nucleic acid molecules [63]. 

In addition to spherical nanoparticles, other CaP morphologies, such as nano-clusters 

and porous structures, have been explored as potential high-loading capacity candidates 

for cancer therapy applications. However, their relatively larger size and the involvement 

of multiple synthesis steps are perceived as significant drawbacks that hinder their 

potential application in clinical trials. Consequently, spherical CaP-NPs remain the more 

promising and preferred option for efficient and effective drug delivery in cancer therapy 

research [63]. 

The biodegradation of drug carriers before reaching the target site raises concerns about 

patient safety, especially with biodegradable polymeric nanoparticles. These 

nanoparticles can potentially alter drug activity and interact adversely with tissues 

during circulation, due to the production of acidic or degradation by-products [77]. 

However, CaP solubility is pH-dependent, remaining stable at the human blood pH of 

7.4 and in more alkaline environments [67]. Nevertheless, it easily dissolves in low pH 

environments, such as within endosomes/lysosomes or at tumour sites. In these low pH 

environments, CaP-NPs dissolve and disassemble, releasing their cargo at the tumour 

site or within endosomes. This release creates high osmotic pressure, leading to 

endosome expansion and eventual rupture, which, in turn, releases the cargo, along with 

Ca2+ and PO4 3- ions, into the cytoplasm. It is important to notice that these ions are 

already present in relatively high concentrations (1 to 5 mM) in the bloodstream, 

reducing the risk of unwanted side effects caused by these degradation products. This 

mechanism highlights the potential safety and efficacy of CaP-NPs as drug carriers, as 
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their biodegradation is carefully regulated by the surrounding environment, ensuring 

effective drug delivery to the target site while minimizing adverse effects [67, 77]. 

The biodegradability of CaP-NPs has been demonstrated in studies involving HeLa cells 

(human epithelial cervical cancer cells). These nanoparticles, measuring 120 nm in 

diameter, undergo rapid endocytosis by the cells and swiftly dissolve within lysosomes. 

Moreover, during this process, calcium ions are actively secreted out of the cell. These 

findings unequivocally confirm the biodegradable nature of CaP-NPs, highlighting their 

potential as a safe and effective option for various biomedical applications [67]. 

Another characteristic of CaPs is their resistance to enzymatic degradation in the 

physiological environment, setting them apart from organic or polymeric nanoparticles. 

This feature, combined with their limited susceptibility as microbial substrates, 

contributes to their good storage stability [77]. 

1.3.2.3.2 CaP-NPs Cell Internalization 

The cell membrane, composed of a flexible lipid bilayer, serves as a crucial barrier, 

separating the intracellular environment from the external surroundings. It plays a vital 

role in the internalization of therapeutic molecules, including nucleic acids, proteins, and 

drugs. However, due to their large sizes and hydrophobic nature, most cancer 

therapeutic agents face challenges in crossing the cell membrane easily and alone. 

Therefore, the use of nanoscale carriers becomes essential to facilitate the efficient 

intracellular delivery of these therapeutic agents. These carriers enable safe and effective 

transport of therapeutic molecules into the cells, ensuring enhanced efficacy and 

precision in cancer treatments [63]. 

The uptake pathways of synthetic nanoparticles can generally be categorized into two 

main groups: endocytic uptake pathway and non-endocytic delivery. Endocytosis 

involves the vesicular uptake of nanoparticles through the invagination and pinching of 

a part of the cell membrane. Various subgroups of endocytic routes exist, including 

phagocytosis, macropinocytosis, clathrin-mediated endocytosis, caveolae-mediated 

endocytosis, and nonclathrin- and noncaveolae-mediated endocytosis [63, 84]. 

The clathrin mechanism is a multi-step endocytosis process, activated by the binding of 

ligands on the surface of nanoparticles to specific receptors on the cell membrane. 

Caveolae endocytosis, on the other hand, involves the small invagination of the cell 

membrane to internalize the nanoparticles. In contrast, pinocytosis occurs through 

hydrophobic or electrostatic interactions of nanoparticles with the plasma membrane, 

following a mechanism similar to the uptake of fluid-phases [63]. Phagocytosis starts 

with the process of opsonization of the nanoparticles, which are then recognized and 
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attached to phagocytes which leads to the formation of cell surface extensions and 

subsequent engulfing and internalization of the nanoparticles. In clathrin- and caveolae 

independent endocytosis the internalization occurs in cells devoid of both clathrin and 

caveolae, thus requiring a specific lipid composition [85]. 

The efficacy of cancer therapeutics using nanoparticles is closely tied to their uptake 

mechanisms and subsequent biological responses in targeted cells. The exact endocytosis 

mechanisms of CaP nanoparticles depend on factors such as their surface coating 

molecules, size, morphology, and the type of targeted cells. For instance, a study using 

HeLa cells reported the clathrin pathway as the major endocytosis mechanism for 140 

nm CaP nanoparticles coated with a co-polymer of PEG and poly-(benzoxaborole). 

Overall, the literature suggests that the endocytosis mechanism of CaP nanoparticles is 

contingent on the type of cancer cells and the physicochemical properties of the 

nanoparticles, including their size, coating molecules, and morphology. Understanding 

and tailoring these factors are critical for optimizing the therapeutic efficacy of CaP 

nanoparticles in cancer treatments [63]. 

The internalization through a vesicular approach has been identified as the primary 

mechanism for cellular uptake of CaP nanoparticles in various cancer therapeutic studies 

[63]. The pathway leads to the encapsulation of NPs within vesicles called endosomes. 

Subsequently, the endosome fuses with a lysosome, creating an endolysosome with a 

lower pH around the CaP-NPs, causing their degradation. This degradation process 

releases a high concentration of calcium and phosphate ions, resulting in water influx by 

osmosis, leading to lysosome rupture. The released therapeutic molecules enter the 

cytosol, aided by active transport pumping out excess calcium. The therapeutic 

molecules are now free to move within the cytoplasm through diffusion, reaching their 

designated target locations. In the context of delivering DNA molecules, they must 

transfer into the nucleus through diffusion or dissociation via nuclear pores. Once in the 

nucleus, the DNA molecules are integrated into replicating strands where they are 

needed. This intracellular delivery process enables efficient and targeted release of 

therapeutic agents, including DNA, ensuring their efficacy [86]. 

 

1.3.2.3.3 Targeted Delivery of CaP-NPs 

The remarkable advancement in CaP-based nanoparticle systems lies in their 

ability to achieve targeted and localized delivery. This breakthrough ensures that a 

minimum systemic dosage can effectively produce a maximum therapeutic or 

bioimaging agent precisely at the desired site, while sparing healthy cells and preserving 
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therapeutic efficacy. The use of surface markers expressed uniquely on tumour cells 

offers an ideal approach for targeted drug delivery, by specifically targeting these surface 

markers, nanoparticles can directly reach and interact with tumour cells, enhancing drug 

delivery precision, while minimizing off-target effects [87]. In contrast, without a specific 

cell target, nanoparticles rely on passive diffusion and/or the leaky vasculature of 

tumours, the EPR effect, to reach the site of interest. However, this passive approach is 

not always effective and may lead to premature degradation or elimination from 

circulation, limiting their overall effectiveness [87]. 

The choice of surface functionalization for CaP nanoparticles depends on the type of 

targeted tumours and the treatment approaches utilized. Typically, surface 

functionalization leads to an increase in the hydrodynamic size of CaP nanoparticles due 

to the addition of large molecules to their surface. Larger hydrodynamic sizes are 

associated with shorter blood circulation time and reduced uptake by tumours, as 

mentioned earlier. However, the incorporation of PEG onto the surface of CaP 

nanoparticles can help extend their blood circulation time by creating steric hindrance 

and minimizing protein adsorption [63]. 

Achieving targeted delivery of CaP nanoparticles to tumours is crucial for enhancing 

therapeutic efficacy and minimizing off-target effects. Effective methods to improve 

specific targeting involve covalent or non-covalent binding of peptides or antibodies to 

the surface of CaP nanoparticles. The selection of targeting molecules to be conjugated 

to CaP nanoparticles depends on the type of cancer cells and the receptors present on 

their membranes [63]. Various targeting ligands, such as proteins (antibodies or 

antibody fragments), peptides (arginine-glycine-aspartic acid or RGD), vitamins (folic 

acid), nucleic acids (aptamers), and glycoproteins (transferrin), are extensively used as 

nanocarrier surface modifiers for the development of cancer-targeted delivery systems. 

By utilizing these diverse targeting ligands, researchers are advancing the development 

of highly effective and tumour-specific nanocarriers for cancer therapy [88]. 

Folate, a water-soluble form of vitamin B9, plays a vital role in facilitating rapid cell 

division and growth, particularly during embryonic development in humans. Notably, 

folate receptors are overexpressed in epithelial tumours, such as cervical, ovarian, 

endometrial, brain, head, neck, renal, colorectal and breast tumours. Due to its high 

binding affinity for these receptors, Kd = 10-9 M, folate has become a widely utilized 

targeting moiety for imaging and therapeutic agents in tumour treatments [89, 90]. 

When conjugated to CaP nanoparticles, folic acid, being a small molecule, does not 

significantly increase their hydrodynamic size. As a result, folic acid proves to be a 
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suitable targeting molecule, offering the potential for specific delivery of therapeutic 

agents to tumours using CaP nanoparticles [63]. 

Folic acid functionalized nanoparticles are known to be internalized via 

clathrin/caveolae independent endocytic pathway. Folate binds to its receptor, 

facilitating a non-destructive entry into the cytoplasm. Nanocarriers internalized 

through folate receptor-mediated endocytosis also escape trafficking into lysosomes and 

are frequently retained in endocytic compartments or released directly into the 

cytoplasm [85]. Rout et al. reported the functionalization of magnetic calcium phosphate 

nanoparticles with folic acid and the results showed targeting activity towards cancer 

cells, with optimal drug delivery and consequent cell death [91]. 

This targeted approach holds promise for enhancing the effectiveness and precision of 

delivering therapeutic molecules to tumour sites, while minimizing the impact on 

healthy tissues  [63].  
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Chapter 2 – Aim of the Thesis 
 

Cervical cancer, primarily resulting from persistent infection with high-risk strains of 

HPV, ranks as the fourth most common cancer in women, presenting a significant and 

pressing global health challenge. The disruption of E6 and E7 oncoproteins promotes the 

invasion proliferation and survival of cancer cells, and leads to the inactivation of p53 

and pRb, respectively. Presently, there are no targeted treatments for this disease, 

underscoring the critical need to devise novel strategies. Thus, utilizing a targeted carrier 

to deliver plasmid DNA, that could restore the p53 protein level in cancer cells, presents 

as a promising treatment.  

The global aim of this study is to formulate and characterize functional calcium 

phosphate nanoparticles to deliver plasmid DNA encoding p53 to cervical cancer cells.  

In this way, the current research involves the synthesis of calcium phosphate 

nanoparticles through co-precipitation method, enabling the encapsulation of pDNA and 

facilitating targeted delivery by incorporating folic acid. For that, the formulation process 

will be optimized to ensure favourable attributes, including size, charge, pDNA 

encapsulation efficiency and folic acid loading efficiency. Following the optimization of 

the various physical and chemical parameters of CaP-NPs, the most promising 

formulations will be chosen for further investigation of their performance in in vitro 

experiments. These assays will be conducted using two distinct cell lines, human 

fibroblasts as non-cancerous cell line and HeLa cells as HPV positive cervical cancer cell 

line, evaluating aspects such as cell viability, transfection efficacy and p53 expression. 
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Chapter 3 – Materials and Methods 
 

3.1 Materials 

For the nanoparticle preparation, sodium citrate tribasic dehydrate (C6H5Na3O7 · 2H2O, 

≥ 99.0 %) from Sigma-Aldrich (St. Louis, EUA), calcium chloride (CaCl2, ≥ 93.0 %) from 

Honeywell FlukaTM (Germany) and sodium phosphate dibasic anhydrous (Na₂HPO₄) 

from CARLO ERBA (Cornaredo, Italy) were used. Folic acid (C19H19N7O6, ≥ 97 %) from 

Sigma-Aldrich (St. Louis, EUA) was used. For the bacterial cultures, tryptone and yeast 

extract were obtained from Bioakar Diagnostics and Luria-Bertani (LB) medium in 

PanReac. Agar and kanamycin were purchased from Thermo Fisher Scientific (Waltham, 

USA). For the electrophoresis, GreenSafe reagent (GreenSafe Premium) was obtained 

from NZYTech (Lisbon, Portugal) and agarose was acquired from Hoefer (San Francisco, 

USA). DMEM/F12 cell culture media was obtained from Gibco, Thermo Fisher Scientific 

(Waltham, MA, USA). Sodium bicarbonate was obtained from MP Biomedicals (Santa 

Ana, USA). 

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

system from Millipor (Billerica, MA, USA). 

 

3.2 Methods 

 

3.2.1 Plasmid DNA Production 

The p53 tumour suppressor gene was inserted into the pMC.CMV-MCS-EF1-GFP-

SV40Poly A vector, which includes an antibiotic resistance gene for kanamycin. 

Subsequently, the pDNA containing the p53 gene was amplified in ZYCY10P3S2T 

Escherichia coli host strain.  Initially, the E. coli strain was inoculated on Luria-Bertani 

(LB) agar petri dishes containing 50 µg/mL of kanamycin antibiotic and incubated 

overnight at 37 ºC to formulate colonies. This solid medium enabled cell recovery from 

cryopreservation and adaptation to nutrients through direct contact. Following the 

overnight incubation, isolated colonies were extracted and inoculated into a 250 mL 

Erlenmeyer flask containing 62.5 mL of Terrific Broth (TB), a pre-fermentation medium. 

TB medium is composed of 24 g/mL yeast extract, 20 g/L tryptone, 4 mL/L glycerol, 

0.017 M KH2PO4 and 0.071 M K2HPO4, later supplemented with 50 µg/mL of kanamycin. 

The Erlenmeyer was then placed in the orbital shaker at 42 ºC and 250 rpm, until the 

optic density at 600 nm (OD600 nm) reached 2.6. Upon reaching the desired value, a 
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certain culture volume was transferred to a 1 L Erlenmeyer containing 250 mL of TB, to 

start the fermentation with an OD600 nm value of 0.2. The fermentation Erlenmeyer was 

then placed in the orbital shaker under previous conditions, until it reached an OD600 nm 

of 5. To harvest the cells, the fermentation solution was divided into 50 mL falcon tubes 

and centrifuged at 3900 rpm for 10 min at 4 ºC, the resulting pellets were stored at - 20 

ºC. 

3.2.2 Plasmid DNA Purification 

Following the fermentation process, pDNA extraction and purification were performed 

using the NZYMaxiprep kit (NZYTech, Portugal). The frozen pellet obtained from 125 

mL of fermentation was thawed. 10 mL of P1 solution (50 mM Tris, 10 mM EDTA, 100 

µg/mL of RNase, pH 8) was added to the falcon tube and vortexed. Subsequently, the 

content was transferred to a lysis tube, and 10 mL of P2 solution (200 mM NaOH, 1 % 

SDS) was added. The centrifuge tube was gently inverted and incubated for 5 min at room 

temperature. To stop the lysis process, 10 mL of P3 solution (3 M potassium acetate, pH 

5.5) was added to the centrifuge tube, and the homogenization was repeated. The tube 

was then placed on ice for 20 min. Afterwards, the tubes were centrifuged twice at 20 

000 g for 30 min at 4 ºC, and the supernatant was carefully transferred to a clean lysis 

tube between centrifugations. A silica-based anion exchange column was employed to 

selectively bind the pDNA. To equilibrate the columns the 10 mL of QBT (750 mM NaCl, 

50 mM MOPS, 0.15 % Triton-X 100, 15 % isopropanol, pH 7) was added. The 

supernatants were added to the column. Next, the columns were washed twice with 30 

mL of QC (750 mM NaCl, 50 mM MOPS, 15 % isopropanol, pH 7) to eliminate unwanted 

impurities. Subsequently, a clean lysis tube was placed on ice, and the column was 

positioned on top. The QF (1.25 mM, 50 mM Tris, 15 % isopropanol, pH 8.5) solution 

was then used to elute the pDNA from the column. After the elution step, 10,5 mL of 

isopropanol was added to the tube and the solution was gently homogenized and 

incubated for 20 min on ice. The solution was centrifuged at 16 000 g for 30 min at 4 ºC. 

The supernatant was discarded, and the pellet was resuspended in 1 mL of Tris-EDTA 

buffer solution. The column was regenerated with an adequate solution (3 M NaCl, 0.15 % 

Triton X-100), thoroughly washed and stored in ethanol 20 % at 4 ºC for future use. 

Finally, the nanophotometer equipment was used to measure the final concentration of 

the pDNA sample at 260 nm, which was subsequently stored at - 80 ºC. 
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3.2.3 Agarose Gel Electrophoresis 

Throughout this work, the agarose gel electrophoresis was prepared at 0.8 % (w/v), in 1x 

Tris-Acetate-EDTA (TAE) buffer (40 mM Tris, 20 mM acetic acid, 1 mM EDTA, pH 8) 

and stained with 0.6 μL of Green Safe (NZYTech, Portugal). An amount of 18 μL of 

sample with 2 μL of loading buffer was added to each well. The loading buffer is 

composed of water, glycerol, and bromophenol blue. The electrophoresis run was carried 

out for 40 min at 110 mV and the gel was analysed through Uvitec Fire-Reader system 

(UVITEC, United Kingdom). 

3.2.4 Calcium Phosphate Nanoparticle Formulation 

The preparation of the CaP- NPs was done according to Di Mauro and co-authors [92]. 

Firstly, an aqueous solution of calcium chloride hexahydrate (100 mM) and sodium 

citrate tribasic dihydrate (400 mM) and an aqueous solution of sodium phosphate 

dibasic anhydrous (120 mM) were prepared. For the nanoparticle formulation the 

calcium and citrate solution was mixed with the phosphate solution and the pH was 

adjusted with a sodium hydroxide solution (0.1 M). The resulting solution was incubated 

at 37 ºC for 5 min, and rapidly cooled in ice. To remove unreacted reagents, nanoparticles 

were washed 3 times by centrifugation, 3000 rpm for 5 min at 4 ºC, with ultrapure water. 

For the formulation of CaP-NPs with pDNA (CaP-NP/pDNA), the previous protocol was 

followed. After the last centrifugation, the supernatant was discarded, and the pellet 

resuspended in PBS (Phosphate Buffered Solution) without calcium and magnesium. 

Subsequently, pDNA was added to the CaP-NPs at a concentration of 20 μg/mL, and the 

mixture was left to incubate overnight at 4 ºC. Following the incubation process, the 

nanoparticles were repeatedly washed through centrifugation, as described earlier. 

For the inclusion of folic acid in the CaP-NP/pDNA (CaP-NP/pDNA/FA) two approaches 

were performed. In the first one, folic acid was added to the calcium and citrate solution 

and the rest of the protocol remained unchanged. In the second approach, like the pDNA 

incorporation, folic acid was added, at the same time as pDNA, to the CaP-NPs after the 

last centrifugation and incubated overnight at 4 ºC. Folic acid was added at a 

concentration of 0.01 mg/mL [93]. Following the incubation process, the nanoparticles 

were repeatedly washed through centrifugation.  

An overview of the preparation methods is described in Table 8. 
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Table 8 – Overall view of preparation conditions for each formulation. 

Formulation Precursor Solutions 
Washing 

Parameters 

pDNA 

Addition 

Folic Acid 

Addition 

CaP-NP 

• 100 mM solution of 

calcium chloride 

hexahydrate 

• 400 mM solution of 

sodium citrate 

tribasic dihydrate 

• 120 mM solution of 

sodium phosphate 

dibasic anhydrous 

3 Washes at 

3000 rpm for 

5 min 

- - 

CaP-

NP/pDNA 

Overnight 

adsorption at 

4 ºC 

- 

CaP-

NP/pDNA/FA

Ca 

Precursor 

calcium 

solution 

CaP-

NP/pDNA/FA

Ad 

Overnight 

adsorption 

at 4 ºC 

 

3.2.5 Physical and Chemical Characterization of The 

Delivery Systems 

 

3.2.5.1 CaP-NPs Size and Charge 

The size, PdI and zeta potential measurements were obtained by Dynamic Light 

Scattering (DLS) at 25 ºC using a Zetasizer Nano ZS equipment (Malvern Instruments, 

UK) and the Malvern Zetasizer software v6.36. The nanoparticle solution was mixed with 

ultra-pure water in a final volume of 1 mL and placed in a folded capillary zeta cell. All 

parameters were measured three times from three independent samples. 

3.2.5.2 Fourier Transform Infrared Spectroscopy 

To evaluate the chemical composition of the nanoparticles and the presence of folic acid, 

fourier transform infrared spectroscopy (FTIR) was performed. Each formulation was 

freeze-dried at -20 ºC and lyophilized overnight using a ScanVac Coolsafe freeze dryer 

(Labogene, DK). The spectra of each formulation were acquired using a Nicolet iD10 

FTIR spectrophotometer (Thermo Scientific, Waltham, USA) with an average of 120 

scans, a spectral resolution of 32 cm-1 and a spectral width range of 4000-400 cm-1. 
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3.2.6 Encapsulation Efficiency 

To determine the encapsulation efficiency of pDNA and folic acid in the CaP-NPs a 

straightforward protocol was used. After the overnight incubation, the CaP-NP/pDNA, 

CaP-NP/FA (CaP-NPs with folic acid) and CaP-NP/pDNA/FA were washed three times 

with ultrapure water, and each supernatant was recovered and quantified using xMark™ 

Microplate Absorbance Spectrophotometer (Bio-Rad) at a wavelength of 260 nm for 

pDNA and 280 nm for folic acid. To perform the quantification, calibration curves were 

performed using standard concentrations of pDNA and folic acid dissolved in PBS 

without calcium and magnesium were generated. The measurements were conducted 

with replicates (n=3) and from various samples to ensure accuracy and reliability. 

 

 

 

 

 

 

 

 

Figure 5 – Graphical representation of the pDNA calibration curve (1.25-40 μg/mL). Data is presented as 

mean ± SD for three independent experiments (n=3). 

 

 

 

 

 

 

 

 

 

Figure 6 - Graphical representation of the Folic Acid calibration curve (0.0025-0.04 mg/mL). Data is 
presented as mean ± SD for three independent experiments (n=3).  
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3.2.7 Release Assay 

For the determination of released pDNA, the CaP-NP/pDNA were suspended in 1 mL of 

PBS, without calcium and magnesium, and incubated at 37 ºC to mimic the physiological 

conditions. Samples were taken at several time points, 30 min, 1, 2, 3, 4, 5 and 6 h, and 

later the pDNA concentration was measured in xMark™ Microplate Absorbance 

Spectrophotometer (Bio-Rad, USA) at 260 nm. For the quantification, the previously 

mentioned calibration curve was used. For a qualitative analysis, an electrophoresis 0f 

0.8 % agarose gel was carried out. A control was done, with CaP-NPs in PBS without 

calcium and magnesium. 

3.2.8 Cell culture Experiments 

The in vitro experiments were performed in two different cell lines. HeLa cells (HPV-18 

positive from cervical adenocarcinoma) and human fibroblast cells were cultured in 

Dulbecco’s Modified Eagle’s Medium/ Ham’s F-12 nutrient mixture (DMEM-F12), 

supplemented with 10 % (v/v) of fetal bovine serum (FBS) and a mixture of penicillin 

(100 mg/mL) and streptomycin (100 mg/mL). Cells were incubated at 37 ºC in a 

humidified atmosphere containing 5 % CO2. Cells were seeded in a complete medium 

and 24 h before transfections experiments this medium was replaced with medium 

without supplements to promote transfection.  

3.2.8.1 Cell Viability Assay 

To evaluate the impact of nanoparticles on cell viability, a resazurin assay was employed. 

This method measures cellular metabolic activity by evaluating the reduction of the non-

fluorescent dye resazurin to the strongly fluorescent dye resorufin via mitochondrial 

reductase.  

HeLa cells were seeded with a cell density of 5000 cells per well and fibroblasts were 

seeded with a cell density of 10 000 cells per well, in 96-well plates. After 24 h the 

medium was discarded and replaced with non-supplemented medium. The cells were 

transfected with different concentrations of CaP-NP, CaP-NP/pDNA and Cap-

NP/pDNA/FA. 24, 48 and 72 h after transfection, the culture medium was discarded and 

100 μL of fresh complete medium and 20 μL of resazurin 0.1 % (w/w) were added to each 

well. Cells were incubated in the dark over 4 h at 37 ºC in a humified atmosphere 

containing 5 % CO2. 100 μL of the mixture was transferred to well in an opaque plate, 

where the fluorescence was read. The measurements were performed using a plate reader 

spectrofluorometer (Spectramax Gemini XS, Molecular Devices), with a fluorescence 

excitation at 544 nm and emission at 590 nm. Two controls were done, a negative control 
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with non-transfected cells and a positive control, where ethanol 70 % was added to 

promote cellular death. 

3.2.8.2 Internalization Assay – Confocal Microscopy 

To assess nanoparticle internalization, the CaP-NPs, CaP-NP/pDNA and CaP-

NP/pDNA/FA were marked with fluorescein isothiocyanate (FITC). This compound was 

added during the nanoparticle formulation, specifically in the calcium and citrate 

solution at a concentration of 20 μg/mL. Hela cells were seeded with a cell density of 30 

000 cells per well and fibroblasts were seeded with a cell density of 60 000 cells per well, 

in lamellas previously inserted and sterilized into 24-well plates. After 24 h, the medium 

was discarded and replaced with non-supplemented medium. Cells were transfected with 

different concentrations of CaP-NP, CaP-NP/pDNA and Cap-NP/pDNA/FA. After 30 

min and 2 h, the medium was discarded and 500 μL PBS without calcium and 

magnesium was used to wash each well. Afterwards, 300 μL of a fixation solution (PFA 

4 %) was added and incubated 10 min at room temperature, then the solution was 

discarded and 500 μL PBS without calcium and magnesium was used to wash each well 

twice. Finally, the respective plates were stored at 4 ºC with 1.5 mL PBS without calcium 

and magnesium in each well. 

The microscopy pictures were acquired by the confocal microscopy system LSM 710 (Carl 

Zeiss SMT, Germany) with the Zeiss Zen software.  

3.2.8.3 RNA Extraction 

 The RNA extraction was conducted in two different cell lines. Hela cells were seeded 

with a cell density of 55 000 cells per well and fibroblasts were seeded with a cell density 

of 110 000 cells per well, in 12-well plates. After 24 h, the medium was discarded and 

replaced with non-supplemented medium. Cells were transfected with CaP-NP/pDNA 

and Cap-NP/pDNA/FA. 24 h after transfection, the medium was discarded, and each 

well was washed with PBS without calcium and magnesium. The cell lysis was carried 

out through the addition of 100 μL TripleXtractor (GRiSP, Porto, Portugal) to each well. 

After that, samples were incubated for 5 min at room temperature and freeze-dried at – 

80 ºC. Later, 50 μL of chloroform was added to each sample, to separate the different 

biomolecules, and a 10 min incubation was carried out at room temperature. The 

samples were centrifuged at 12 000 g for 15 min at 4 ºC, in which we carefully recovered 

the aqueous phase where the RNA was present. The RNA precipitation was performed 

using 125 μL of cold isopropanol and samples were gently homogenized. An incubation 

of 10 min in ice was carried out and samples were centrifuged at 12 000 g for 15 min at 4 

ºC. The pellet was recovered and resuspended in 125 μL 75 % ethanol, to eliminate the 
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organic compounds. Another centrifugation was conducted at 12 000 g for 5 min at 4 ºC, 

and the pellet was resuspended in diethylpyrocarbonate (DEPC) water. To confirm the 

RNA extraction, a 1 % agarose gel electrophoresis was carried out and the sample 

quantification was done in a NanoPhotometer. 

3.2.8.4 cDNA Synthesis 

The cDNA synthesis was done with Xpert cDNA Synthesis kit (GRiSP Research Solutions, 

Portugal). A mixture of 1 μg of total RNA, 1 μL of random primers, 1 μL of 

deoxynucleotide (dNTP), 4 μL of reaction buffer, 1 μL of Xpert RTase and RNase free 

water until the final volume of 20 μL was prepared. The mix was gently homogenized, 

and the samples were incubated at 25 ºC for 10 min. Using the thermocycler, three cycles 

were performed, the first for 10 min at 25 ºC, the second for 50 min at 50 ºC and the last 

for 5 min at 85 ºC.  

3.2.8.5 Reverse Transcription-Polymerase Chain 

Reaction (RT-PCR) 

Qualitative analysis of p53 transcripts levels was evaluated by Reverse Transcription-

Polymerase chain reaction (RT-PCR). For the PCR experiment, a mixture of 0.40 μL of 

forward primer, 0.40 μL primer reverse, 1 μL of the cDNA sample synthetized previously, 

6.25 μL of GRS Taq DNA polymerase and 4.75 μL of RNase free water was used. Samples 

were then put into the T110TM Thermal Cycler (Bio-Rad, USA), with the following settings, 

95 ºC for 5 min, 35 cycles of 30 s at 95 ºC, 30 s at 55.3 ºC and 1 min at 72 ºC, finally 10 

min at 72 ºC. The results were analysed through a 1 % agarose gel electrophoresis. 

3.2.8.6 Statistical Analysis 

Each assay was performed at least three times. Data are expressed as a mean ± standard 

error (S.D.). The statistical analysis performed was a one-way analysis of variance 

(ANOVA). Data analysis was performed in GraphPad Prism 8 Software. A p-value below 

0.05 was considered statistically significant. Additionally, significance was determined 

as ****p-value <0.001, ***p-value < 0.001, **p-value < 0.01 and *p-value < 0.05.  
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Chapter 4 – Results and Discussion 
 

4.1 Development of Calcium Phosphate 

Nanoparticles 

CaP-NPs have been used as drug delivery systems with various purposes. Depending on 

the preparation method CaP-NPs can present different sizes and charges. In a study 

made by Esposti et al., the precipitation method yielded CaP-NPs with sizes ranging from 

60 to 140 nm, displaying a negatively charged surface [68]. This delivery platform has 

the capability to be combined with diverse nucleic acids. For instance, Roy et al. 

successfully introduced plasmid DNA to CaP-NPs through addition of pDNA in 

precursor solutions, resulting in particles of 80 nm [94]. Another investigation made by 

Khan et al. generated CaP-NP sized around 100 nm, and with the introduction of pDNA 

in a calcium precursor solution, the mean size increased to approximately 190 nm [95].  

The present study focuses on the production of CaP-NPs using a straightforward protocol, 

with a subsequent evaluation of the impact of the nanoparticle washing step on size, 

polydispersity index (PdI), and surface charge. Briefly, two precursor solution, one 

containing calcium and citrate and another containing phosphate, were mixed and 

sodium hydroxide was used to achieve a pH of approximately 9. Then a washing step was 

performed, to eliminate residual agents, and in this particular case to remove citrate, 

which is used as a stabilizing agent and regulator of crystal growth, only necessary during 

the formulation step. 

Thus, to optimize the preparation method, the formulation process was kept constant, 

while centrifugation parameters were manipulated. Initially, an approach previously 

described in literature was considered, consisting in three washes at 3000 rpm for 5 min 

[92]. Alternatively, three washes at higher centrifugation speed with different times 

(4500 rpm for 5 min and 4500 rpm for 10 min) was also evaluated, this centrifugation 

rate had been previously described in literature [68]. Furthermore, several other 

approaches were investigated, one wash at 4500 rpm for 10 min, six washes 

centrifugation at 4500 rpm for 5 min, and six washes at 4500 rpm for 10 min. 

Cellular internalization is influenced by several parameters, but the most important are 

size and charge of delivery systems. Existing literature highlights an optimal size of 

approximately 100 nm, acknowledging that nanoparticles must exceed 10 nm to evade 

renal clearance while remaining under 200 nm to evade the reticuloendothelial system 

(RES). This size range also promotes effective accumulation and retention in tumours 

via the EPR effect [83, 96]. Charge constitutes another determinant for cellular 
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internalization. Nanoparticles presenting a zeta potential of around + 30 or - 30 mV are 

deemed stable in aqueous dispersion due to the surface charge's preventive role against 

particle aggregation [69]. Moreover, cationic delivery systems exhibit a heightened 

binding affinity to the negatively charged membranes of target cells compared to their 

negatively charged or neutral counterparts. However, it is worth noting that cationic 

systems tend to exhibit higher cytotoxicity compared to anionic counterparts, since 

cationic systems interact more with the cell membrane leading to membrane disruption  

[97].  

Some studies indicate that negatively charged delivery systems exhibit a lower rate of 

endocytosis and use the clathrin-mediated endocytosis pathway to a lesser extent [98]. 

In a study by Sokolova et al., the uptake mechanism of anionic and cationic CaP-NPs in 

HeLa cells was examined, revealing that these nanoparticles do not inherently induce 

cytotoxicity. Additionally, cellular uptake is not affected with increased nanoparticle 

concentration [99]. 

Thus, the size, PdI and chemical composition of all CaP-NPs, obtained exploring 

different washing parameters are summarized in Table 9, Figure 7 and 8.  

 

Table 9 – Size and Polydispersity index for CaP-NPs systems obtained with different washing conditions. 

The values represent the mean ± SD of three independent assays (n=3). 

 Size (nm) PdI 

1 Wash (4500 rpm; 10 
min) 

128.373 ± 27.768 0.463 ± 0.037 

3 Washes (3000 rpm; 

5 min) 
76.338 ± 34.081 0.403 ± 0.091 

3 Washes (4500 rpm; 
5 min) 

193.700 ± 46.041 0.553 ± 0.078 

3 Washes (4500 rpm; 
10 min) 

218.967 ± 60.075 0.605 ± 0.093 

6 Washes (4500 rpm; 
5 min) 

333.967 ± 62.434 0.688 ± 0.400 

6 Washes (4500 rpm; 
10 min) 

332.733 ± 202.879 0.564 ± 0.159 
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Figure 7 – CaP-NP size (A) and PdI (B) comparison between several washing parameters. Data is 

presented as mean ± SD for three independent experiments (n=3). 

 

Figure 8 – FTIR analysis between CaP-NPs with different washing parameters. 
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The findings from the DLS analysis (Table 9 and Figure 7) indicate that only two 

parameters yield CaP-NPs with sizes below 200 nm. CaP-NPs resulting from a three-

wash process (3000 rpm; 5 min) exhibit an average size of 76.34 ± 34.08 nm with a PdI 

of 0.40 ± 0.09. CaP-NPs resulting from a single wash (4500 rpm; 10 min) display an 

average size of 156.27 ± 24.81 nm and a PdI of 0.46 ± 0.05. 

The chemical characterization of CaP-NPs can be achieved through FTIR spectra analysis. 

In this regard, CaP-NPs exhibit distinct bands at 550, 910, and 1020 cm-1, attributed to 

PO4
3- vibrations. The presence of a band at 1410 cm-1 signifies CO3

2- vibrations, 

specifically indicating B-type carbonate substitution where CO3 occupies PO4 sites. 

Furthermore, a band at 1630 cm-1 corresponds to citrate (vasOCO) vibrations [92, 100]. 

Upon scrutinizing the chemical composition of CaP-NPs under several washing 

parameters, as depicted in Figure 8, a noteworthy discrepancy surfaces between the 1 

wash (4500 rpm; 10 min) and the 3 washes (4500 rpm; 10 min) conditions, relative to 

the other spectra. This discrepancy primarily pertains to the citrate and carbonate bands, 

which exhibit heightened peak intensities. This increase in peak intensity potentially 

indicates an elevated content of citrate within the CaP-NPs. With the results mentioned 

above, it is hypothesised that these specific washing parameters are unsuitable for 

formulating CaP-NPs.  

Considering the size increase with the washing steps at higher centrifugation speed, the 

condition that shows the best result is the CaP-NPs subjected to 3 washes (3000 rpm; 5 

min). This formulation exhibits a size below 100 nm, measuring at 76.34 ± 34.08 nm, 

and possess a charge of – 20.90 ± 0.90 mV. The polydispersity index stands at 0.40 ± 

0.09, a parameter that gauges the heterogeneity of the sample and can serve as an 

indicator of particle aggregation or agglomeration. Samples with values below 0.05 are 

categorized as monodispersed, while values surpassing 0.70 point to a wide size 

distribution of particles [101]. 
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4.2 Encapsulation Efficiency 

4.2.1 pDNA Encapsulation 

Plasmid DNA can be effectively incorporated into CaP-NPs, forming a complex entity 

referred to as CaP-NP/pDNA. The bonding between pDNA and CaP-NPs is attributed to 

the electrostatic attraction between the positively charged calcium ions and the 

negatively charged phosphate groups present in the nucleic acid's backbone [63, 102]. 

Thus, the encapsulation of pDNA was explored through two distinct methods. Firstly, by 

introducing pDNA in the precursor calcium solution, and secondly, through adsorption 

after the CaP-NP formulation. For the adsorption method, the pDNA remained in contact 

with the CaP-NPs during 4 and 16 h. Thereafter, the formulations were centrifuged and 

washed three times (3000 rpm for 5 min) and the respective results are presented in 

Figure 9.  

Figure 9 (A) displays the results for a 4-h incubation period. When pDNA is introduced 

into the calcium solution, approximately 33 % of the pDNA is lost during the initial 

centrifugation. Moreover, using this formulation method, only 36 % of the pDNA gets 

encapsulated within the CaP-NPs. Conversely, when pDNA is added via adsorption, the 

Figure 9 – Analysis of the pDNA encapsulation into CaP-NPs by agarose gel electrophoresis of several 

supernatants’ resultant from the washing process. (A) pDNA added in the calcium precursor solution and 

through adsorption after the nanoparticles preparation, with an incubation of 4 h. Lane 1 corresponds to 

pDNA sample and lane 2, 4, 6 and 8 correspond to the supernatant from the several centrifugations of the 

nanoparticles with pDNA added in the calcium solution. Lane 3, 5, 7 and 9 correspond to the supernatant 

from the several centrifugations of the nanoparticles with pDNA added through adsorption. (B) pDNA 

added in the calcium precursor solution and through adsorption after the nanoparticles preparation, with 

an incubation of 16 h. Lane 1 corresponds to pDNA sample and lane 2, 4, 6 and 8 correspond to the 

supernatant from the several centrifugations of the nanoparticles with pDNA added in the calcium 

solution. Lane 3, 5, 7 and 9 correspond to the supernatant from the several centrifugations of the 

nanoparticles with pDNA added through adsorption. 
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encapsulation efficiency reaches approximately 100 %. In the electrophoresis analysis, 

faint streaks are visible, possibly indicating loss of pDNA in the washing steps, however, 

these streaks couldn't be precisely detected by the spectrophotometer. 

In Figure 9 (B), which represents an overnight incubation, the incorporation of pDNA 

into the calcium precursor solution yields an encapsulation efficiency of about 73 % 

within the CaP-NPs. It is worth noting a degree of pDNA loss during both the first and 

third centrifugations. However, when pDNA is added through adsorption, the 

encapsulation efficiency achieves 100 %, and there is no discernible loss of pDNA, both 

qualitatively and quantitatively.  

To ensure that the encapsulation of pDNA in CaP-NPs was reproducible, an agarose gel 

electrophoresis was performed, the results are presented in Figure 10. 

 

Figure 10 – Analysis of the pDNA encapsulation into NPs by agarose gel electrophoresis of several 

supernatants resultant from the washing process. Lane 1 corresponds to pDNA sample and lane 2, 3, 4 and 

5 corresponds to 4 washing centrifugations. 

Based on the aforementioned data, the selected approach for binding pDNA to CaP-NPs 

was the overnight adsorption method, as evident in Figure 10. Characterization of the 

CaP-NP/pDNA complexes revealed a size measuring of 133.13 ± 58.12 nm, accompanied 

by a PdI of 0.65 ± 0.17, the elevated PdI value indicates a wide distribution of particle 

sizes. The charge of the CaP-NP/pDNA complexes is – 23.70 ± 1.10 mV. When comparing 

the DLS results, between CaP-NP and CaP-NP/pDNA, a slight increase in size and PdI, 

and decrease in surface charge, is noticeable. This change could be attributed to the 

presence of pDNA in the nanoparticles. 

Furthermore, to confirm if the pDNA would be encapsulated or adsorbed at the surface, 

a FTIR analysis was conducted, this result is illustrated in Figure 11. 
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Figure 11 - FTIR spectra of pDNA, CaP-NP and CaP-NP/pDNA for pDNA incubated overnight. 

 

As illustrated in Figure 11, pDNA presents characteristic bands in the 1700-1500 cm-1 

region could be attributed to nitrogen bases, the band at 1400 cm-1 regards the stretching 

of pyrimidine in DNA. Furthermore, the band at 1050 cm-1 could be related to the 

vibration of ribose (C-C sugar) or associated with stretches in the phosphodiester 

backbone. Lastly the band at 916 cm-1 indicates the presence of pDNA [103, 104]. After 

comparing and analysing the spectres, it is not possible to confirm the presence of pDNA 

in CaP-NP/pDNA, since both CaP-NP and pDNA present peaks in the same 

wavenumbers. 

 

4.2.2 Folic Acid Binding 

Nanoparticle targeting systems represent a promising and innovative avenue for 

pharmaceutical delivery, aiming to mitigate side effects while minimizing unspecific 

interactions with healthy cells [105]. To functionalize CaP-NPs with folic acid three 

strategies were outlined. Folic acid was introduced either into the calcium precursor 

solution (CaP-NP/FACa), into the phosphate precursor solution (CaP-NP/FAPh) and 

through adsorption (CaP-NP/FAAd).  

Initially, a spectral analysis was performed to quantitatively assess folic acid loading, 

aimed at determining the appropriate wavelength for characterizing the process. As 

illustrated in Figure 12, folic acid exhibits an absorbance peak at 280 nm.  
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However, this poses a potential challenge, given that pDNA also absorbs at this 

wavelength, this is of particular concern since the ultimate objective is to establish CaP-

NP/pDNA/FA complexes. Consequently, as a precautionary measure, blank tests 

involving CaP-NP/FA and CaP-NP/pDNA were conducted during subsequent 

evaluations of the CaP-NP/pDNA/FA formulation to ensure the absence of any 

interference. 
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Figure 12 – UV-vis spectra of folic acid. 

 

In the overnight studies, the CaP-NPs that underwent adsorption with folic acid 

exhibited the highest loading efficiency, reaching approximately 92 %. Subsequently, 

when folic acid was introduced into the precursor phosphate solution, the loading 

efficiency was approximately 73 %. Lastly, the incorporation of folic acid into the 

precursor calcium solution led to a loading efficiency of approximately 70 %. 

Conversely, subjecting folic acid to a 24-h contact period resulted in lower loading 

efficiencies. Folic acid adsorbed in CaP-NPs again presented the higher loading efficiency 

with approximately 69 %, when folic acid was added to the precursor calcium solution a 

loading efficiency of approximately 53 %. Finally, when folic acid was added to the 

phosphate precursor solution a loading efficiency of approximately 44 % was achieved. 

Considering the aforementioned outcomes, it is accurate to conclude that the overnight 

incubation approach allowed higher folic acid adsorption when compared to those 

obtained over a 24-h period. Furthermore, it is also necessary to ensure that folic acid is 

present in the nanoparticle’s composition. Thus Figure 13, shows the comparison 

between the several ways in which folic acid was added to the CaP-NPs.  



54 
 

Figure 13 – FTIR spectra of Folic Acid, CaP-NP, CaP-NP/FACa, CaP-NP/FAAd and CaP-NP/FAPh, for folic 

acid incubated overnight. 

Considering Figure 13, folic acid shows characteristic peaks at 1680, 1600 and 1480 cm-

1. The band at 1680 cm-1 accounts for (C=O) bond stretching vibration of the carboxyl 

group, while the band at 1600 cm-1 corresponds to the bending mode vibration of NH2 

and the band at 1480 cm-1 is related to the (-C=C) stretching of phenyl and pterin rings 

[93, 106].  

When comparing to the CaP-NP/FACa spectra to the CaP-NP spectra it is possible to 

identify a shift in bands at 1600 and 1400 cm-1, to lower wave numbers, indicating an 

influence from the addition of folic acid [107]. Both the spectra of the CaP-NP/FAPh and 

of the spectra of the CaP-NP/FAAd show a shift at 1400 cm-1 which could as well indicate 

the presence of folic acid. However, in both of these spectra the presence of folic acid is 

not as much noticeable when compared to the spectra of the CaP-NP/FACa. These results 

could indicate that the CaP-NP/FaCa formulation presents higher content of folic acid at 

the nanoparticles surface. 

Based on the outcomes mentioned above, both the CaP-NP/FACa and the CaP-

NP/pDNA/FAAd present the most promising results and were chosen for the succeeding 

tests. 
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4.2.3 pDNA Encapsulation and Folic Acid Binding 

Studies were conducted to ensure that both pDNA and folic acid were able to be 

conjugated in the CaP-NPs without compromising either loading efficiencies. The 

approaches chosen were the ones that previously presented the best efficiencies. Taking 

this into consideration, pDNA an adsorption approach was chosen. For folic acid binding 

two approaches were outlined, through adsorption after the nanoparticle formulation 

(the solutions were in contact with the CaP-NP overnight) and through addition in the 

precursor calcium solution. Figure 14 illustrates the agarose gel electrophoresis of the 

washing step. 

 

 

 

 

 

 

 

 

Figure 14 pertains the agarose gel electrophoresis of the washing step when both pDNA 

and folic acid are present in the CaP-NPs. This result shows that qualitatively, there is no 

loss of pDNA in the washing step. To further understand if the folic acid addition would 

be impacted by the pDNA encapsulation a FTIR spectra was conducted, and its results 

are present in Figure 15. 

 

 

 

Figure 14 - Analysis of the pDNA encapsulation into CaP-NPs by agarose gel electrophoresis of several 

supernatants resulting from the washing process. Lane 1 corresponds to pDNA sample. Lane 2, 3, 4 and 5 

corresponds to the 4 washing centrifugations of CaP-NP/pDNA/FACa. Lane 6, 7, 8 and 9 corresponds to 

the 4 washing centrifugations of CaP-NP/pDNA/FAAd. 

 



56 
 

 

Figure 15 - FTIR spectra of Folic Acid, pDNA, CaP-NP, CaP-NP/pDNA, CaP-NP/FAAd, CaP-NP/FACa, 

CaP-NP/pDNA/FAAd, CaP-NP/pDNA/FACa. 

It is hypothesized that the simultaneous addition of folic acid and pDNA does not 

influence folic acid loading, since there is no change in the folic acid peaks when 

comparing the samples with and without pDNA, as showed in Figure 15.  

The pDNA encapsulation efficiency and folic acid loading were also assessed in both 

formulations, as well as the size, PdI and charge was determined by DLS. These results 

are present in Table 10. 

 

Table 10 - Overview of mean size, PdI, Zeta Potential, folic acid loading efficiency and pDNA encapsulation 

efficiency for the prepared formulations with pDNA and Folic Acid.  

 

Formulation 
Size 

(nm) 
PdI 

Zeta 

Potential 

(mV) 

Folic Acid 

Loading 

Efficiency 

pDNA 

Encapsulation 

Efficiency 

CaP-

NP/pDNA/FACa 

110.42 

± 65.71 

0.50 

± 0.07 

– 22.20 

± 0.60 
73 % ~ 100 % 

CaP-

NP/pDNA/FAAd 

112.63 

± 9.81 

0.50 

± 0.22 

– 27.40 

± 0.69 
99.6 % ~ 100 % 
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The CaP-NP/pDNA/FAAd showed an efficiency of approximately 100 % for pDNA 

encapsulation and approximately 99.6 % for folic acid loading. DLS studies show a mean 

size of 112.63 ± 19.81 nm, with a PdI of 0.50 ± 0.22 and a surface charge of – 27.40 ± 

0.69 mV. The CaP-NP/pDNA/FACa formulation presented a pDNA encapsulation 

efficiency of approximately 100 % and an efficiency of approximately 73 % for the loading 

of folic acid. Furthermore, DLS results for the CaP-NP/pDNA/FACa present a mean size 

of 110.42 ± 65.71 nm, with a PdI of 0.50 ± 0.07 and a surface charge of – 22.20 ± 0.60 

mV. The qualitative and quantitative results seem to show that none of the molecules 

were impacted by the coupled loading. 

When comparing the surface charge of the CaP-NP/pDNA (– 23.70 ± 1.10 mV) with the 

systems presenting folic acid, it is important to notice that in CaP-NP/pDNA/FACa (– 

22.20 ± 0.60 mV) there is an insignificant change in zeta potential, while CaP-

NP/pDNA/FAAd (– 27.40 ± 0.69 mV) presents a noticeable difference. This decrease in 

the surface charge has been reported before, first by Yang and co-author’s and later by 

Ullah and co-authors and Bandara and co-authors, which suggests that the reduction in 

surface charge can be due to interactions between the folic acid and the positively 

charged compounds in the nanoparticles (Ca+) [108–110]. 

 

4.3 pDNA Release 

The release of pDNA from nanoparticles stands as a pivotal factor in assessing the 

efficacy of a delivery system. After the formulation process, nanoparticles were incubated 

at 37 ºC in PBS buffer and samples were taken at different timepoints (30 min, 1, 2, 3, 4, 

5 and 6 h). The release of pDNA from the CaP-NP/pDNA was evaluated at two different 

pH, it was chosen a pH of 7.4, to replicate a healthy tissue environment, and a pH of 5.6 

to represent the acidic microenvironment of tumours [111]. Figure 16 represents the 

cumulative release of curves of pDNA, and Figure 17 illustrates the qualitative release of 

pDNA, both at two different pHs. 
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Figure 17 – Analysis of pDNA release from CaP-NP/pDNA by agarose gel electrophoresis through time, in 

pH 7.4 (A) and pH 5.6 (B). Lane 1 corresponds to pDNA sample and lane 2, 3, 4, 5, 6, 7 and 8 correspond 

to samples taken at 30 min, 1, 2, 3, 4, 5 and 6 h of incubation in PBS. 

As shown in Figure 16, the release rate of pDNA increases with the decrease in pH. The 

release at pH 7.4 is minimal, around 15 %. 

At pH 5.6, a 15 % release is achieved within the initial 2 h, and this proportion surges to 

over 35 % after a 6 h span, presenting a tendency to reach a plateau of pDNA release. 

Figure 17 corroborates the previous statement, the agarose gel electrophoresis shows 

higher release of pDNA at pH 5.6 (Figure 15 (B)), which shows more distinct bands. 

Furthermore, there is no apparent degradation of pDNA over the incubation period. 

 

Figure 16 – Cumulative release curves of pDNA encapsulated in CaP-NP/pDNA, in PBS at pH 7.4 and 5.6. 

Data is presented as mean ± SD for three independent experiments (n=3). 
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The accelerated release rate under pH 5.6 may be ascribed to the electrostatic interaction 

among the ions within the CaP-NPs. The medium acidity impacts the bonds between the 

calcium and the phosphate groups, which leads to an increased aqueous solubility of the 

CaP-NPs as the pH decreases [112].  

Moreover, this investigation highlights that the CaP-NPs exhibit the capability to prevent 

pDNA leakage and enhance stability under physiological pH levels. This characteristic 

enables swift dissolution in the acidic pH environment of tumours, facilitating the escape 

from endosomes and the subsequent release of pDNA into the cytoplasm [113]. Bisht et 

al. noted that CaP-NPs are easily dissolved under mildly acidic pH conditions, around 

pH 5, effectively shielding pDNA from degradation [114]. 

 

4.4 In vitro Assays 

4.4.1 Cell Viability Assays 

To assess the systems biocompatibility cell viability assays were conducted. Through the 

resazurin cell viability or Alamar Blue assay, living cells that are metabolic active can 

reduce resazurin into a strongly fluorescent dye, resorufin. The fluorescence output is 

proportional to the number of viable cells [115]. In this assay, two different cell lines were 

used, a human fibroblast line, and an HPV positive cervical cancer line, HeLa cells. 

Initially, the cytotoxicity of several concentrations (50, 100, 500 and 1000 µg/mL) of free 

CaP-NPs systems was evaluated during 24, 48 and 72 h, these results are presented in 

Figure 18. 
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The outcomes displayed in Figure 18 indicate that high concentrations of CaP-NPs 

exhibit a reduction in cell viability. Concerning human fibroblasts, solely the 1000 µg/mL 

concentration presented some cytotoxicity, at 48 and 72 h after transfection (the cell 

viability rates are 71 % and 76 %, respectively). For both the 500 µg/mL and 1000 µg/mL 

concentrations show diminished cell viability, but only the concentration of 1000 µg/mL 

shows cytotoxicity at 24 and 48 h (the cell viability rates are 79.5 % and 76.5 %, 

respectively). It is important to highlight that any values at or below 80 % are categorized 

as cytotoxic [116].  

Based on the aforementioned results, a CaP-NP concentration of 100 µg/mL has been 

selected for subsequent studies, as it does not exhibit any cytotoxic effects, maintaining 

viability levels above 95 %. A CaP-NP concentration of 100 µg/mL was used for further 

cell tests. A cell viability assay was also conducted using nanoparticles with pDNA and or 

folic acid, these results are presented in Figure 19. 

Figure 18 – Cell viability assay on human fibroblasts (A) and HeLa (B) cells for several concentrations 

(50, 100, 500 and 1000 µg/mL) of CaP-NPs during a period of incubation of 24, 48 and 72 h. Non-

transfected cells were used as negative control. Data is presented as mean ± SD for three independent 

experiments (n=3) and was analysed by one-way ANOVA. Significance was determined as ****p-value 

<0.0001 and *p-value < 0.05. 
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Figure 19 depicts the cell viability outcomes of the CaP-NP complex when loaded with 

pDNA, or with pDNA and folic acid. The human fibroblasts are viable in the presence of 

the developed formulations, during the experiment. A reduced cell viability is observed 

after 72 h in contact with the CaP-NP/pDNA formulation. Nevertheless, the cancer cell 

viability is reduced when in contact with the prepared formulations, during 72 h of 

experiment. 

At 24 h the CaP-NP/pDNA/FACa exhibits the greatest impact, decreasing cell viability 

to approximately 77 %. This outcome could be attributed to the presence of folic acid in 

the delivery systems, which leads to higher internalization rates in cancer cells 

presenting folic acid receptors [117]. Only at the 48-h mark does CaP-NP/pDNA, lacking 

a ligand, attain a viability rate of 76 %. To better understand how the systems are 

internalized, the NPs uptake was evaluated through Confocal Microscopy. 

Figure 19 – Cell viability assay on human fibroblasts (A) and HeLa (B) cells treated with CaP-NP/pDNA, 

CaP-NP/pDNA/FACa and CaP-NP/pDNA/FAAd for a period of incubation of 24, 48 and 72 h. Non-

transfected cells were used as negative control. Data is presented as mean ± SD for three independent 

experiments (n=3) and was analysed by one-way ANOVA. Significance was determined as ****p-value 

<0.001, ***p-value < 0.001, **p-value < 0.01 and *p-value < 0.05. 
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4.4.2 Cell Internalization Assay 

Laser confocal microscopy was used to analyse FITC marked CaP-NP cellular uptake in 

fibroblast and HeLa cells, with VECTASHIELD labelled nucleus. Figure 20 illustrates the 

internalization of CaP-NP 2 h after transfection. 

 

 

Figure 20 – Confocal microscopy images of Fibroblast cells, (A) non-transfected cells and (B) cells 

transfected with CaP-NP. Images of HeLa cells, (C) non-transfected cells and (D) cells transfected with 

CaP-NP, 2 h after transfection. The nuclei were stained with VECTASHIELD, and the CaP-NP were marked 

with FITC.  



63 
 

The results obtained from the fibroblast cells demonstrate that the nanoparticles readily 

transverse the cell membrane and accumulate within the cell’s cytoplasm. In the case of 

HeLa cells, the results seem to indicate that the CaP-NPs easily internalize and can reach 

the cell nucleus. Upon comparing the outcomes from the different cell lines, it appears 

that both can easily internalize CaP-NPs, and the results from HeLa cells suggest that 

there is greater uptake of CaP-NPs. This observation aligns with prior research findings. 

Pedraza et al. reported that CaP-NP transfection in the fibroblast cell line was less 

effective in comparison to an osteoblastic cell line, although CaP-NPs were readily 

internalized in both lines [118]. Additionally, Sokolova et al. demonstrated that CaP-NP 

are more efficiently taken up by HeLa cells when compared to fibroblastic cells, 

particularly in a two-dimensional monoculture setting [119]. 

In the aforementioned cell viability results, no significant difference was observed 

between the several formulations (CaP-NP; CaP-NP/pDNA; CaP-NP/pDNA/FACa; CaP-

NP/pDNA/FAAd). Thus, an internalization assay was performed in HeLa cells. Figure 21 

depicts a comparison of internalization between free nanoparticles, nanoparticles with 

the incorporation of pDNA and nanoparticles functionalized with folic acid in two 

different approaches. 
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Figure 21 - Confocal microscopy images of HeLa cells 30 min after transfection. (A) Non-transfected HeLa 

cells, (B) CaP-NP, (C) CaP-NP/pDNA, (D) CaP-NP/pDNA/FACa and (E) CaP-NP/pDNA/FAAd. The nuclei 

were stained with VECTASHIELD, and the nanoparticles were marked with FITC. 
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The introduction of folic acid on the nanoparticle surface enables the targeting of cancer 

cells presenting folate receptors [117]. In this context, Figure 21 compares internalization 

efficiency between the several formulated systems after 30 min. The results indicate that 

both CaP-NP and CaP-NP/pDNA present the lowest amount of cell internalization. 

Conversely, CaP-NP/pDNA/FACa and CaP-NP/pDNA/FAAd formulations appear to 

exhibit higher concentration of NPs inside the cells. Thus, both these systems show the 

ability to penetrate the cell membrane and deliver the pDNA to the cytoplasm. Literature 

proposes that when these systems are internalized through endocytosis, the 

disassociation of the constituent ions (Ca2+ and PO4
3-) leads to an increase of osmotic 

pressure, causing the expansion and rupture of the vesicle, releasing the therapeutic 

agent, Ca2+ and PO4
3- into the cytoplasm [65, 86]. After pDNA reaches the nucleus, it is 

hypothesized that transcription occurs and p53 is expressed.  

4.4.3 p53 Gene Expression  

Following the transfection of fibroblasts and HeLa cells with CaP-NP/pDNA, both with 

and without folic acid, the p53 gene expression was assessed. In the first place, the RNA 

extraction was conducted, then the RNA was reversed transcribed to obtain cDNA, and 

lastly RT-PCR was performed to amplify the p53 gene, employing specific primers. The 

products of RT-PCR were qualitatively analysed through a 1 % agarose gel 

electrophoresis. Non-transfected cells were used as a control and a negative control, 

composed of every PCR reagent and without cDNA, was applied to detect any potential 

contaminations. The results in Figure 22 show the outcome of the RT-PCR in both cell 

lines. 
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Figure 22 - Analysis of RT-PCR products by agarose gel electrophoresis. Evaluation of p53 transcripts in 

fibroblast cells (A) and HeLa cells (B). Lane 1 corresponds to DNA molecular weight marker, lane 2 

corresponds to the negative control, which is composed of every PCR reagent except cDNA, lane 3 

corresponds to non-transfected cells, lane 4 corresponds to cells transfected with CaP-NP/pDNA, lane 5 

corresponds to cells transfected with CaP-NP/pDNA/FACa and lane 6 corresponds to cells transfected with 

CaP-NP/pDNA/FAAd. 

Firstly, it is important to acknowledge that no contamination is evident in both negative 

controls. In the case of fibroblast cells, the results suggest that the p53 gene expression 

is similar when comparing the non-transfected with the transfected cells. This result 

seems indicative that the nanoparticles do not inflict alterations in healthy cells. The 

HeLa cells results show that p53 expression is barely detectable in non-transfected cells. 

However, when cells are transfected with CaP-NP/pDNA and CaP-NP/pDNA/FACa it 

seems that there is an increase in gene expression, with the latter approach exhibiting a 

prominent band. Conversely, the CaP-NP/pDNA/FAAd does not show a great 

significance when compared to the non-transfected cells. This tendency could be 

attributed to the fact that both pDNA and folic acid are adsorbed to the NPs surface 

during simultaneous incubation. During this process, the folic acid can compete with 

pDNA by the available positive binding sites on the NPs surface. This suggestion can 

justify the lower content of pDNA inside the cells (considering the low p53 transcript 

levels) and the high folic acid loading determined in the topic 4.2.3. 

These results are indicative that both CaP-NP/pDNA and CaP-NP/pDNA/FACa 

formulations present favourable protection and delivery of the pDNA to the cancer cells. 
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Furthermore, both formulations can induce the desired effect, resulting in the increase 

of p53 expression levels. To best of our knowledge, no previous work has been described 

as delivering pDNA to cancer cells through CaP-NPs functionalized with folic acid.  
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Chapter 5 – Conclusions and Future 

Perspectives 
 

Cervical cancer, primarily caused by persistent infection with high-risk strains of HPV, 

poses a significant and urgent global health challenge, particularly in low- and middle- 

income nations. Despite being one of the most preventable and treatable forms of cancer, 

cervical cancer continues to rank as a leading cause of cancer-related mortality among 

women. In the ongoing battle against cervical cancer, plasmid DNA-based treatments 

have emerged as a promising frontier. Plasmid DNA, a small, circular genetic material, 

can be genetically engineered to carry therapeutic genes to combat cancer cells. However, 

it is crucial to acknowledge that plasmid DNA is susceptible to degradation by various 

agents. Consequently, it becomes imperative to explore efficient methods of 

encapsulating plasmid DNA to ensure its safe and effective delivery to cancer cells. 

Herein, the focus was the development of plasmid DNA-loaded calcium phosphate 

nanoparticles functionalized with folic acid for a targeted delivery in HPV positive cancer 

cells. Thus, these delivery systems were optimized to ensure the best characteristics, such 

as size, PdI and surface charge. The most favourable outcome for the CaP-NPs presented 

a size of 76.34 ± 34.08 nm, with a PdI of 0.40 ± 0.09 and a charge of – 20.90 ± 0.90 mV. 

Furthermore, several methods were delineated to encapsulate plasmid DNA, which was 

through overnight adsorption. The final CaP-NP/pDNA formulation revealed a size 

measuring 133.13 ± 58.12 nm, accompanied by a PdI of 0.65 ± 0.17 with a surface charge 

of – 23.70 ± 1.10 mV. Functionalization of these NPs with folic acid was also optimized, 

and several approaches were tried. In the end, two methods were chosen, CaP-NP/FACa 

and CaP-NP/FAAd, which exhibited a folic acid loading efficiency of approximately 92 

and 70 %, respectively. Then, the formulations were also characterized in the presence 

of both pDNA and folic acid. The CaP-NP/pDNA/FAAd showed an efficiency of 

approximately 100 % for pDNA and approximately 99.6 % for folic acid, and DLS results 

showed a mean size of 112.63 ± 19.81 nm, with a PdI of 0.50 ± 0.22 and a surface charge 

of – 27.40 ± 0.69 mV. The CaP-NP/pDNA/FACa presented an adsorption efficiency of 

pDNA in the nanoparticles of 100 % and the loading of approximately 73 % of folic acid. 

Furthermore, DLS results for the CaP-NP/pDNA/FACa present a mean size of 110.42 ± 

65.71 nm, with a PdI of 0.50 ± 0.07 and a surface charge of – 22.20 ± 0.60 mV. Through 

all the optimizations the formulations were chemically characterized through FTIR, to 

ensure the presence of folic acid. 

In vitro assays were carried out, and the CaP-NPs did not show great inherent 

cytotoxicity, although it is important to notice that the decrease in viability is time and 
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concentration dependent. Furthermore, when the pDNA and the folic acid were added, 

the delivery systems did not affect healthy cells but decreased the viability in the cancer 

cell line. Transfection efficiency was evaluated, and the nanoparticles showed an easy 

entry and accumulation within the cells, with higher uptake in the cancer cell line. To 

ensure that the pDNA reached the nucleus the p53 transcripts were evaluated by PCR 

and the results showed an increased expression values when the cancer cell line was 

transfected with both CaP-NP/pDNA and CaP-NP/pDNA/FACa. 

The present work demonstrated that the formulated delivery systems can be considered 

as promising vehicles to deliver pDNA. However, these systems could be further 

optimized to ensure a higher impact in the cancer cell viability, such as adding polymers 

to its formulation to ensure lower degradation. This work was the first step of contact of 

CaP-NPs as nanodevices for cervical cancer, further assays should be conducted to better 

understand this delivery system. For example, Carbon, Hydrogen and Nitrogen (CHN) 

chemical analysis, thermogravimetric analysis, and X-ray photoelectron spectroscopy. 

Further in vitro studies could also be carried out, such as an apoptosis assay, to 

understand the apoptotic response, and a western blot to further consolidate the p53 

expression results previously obtained. 

The present study showed the possibility to formulate several CaP-NPs, loaded with 

pDNA and functionalized with folic acid, which exhibit relevant properties, warranting 

their further investigation as therapeutics for cervical cancer. 
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