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Resumo Alargado 
 

As vacinas de ácidos nucleicos provaram ser uma tecnologia promissora na luta contra ameaças 
globais como a doença coronavírus (COVID-19). O DNA minicircular (mcDNA) é um vetor 
inovador, mais estável do que o RNA mensageiro e mais eficiente na transfecção celular e 
expressão transgénica do que o DNA plasmídico convencional.  

Este trabalho descreve a construção de um vetor de plasmídeo parental (PP) que codifica o 
domínio de ligação ao recetor (RBD) da proteína S da Síndrome Respiratória Aguda Severa do 
coronavírus (SARS-CoV-2), e a utilização do Desenho Experimental (DoE) para otimizar a 
recombinação do PP em mcDNA no agitador orbital.  Primeiro, os resultados revelaram que as 
células hospedeiras devem ser cultivadas a 42 °C com meio Terrific Broth (TB) e, posteriormente, 
deve ser substituído por meio Luria Broth (LB) contendo 0,01% de L-arabinose para a etapa de 
indução. A concentração de antibióticos, o tempo de indução, e a temperatura de indução foram 
utilizados como inputs para o DoE com o intuito de maximizar a % de mcDNA recombinado. O 
modelo quadrático foi estatisticamente significativo (p < 0,05) e apresentou um lack of fit não 
significativo (p > 0,05) com um coeficiente de determinação adequado. A produção de mcDNA 
foi então maximizada numa plataforma de mini-bioreactor. A condição mais favorável no 
biorreator foi obtida aplicando 60% pO2 na etapa de fermentação durante 5 h e 30% pO2 na etapa 
de indução, com 0,01% de L-arabinose durante 5 h.  

A aplicação de sistemas de entrega melhora a eficácia das vacinas de DNA e permite o seu 
direcionamento quando funcionalizadas com ligandos específicos. O quitosano (Ch) é um 
polímero natural catiónico, conhecido pelas suas propriedades biodegradáveis, biocompatíveis, 
mucoadesivas e de baixa citotoxicidade, e tem sido explorado na formulação de sistemas de 
entrega de biofármacos. A complementação com tripolifosfato (TPP) permite a criação de um 
sistema de estabilização reticulado através de interações eletrostáticas entre as cargas positivas 
de Ch e as cargas negativas do TPP e do DNA.  A funcionalização com um péptido de penetração 
celular, como a octa-arginina (R8) melhora a capacidade de penetração e de entrega de 
biomoléculas. A decoração dos sistemas de entrega com ligandos de manose favorece o 
reconhecimento específico pelos recetores de manose sobrexpressos na superfície das células 
apresentadoras de antigénios (APCs). Neste trabalho foram explorados dois polímeros de Ch 
(HMW e 5 kDa) para formular diferentes nanosistemas baseados em Ch-TPP/R8 e R8-manose 
para a obtenção de uma nova vacina contra COVID-19, codificando o gene RBD do SARS-CoV-2. 
Para este efeito, foram avaliados diferentes rácios de TPP, R8 e R8-manose. Todos os sistemas 
foram formulados utilizando a técnica de ionotropic gelation e o seu tamanho, carga superficial, 
eficiência de encapsulação e estabilidade foram subsequentemente avaliados. A espectroscopia de 
infravermelho por transformada de Fourier (FTIR) e a microscopia eletrónica de varrimento 
(SEM) foram também realizadas para determinar os grupos funcionais presentes na superfície 
das nanopartículas e a sua forma e morfologia, respetivamente. Duas linhas celulares, fibroblastos 
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humanos (h-Fibro) e células dendríticas imaturas (JAWS II), foram utilizadas em estudos in vitro 
para avaliar a biocompatibilidade, eficiência da transfecção e expressão génica dos sistemas 
formulados. Os ensaios de 3-[4,5- dimetiltiazol-2-il]-2,5-difeniltetrazólio (MTT) mostraram a 
biossegurança de todos os nanosistemas baseados em Ch. Posteriormente, foram efetuados 
estudos de microscopia confocal em células dendríticas (JAWSii), para verificar a diferença na 
internalização de sistemas não-manosilados e manosilados em APCs.  

Este trabalho revelou que a aplicação do biorreator aumentou fortemente o rendimento da 
biomassa do hospedeiro e simultaneamente melhorou os níveis de recombinação do PP em 
mcDNA. Adicionalmente, o uso de sistemas de entrega baseados em quitosano mostra um enorme 
potential para entrega da vacina de DNA, sendo que os sistemas manosilados permitem uma 
entrega direcionada às APCs melhoram a internalização da vacina de DNA. 
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Abstract 
 

Nucleic acid vaccines have proven to be a promising technology in the fight against global threats 
such as coronavirus disease (COVID-19). Minicircle DNA (mcDNA) is an innovative vector more 
stable than messenger RNA and more efficient in cell transfection and transgene expression than 
conventional plasmid DNA.  

This work describes the construction of a parental plasmid (PP) vector encoding the receptor-
binding domain (RBD) of the S protein from severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2), and the use of the Design of Experiments (DoE) to optimize PP recombination 
into mcDNA vector in an orbital shaker.  First, the results revealed that host cells should be grown 
at 42 °C and the Terrific Broth (TB) medium should be replaced by Luria Broth (LB) medium 
containing 0.01% L-arabinose for the induction step. The antibiotic concentration, the induction 
time, and the induction temperature were used as DoE inputs to maximize the % of recombined 
mcDNA. The quadratic model was statistically significant (p-value < 0.05) and presented a non-
significant lack of fit (p-value > 0.05) with a suitable coefficient of determination. The production 
of mcDNA was then maximized in a mini-bioreactor platform. The most favorable condition 
obtained in the bioreactor was obtained by applying 60% pO2 in the fermentation step during 5 h 
and 30% pO2 in the induction step, with 0.01% L-arabinose throughout 5 h.  

The application of delivery systems improves the DNA vaccines efficacy and allows their targeting 
when functionalized with specific ligands. In this work were explored two chitosan (Ch) polymers 
to formulate different Ch-TPP/R8 and R8-mannose based nanosystems for the delivery of a new 
mcDNA vaccine against COVID-19, encoding the receptor-binding domain (RBD) gene of severe 
acute respiratory syndrome coronavirus (SARS-CoV-2). For this purpose, different ratios of TPP, 
R8 and R8-mannose were evaluated. All systems were formulated using the ionotropic gelation 
technique and their size, surface charge, encapsulation efficiency and stability were subsequently 
evaluated. Fourier transform infrared spectroscopy (FTIR) and scanning electron microscope 
(SEM) were also performed to ascertain the functional groups on the surface of the nanoparticles 
and their shape and morphology, respectively. Two cell lines, human fibroblasts (h-Fibro) and 
immature dendritic cells (JAWS II) were used in in vitro studies to evaluate the compatibility, 
transfection efficiency and gene expression of formulated systems. The 3-[4,5- dimethylthiazol-
2-yl]-2,5-diphenyltetrazolium (MTT) assays showed the biosafety of all Ch-based nanosystems. 
Subsequently, confocal microscopy studies were performed on dendritic cells (JAWSii), to verify 
the difference in internalization of non-mannosylated and mannosylated systems in APCs. 
Systems functionalized with R8-mannose showed better internalization into the cells.  
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Chapter 1: Introduction  

Introduction 
1.1. Coronavirus Disease 2019 (COVID-19) 

In late 2019, an outbreak of a respiratory illness was reported in the city of Wuhan, China. On 9 
January 2020, the Chinese Centre for Disease Control and Prevention reported the identification 
of a new coronavirus, and the World Health Organization (WHO) subsequently announced that 
it would be designated "new coronavirus-19" (2019-nCoV) (1,2). On 11 February 2020 it was 
renamed "COVID-19" (coronavirus disease 2019) by the WHO (2).  

Several studies have been conducted to clarify the clinical signs present in positive cases for 
COVID-19, having been considered fever, dry cough, myalgia, dyspnea, fatigue, shortness of 
breath, and breathing difficulty. In addition, less common symptoms such as headache, 
abdominal pain, diarrhea, nausea, vomiting, and dizziness were also reported (2–6). COVID-19 
has been divided into 4 levels of symptoms: the medium level, where patients present mild 
symptoms; the moderate level, in which fever, respiratory symptoms, and radiological evidence 
are already present; the severe level, which is divided into 3 criteria - a) dyspnea when respiratory 
rehabilitation (RR) is greater than 30 times per minute, b) if oxygen saturation is less than 93% 
and c) when the ratio between arterial oxygen partial pressure and fractional inspiratory oxygen 
(PaO2/FiO2) is less than 300 mmHg; and finally, the critical level, also divided into 3 criteria - a) 
respiratory failure, b) septic shock and c) multiple organ failure (2).  

A global health emergency alert was activated on 27 February 2020, as this new coronavirus had 
spread rapidly to 46 countries (2). According to the current situation (25th May 2022) by WHO, 
523,786,368 cases of infection and 6,279,667 deaths have been reported worldwide (Figure 1).  

 

Figure 1 - Coronavirus World Map: Total cases (7). 

1.2. Severe Acute Respiratory Syndrome Coronavirus – 2 
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1.2.1. Classification, comparison, and origin 

Coronaviruses (CoVs) belong to the family of "Coronaviridae", subfamily of "Coronavirinae", and 

further in 4 genera: "Alphacoronavirus" (!-CoVs), “Betacoronavirus” ("-CoV), 

“Gammacoronavirus” (#-CoV) e “Deltacoronavirus” ($-CoV). They are a large family of single-
stranded RNA (ssRNA) positive-sense viruses and can infect humans, birds, and other mammals 
and can cause neurological, hepatic, enteric, and respiratory diseases (8). To date, seven strains 
of CoVs can infect humans. Four of them, HCoV-OC43, HCoV-229E, HCoV-HKU1, and HCoV-
NL63, cause infections with cold-like symptoms and rarely cause infections with more severe 
symptoms, with severe cases occurring only in children, teenagers, and elderly. The remaining 
three strains are severe acute respiratory syndrome coronavirus (SARS-CoV), severe middle east 
coronavirus (MERS-CoV), and severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2). 
The latter three infect the lower respiratory system and have the ability to cause pneumonia and 

severe respiratory illness, being identified as "-CoVs (1,8,9). 

Similar to SARS-Cov-2, SARS-CoV and MERS-CoV have also been responsible for outbreaks in 
previous years. SARS-CoV led to an outbreak in Guangdong, China, between 2002 and 2003. 
During this outbreak, 8,098 cases and 774 deaths were reported in 17 countries, with a mortality 
rate of 9.56%. On the other hand, MERS-CoV was responsible for an outbreak originating in 
Saudi, Arabia. Between 2012 and 2019, 2 506 cases and 862 deaths were recorded in 26 countries 
and its mortality rate was 35.37% (1,8). When comparing SARS-CoV-2 with SARS-CoV and 
MERS-CoV, similarities are observed at the nucleotide (nt) level of the RNA of each virus. SARS-
CoV-2 shows homology of approximately 79% with SARS-CoV and close to 50% with MERS-CoV 
(1,2). However, there is yet another coronavirus that is more similar with SARS-CoV-2 to a 
coronavirus that infects bats, RaTG13, being similar at 96.2%, and with bat-SL-CoVZC45 and bat-
SL-CoVZXC21, at 88%. These similarities may therefore suggest that bats are the natural host of 
SARS-CoV-2 (10). 

1.2.2. Biology and genetics of SARS-CoV-2   

The SARS-CoV-2 genome contains between 29,891 and 29,903 nt (2), and it is organized as 
follows: 5' - replicase (rep gene) ORF1ab, spike (S), envelope (E), membrane (M), nucleocapsid 
(N) - 3'. Structural and non-structural proteins are coded from the genome. Structural proteins 
include the S protein, which is a transmembrane glycoprotein whose function is to enable the 
binding of SARS-CoV-2 to the angiotensin-converting enzyme 2 (ACE2) receptor (8,11); N protein 
that allows viral RNA packaging and is essential for replication [11]; M protein that promotes 
nucleocapsid stability and facilitates the production and release of viral particles; and finally, E 
protein, which is important for viral production and maturation (Figure 2) (12).  
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Figure 2 – Schematic representation of the genomes of SARS-CoV-2. Adapted from (13).  

The S protein is divided into two subunits, the S1 subunit and the S2 subunit, each with its own 
specific function. The S1 subunit is responsible for the recognition and binding to the ACE2 
receptor, while the S2 subunit allows the fusion between the membrane in SARS-CoV-2 and the 
host membrane. However, the S1 subunit possesses the receptor-binding domain (RBD) that has 
affinity for the ACE2 receptor (Figure 3) (14). The RBD region contains a core and receptor-
binding motif (RBM), in which mutations may occur that affect the infectivity, pathogenesis, and 
interspecies transmission of SARS-CoV-2 (15). It is known that the RBD region of SARS-CoV-2 is 
very similar to that of SARS-CoV, which offers some knowledge that have been carried out with 
the S protein of SARS-CoV as a basis to understand the whole process of interaction of this protein 
with its receptor (2,15).  Li et al. described that residues 479 and 487 from S protein of SARS-CoV 
are important for efficient infection of cells presenting ACE2, since they have a high affinity for 
this receptor (16).  

 

Figure 3 - Molecular structure of SARS-CoV-2. Adapted from (17).  

1.2.3. SARS-CoV-2 life cycle 
SARS-CoV-2 is a cytopathic virus, since it causes cell death in host cells as part of its replication 
cycle (18). The presence of its target receptor, ACE2, is significantly elevated in alveolar type II 
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epithelial cells, which are responsible for the gas exchanges that occur in the lungs (19). Moreover, 
this receptor is also found in type I pneumocytes, endothelial cells, heart, intestines, blood vessels, 
kidneys and bladder (20,21). However, type II alveolar epithelial cells are the main viral reservoir 
allowing dissemination of the virus throughout the body and between individuals (20,22). 

The entire replication cycle process begins with the recognition and binding to the ACE2 receptor 
mediated by the S protein, through the RBD region located in the S1 subunit that promotes 
receptor recognition (12). The RBD region is constantly undergoing conformational change, 
moving from a more open conformation (standing-up position) at the time of binding to the ACE2 
receptor, to a more closed conformation (lying-down position) allowing escape from the immune 
system (23,24). When the RBD region and the ACE2 receptor interact, SARS-CoV-2 is 
endocytosed into the host cell to form an endosomal vesicle. In this vesicle, there is an increased 
influx of H+ protons promoting the activation of cathepsin L that will activate the S protein and 
thus allow fusion of the viral membrane, and subsequently, the release of ssRNA from the 
endosome (Figure 4) (25). 

When comparing SARS-CoV with SARS-CoV-2, the affinity between the RBD region and the 
ACE2 receptor is higher in SARS-CoV-2 (15). By cryo-electron microscopy it was observed that 
the RBD region of SARS-CoV-2 is mostly in the closed conformation (26,27). Because of this 
conformation, the binding capacity between the S protein of SARS-CoV-2 and the ACE2 receptor 
is equal to or less than of SARS-CoV (23). Since binding to the ACE2 receptor is limited, SARS-
CoV-2 has developed another strategy to facilitate its binding and internalization by the target 
cell, using activation of host proteases (27). This mechanism is used to cleave the bond between 
the S1 and S2 subunit and at the S2' site of the S protein in order to dissociate both subunits and 
thus allow the fusion between the SARS-CoV-2 membrane and the host cell membrane (24,28). 
Transmembrane serine protease 2 (TMPRSS2) mediates this cleavage in the S protein thus 
facilitating membrane fusion, releasing ssRNA into the cytoplasm of the host cell  (25). Once 
inside the cell, firstly the SARS-CoV-2 RNA serves as messenger RNA (mRNA) for the open 
reading frame (ORF1) sequence to be translated into viral replicases, which will be subsequently 
cleaved by viral proteinases. This initial step will let the synthesis of viral RNA, which is composed 
by 2 parts: the first step being genomic replication and the subsequent sub-genomic RNA 
transcription that will be translated into structural proteins. These proteins are important for the 
RNA synthesis by the RNA-dependent RNA polymerase (RdRP) that will be responsible for the 
genomic RNA replication and will be released due to the fusion with the host cell membrane. The 
involvement of viral genetic material with the cell membrane constitutes an immune system 
evasion mechanism since the pattern recognition receptor (PRR), which is able to trigger an 
immune response against the pathogen, is protected inside the cell membrane (29). 
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Figure 4 - The mechanism of COVID-19 infection and the amplification process of SARS-CoV-2. Adapted 
from (29). 

1.2.4. Immune response against SARS-CoV-2 
Innate immunity is the first line of defense against pathogens, with the expression of type I 
interferons (IFN-I) and pro-inflammatory cytokines being the "alarm" signal (29). Innate 
immunity by itself has three main goals, namely restricting viral infection only in already infected 
cells, creating an antiviral environment by recruiting effector cells and initiating the priming of 
adaptive immunity. The activation of adaptive immunity is more time-consuming, since it is 
necessary to select and expand T and B cells specific for that particular antigen (Figure 5) (30).  
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Figure 5 - SARS-CoV-2 alarming the innate and adaptive immune system. (1) Entry of the SARS-CoV-2 via 
cells within the nasal cavity and the upper and lower respiratory tract. (2) Recognition, binding between 
ACE2 and S protein of SARS-CoV-2, fusion of the membrane and RNA release. (3) SARS-CoV-2 is most 
likely recognized by PRRs recognizing foreign RNA including endosomal TLR3 and TLR7. (4) Triggering 
signaling pathways that will activate the transcription of inflammatory cytokines, IFN-I and IFN-III. 
Recruitment of cells of the innate immune system to contain infection. (5) Expression of the antigen by the 
infected cell. Adapted from (31).  

As mentioned earlier, SARS-CoV-2 has the ability to evade early innate immunity (30), preventing 
the triggering of innate immune responses associated with type I and type III IFNs (32). If there 
is a delay in the innate immune response, COVID-19 becomes more aggressive. This delay allows 
the virus to significantly advance in replication, the non-development of the adaptive immune 
response is compromised and prolonged in time, thus resulting in severe lung disease (30,33). 

1.3. Vaccines and Therapies 
1.3.1. Inhibitors of virus entry 

Arbidol is an antiviral drug against the Influenza virus that targets viral haemagglutinin (HA). 
This antiviral apparently prevents the binding of SARS-CoV-2 to its receptor and has an anti-
inflammatory activity (34). When the sequences of the S protein of SARS-CoV-2 and the HA of 
influenza are compared, there is a small region of the S2 subunit (aa947 - aa1027) of the S protein 
of SARS-CoV-2 that resembles to the HA of influenza virus. The structural similarity was also 
demonstrated in the arbidol-binding region of both the S protein and HA. These structural and 
sequence similarities can be explored to develop a possible treatment against COVID-19 (35). A 
study by Z. Wang et al. showed that arbidol has a beneficial effect on the recovery of infected 
patients associated with a decrease in mortality (36). 

The use of a soluble form of recombinant human ACE2 (hrsACE2) is a strategy that allows the 
neutralization of SARS-CoV-2 by blocking the S protein and by hyper-activating the renin-
angiotensin system and increasing plasma angiotensin II concentration. Zoufaly et al. showed 
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that hrsACE2 administration decreased the plasma concentration of angiotensin II and also 
promoted a decrease in levels of pro-inflammatory cytokines (IL-6 and -8) and other 
inflammatory markers (TNF-α and ferritin) (37). 

Chloroquine (CQ) and hydroxychloroquine (HCQ) are drugs used as anti-malarial and in the 
treatment for autoimmune diseases such as lupus and rheumatoid arthritis. They act as entry 
blockers for the virus, by increasing the pH in the endosomal vesicle formed when the host cell 
membrane fuses with the virus membrane. They also interfere with the glycolysis of the SARS-
CoV cell receptors (38,39). Studies have described that, regardless of the excellent activity 
demonstrated against Influenza, there is no clinical benefit in the administration of CQ and HCQ. 
The use of these drugs is associated with cardiovascular and other risks when administered in 
high doses or combined with other types of treatments. Both CQ and HCQ have 
immunomodulatory activity against COVID-19, with mechanisms unknown so far, but may be 
related to the inhibition of the anti-viral immune response, both innate and adaptive (39). 

1.3.2. Proteolytic Inhibitors 
Proteolytic inhibitors have been used in the treatment of human immunodeficiency virus (HIV), 
such as lopinavir combined with ritonavir, being approved by the FDA (Food and Drug 
Administration) (40). Against SARS-CoV-2, lopanavir alone and in combination with ritonavir 
have been tested, however, it has been found that when applied alone, it shows effective 
neutralisation with an acceptable EC50 concentration (41).  

However, the combination with ritovanir has not been shown to have any beneficial effect on 
patients infected with COVID-19 or on the mortality rate caused by it, so further trials will be 
needed to improve the efficacy of this combination (42). 

1.3.3. RNA polymerase inhibitors 
Favipairavir (FVP) is a purine analog that has the ability to inhibit RdRP and has demonstrated 
effects against influenza virus, RNA viruses, and SARS-CoV-2 in vitro (43). FVP is currently in 
phase III clinical trials with satisfactory results, but further clinical trials are still needed (19). 

Remdesivir, also known as GS-5734, is a prodrug analog of adenosine and has a range of antiviral 
action against filoviruses, paramyxoviruses, pneumoviruses, and CoVs. In in vitro studies, this 
product inhibited SARS-CoV-2 and showed antiviral activity in animal models against SARS-CoV 
and MERS-CoV (44). The use of remdesivir allowed an increase in the patients' recovery time, 
although this was not reflected in survival rates. In clinical trials, there was a 3.8% decrease in 
mortality when compared to the placebo group. However, the WHO has expressed its opposition 
to the use of this drug in hospital settings (19). 

1.3.4. Vaccines 
Vaccines were the first approach to be researched and developed for pandemic control, being the 
most effective method for acquiring immunity against a pathogen. Due to the global mobilization 
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to fight this pandemic, several countries have focused on research and development of vaccines 
against COVID-19, and more than 600 vaccines are in clinical trials, 35 of which have already 
been approved in several countries (Figure 6) (45). 

      

Figure 6 – Scheme showing all vaccines being studied worldwide, and the types of vaccines. Adapted from 
(45). 

1.3.4.1. Inactivated virus vaccine 
Inactivated virus vaccines are produced by exposing virulent viruses to chemical or physical 
agents, for example, formalin or β-propiolactone (46). To date, three inactivated virus vaccines 
have been approved by WHO.  

Covaxin (BBV152), formulated with aluminum hydroxide gel adjuvants (Algel) or 7/8 
chemoattractant toll-like receptor (TLR) agonists adsorbed on Algel, was verified for 
immunogenicity and safety in in vivo studies. A significant response was generated and reflected 
in the increase of neutralizing antibodies (NCT04641481; NCT05258669; NCT04918797; 
CTRI/2022/02/040065) (Table 1) (47). This vaccine has been approved in 14 countries, 
including India, Mexico and Iran. 
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Table 1 – List of vaccines in phase III and approved by the WHO.  

ID Number Phase Vaccine 
Name Properties Vaccine Features Status 

NCT04641481 
NCT05258669 
NCT04918797 

CTRI/2022/02/040065 

III Covaxin 

Inactivated 
virus 

Whole-Virion 
Inactivated 

SARS-CoV-2 Vaccine 
Approved 

ChiCTR2000032459 
IRCT20171122037571N3 

NCT05109559 
III Covilo 

Whole-Virion 
Inactivated 

SARS-CoV-2 Vaccine 
Approved 

NCT04352608 III CoronaVac 
Whole-Virion 

Inactivated 
SARS-CoV-2 Vaccine 

Approved 

ISRCTN15779782 III COVI-VAC 
Live  

Attenuated 
virus 

- Phase III 

NCT04611802 
NCT04583995 
NCT05249816 
NCT05236491 

CTRI/2021/02/031554 

III Novavax Protein  
Subunit 

S protein with matrix M 
adjuvant Approved 

NCT04636697 III Covifenz VLPs 

Complete S protein 
expressed in N. 

benthamiana plants 
with adjuvant 

Approved 

NCT04505722 III Janssen 

Non-
Replicating 
Viral Vector 

Recombinant and 
replicating Ad26 

encoding a stabilized S 
protein 

Approved 

NCT04516746 III AstraZeneca 

Non-replicating 
chimpanzee adenovirus 

vector vaccine 
expressing the FLS-
CoV-2 glycoprotein 

gene 

Approved 

NCT04368728 III Comirnaty 

RNA 

mRNA encodes the 
RBD of the SARS-CoV-

2 S protein with 
adjuvant 

Approved 

NCT04927065 III Spikevax 

mRNA encoding the S-
2P antigen composed of 

the S protein and the 
intact S1-S2 cleavage 

site 

Approved 

CTRI/2021/01/030416 III ZyCoV-D DNA 

Plasmid vector pVAX1 
DNA that encodes S 

protein along with the 
sequence coding for the 

IgE signal peptide 

Approved 
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Covilo (BBIBP-CorV), containing aluminum hydroxide as an adjuvant, is a safe and immunogenic 
vaccine, producing humoral immune responses by day 4 of vaccination. Phase I/II studies have 
shown that administration of two doses, on day 0 and 21 or day 0 and 28, showed high levels of 
neutralizing antibodies (ChiCTR2000032459; IRCT20171122037571N3; NCT05109559) (Table 
1) (48). It has been approved in over 90 countries and implemented by the African Approved 
Regulatory Working Group and the Caribbean Approved Recommendation for Emergency Use of 
the Regulatory System.  

CoronaVac, also with aluminum hydroxide as an adjuvant, demonstrated to be a safe and 
immunogenic vaccine. It showed favorable conditions to be approved for phase III clinical trials 
in both dosing and booster vaccines (NCT04352608) (Table 1) (49). It has been approved in over 
50 countries and implemented by the African Approved Regulatory Working Group and the 
Caribbean Approved Recommendation for Emergency Use of the Regulatory System. 

1.3.4.2. Live attenuated virus vaccine  
Live attenuated vaccines allow replication of the virus, amplifying the antigen for presentation to 
the immune system. The advantage of this technology is that it mimics wild-type virus replication, 
eliciting an immune response similar to what would occur in natural infection (46). 

COVI-VAC in phase I clinical trials involved 48 volunteers to test three different doses of the 
vaccine for safety and dose-response (NCT04619628; NCT05233826) (Table 1) (50). It is 
currently in phase III clinical trials that will assess the safety of the vaccine by monitoring and 
reporting adverse events (AEs) at any time after vaccination (ISRCTN15779782).  

1.3.4.3. Subunit vaccine  
Subunit vaccines contain the antigen (toxoid, submolecular fragments, and surface molecules) 
purified rather than using the whole virus. When protein antigens are applied, the T-cell-
dependent adaptive immune response is elicited. But when polysaccharide antigens are applied, 
it is the T-cell-independent response that is developed (51). 

Novavax (NVX-CoV2373) is the subunit vaccines approved by the WHO based on recombinant S-
glycoprotein nanoparticles with matrix adjuvant-M1. In phase I/II clinical trials, the vaccine has 
shown to be safe and effective, providing an immune response by T helper (Th) cells. The adjuvant 
inclusion allowed an enhanced response with respect to the development of neutralizing 
antibodies and Th (52). The phase III clinical trials included a total of 15,187 participants, in which 
common reactogenicities such as tenderness, pain at the injection site, fatigue and muscle pain 
were reported. This vaccine revealed 89.8% of efficiency (NCT04611802; NCT04583995; 
NCT05249816; NCT05236491; CTRI/2021/02/031554) (Table 1) (53). It is approved in over 30 
countries, including Belgium, Italy, Portugal, and Spain, and is on the WHO Emergency Use 
Listing.  
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1.3.4.4. Virus-like Particles Vaccines 
Virus-like particles (VLPs) are used to enable effective epitope presentation by antigen-presenting 
cells (APCs) to present heterologous epitopes at high density to T and B cells. This approach 
produces a protective immune response similar to inactivated virus vaccines (54,55). 

Covifenz has the complete SARS-CoV-2 S protein that was expressed in N. benthamiana plants 
using A. tumifaciens transfection, being tested with two different adjuvants: AS03 adjuvant and 
CpG1018 adjuvant. In phase I clinical trials, all formulations were well tolerated, and AEs were 
mild to moderate, transient, and higher in the adjuvant groups. Levels of neutralizing antibodies 
were almost zero, but these increased significantly in the adjuvanted formulations 
(NCT04450004) (Table 1) (56). In phase II/III clinical trials involving about 24,000 volunteers, 
the vaccine showed an efficacy of 69.5% against symptomatic infections and 78.8% in moderate 
to severe disease (NCT04636697) (57). Covifenz is currently only approved in Canada. 

1.3.4.5. Non-Replicating Viral Vector Vaccine 
The use of viral vector-based vaccines promotes long-term stability and a high level of protein 
expression that will induce robust immune responses while remaining harmless (58,59).  

Janssen (Ad26.COV2.S) is a recombinant and replicating adenovirus serotype 26 (Ad26), 
encoding a SARS-CoV-2 stabilized S protein. During phase I/II clinical trials, AEs such as fatigue, 
headache, myalgia, and pain at the injection site were reported, with the most frequent systemic 
AE being fever. Antibody titers were detected in 90 % of participants and spike-binding antibody 
responses being of the neutralizing antibody type. The CD4+ T-cell responses were detected in 60 
to 83% of participants, depending on the dose administered (NCT04436276) (60). In phase III 
clinical trials it has been shown that a single dose of Ad26.COV2.S provided 52.9% protection 
against moderate to severe–critical COVID-19 (NCT04505722) (Table 1) (61). Today, Janssen is 
approved in over 100 countries including Portugal, Spain, and France. 

AstraZeneca (ChAdOx1 nCoV-19) is a non-replicating chimpanzee adenovirus vector vaccine, 
expressing the FLS-CoV-2 glycoprotein gene. In phase I/II clinical trials, three doses of the 
vaccine were studied to assess its reactogenicity and immunogenicity. The study showed that the 
levels of neutralizing antibodies increased 28 days after the administration of the first dose. When 
the third dose was given, neutralizing antibody levels increased again after 28 days. An increase 
in T-cell responses was also seen after a third dose (28 days) (NCT04324606, NCT04400838) 
(62). When the vaccine progressed to phase III clinical trials, a total of 32,451 participants were 
involved. The vaccine showed an efficacy of 74%. S and RBD antibody titers increased 57 days 
after injection. The neutralizing antibody levels also increased after 57 days (NCT04516746) 
(Table 1) (63). Besides of being a vaccine placed on the WHO Emergency Use Listing, it was 
approved in 138 countries. 
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1.3.4.6. Nucleic acid vaccines 
1.3.4.6.1. RNA vaccines 

RNA encodes the genetic information that enables the synthesis of proteins (58). mRNA-based 
vaccines then allow the transport of mRNA that will encode a virus protein. However, RNA is a 
relatively unstable molecule and optimizations have been required to improve its stability and 
protein translation efficiency, also improving its immune response (64). 

There are two WHO-approved RNA vaccines that have been administered globally to combat this 
pandemic, and they were among the first vaccines to be approved. One of them was developed by 
BioNTech SE and Pfizer and it is a RNA vaccine encapsulated in lipid nanoparticles, called 
Comirnaty. The mRNA encodes the RBD of the SARS-CoV-2 S protein, which is fused to a folded 
trimerization domain derived from T4 fibritin to increase the vaccine immunogenicity. The 
stability and translation efficiency of the mRNA was improved by incorporating 1-
methylpseudouridine instead of uridine to decrease immunogenicity in the innate immune 
response and to increase translation in vivo. The clinical trials for BNT162b1 revealed an increase 
in CD4+ and CD8+ T-lymphocytes as well as a strong response by the humoral component of the 
immune system, with anti-RBD IgG antibodies being detected at a higher concentration than 
patients subsequently on COVID-19. The level of neutralizing antibodies 43 days after vaccine 
administration increased between 0.7 and 3.5 depending on the dose administered. They also 
found that most of volunteers had Th1 lymphocytes, CD8+ and CD4+ T lymphocytes specific for the 
RBD of S protein (65,66). Another vaccine from the same company, BNT162b2, is based on the 
same technology but encodes the S protein of the complete SARS-CoV-2 modified by mutation of 
two proline proteins to fix its pre-fusion conformation, which will improve the development of 
neutralizing antibodies. In clinical trials, levels of neutralizing antibodies were similar to 
BNT162b1, however, it shows a lower systemic reactivity in volunteers between 65 and 85 years 
of age (67). The phase III clinical trials (NCT04368728) involved more than 43,000 volunteers, 
aged 16 years and older, and demonstrated 95% efficacy in preventing COVID-19. 

Other vaccine designed by the company Moderna, Spikevax (mRNA-1273), is based on a mRNA 
encoding the S-2P antigen, composed by the S protein and the intact S1-S2 cleavage site. It has a 
pre-fusion conformation stabilized by two mutations in proline 986 and 987 located at the top of 
the central helix of the S2 subunit (68). In phase I clinical trials (NCT04283461) with 45 
volunteers elicited a response from the humoral component of the adaptive immune system was 
greater the higher the dose administered, and this was increased with the second dose of the 
vaccine (69). In phase II/III clinical trials, the vaccine administration of 100 µg was tested and 
showed an increase of the geometric mean titers of neutralizing antibodies against SARS-CoV-2. 
The sero-response rate (booster dose versus primary series in a historical control group) was 
100% after 28 days. Thus, boosting of this vaccine induced a robust neutralizing antibody 
response, and reactogenicity was higher with the 100 µg booster dose compared to the 50 µg 
authorized booster (NCT04927065) (Table 1) (70).  
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1.3.4.6.2. DNA vaccines 
DNA vaccine can promote the delivery of genes or fragments encoding antigens, being safe, non-
immunogenic, stable and inexpensive to produce (71). This technology effectively induces both 
humoral and cellular immune responses. APCs are the major target for receiving the genetic 
material carried by DNA vaccines (64). 

ZyCoV-D is one of the first pDNA vaccines approved in the world. This vaccine is based on a 
plasmid vector pVAX1 DNA that encodes the S protein along with the sequence coding for the IgE 
signal peptide (59). In phase III clinical trials involving 27,703, the vaccine reflected 66.6% 
efficacy, being a safe and immunogenic vaccine (CTRI/2021/01/030416) (72). Until now, this 
vaccine was only approved in India. 

1.3.4.6.3. DNA Vaccine-induced immunity 
DNA delivery occurs in several steps that are initiated with the DNA condensation within the 
delivery systems. Then, the vaccine is subsequently administered into the body, followed by 
targeted delivery to specific cells promoting cellular uptake, endosomal release, nuclear transport, 
and unpacking of the carrier/DNA polyplexes before the final translation step into eukaryotic cells 
(73). 

Following the vaccine presence in muscle tissues, it will be endocytosed by immature dendritic 
cells (iDC) that will preferentially present antigen via major histocompatibility class (MHC I or 
II) to CD4+ and CD8+ T cells in lymph nodes (Figure 7) (74). 

The activation of naïve T cells requires the binding of antigen to specific T cell receptors (TCR) 
coupled with a co-stimulatory signal. CD8+ or CD4+ T cells form T cells based on antigen 
presentation by MHC class I or MHC class II molecules. Extracellular antigens are presented by 
MHC class II, activating CD4+ T cells, also known as T helper cells. On the other hand, intracellular 
antigens presented by MHC class I molecules promote the activation of CD8+ T cells, also known 
as cytotoxic T cells. Thus the cellular pathway of the immune system is activated (51). 
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Figure 7 - Different pathways of the immune response to DNA vaccines. Adapted from (75). 

1.3.4.7. Other strategies 
Other alternatives are based on host protein blockade and immune response modulators. With 
regard to host protein blockade, Camostat mesylate is used in order to block TMPRSS2 activity 
preventing the entry of SARS-CoV-2 into the host cell (76). The modulators of immune responses, 
nitazoxanide interferes with viral infection by downregulating immune escape mechanisms. It 
can amplify the RNA sensing present in the cytoplasm and the type I IFN pathways allowing the 
innate immune system to be more effective. Clinical trials show no real efficacy in vivo. However, 
when applied against SARS-CoV-2 in vitro, it shows promising results but further studies are 
required to understand the role of this drug against COVID-19 (41).  

The use of anti-inflammatory and anti-coagulant agents has been implemented as another 
approach to combat this pandemic as there is a strong inflammatory response in the lungs of 
individuals infected with SARS-CoV-2 (19). The tocilizumab (TCZ) is a recombinant humanized 
monoclonal antibody (mAb) of the IgG1 class whose function is to recognize the IL-6 receptor, 
both in soluble and membrane form  (77). IL-6 is a cytokine that plays a very important role in 
both acute and chronic inflammation. Dysregulation or persistence in the production of this 
cytokine leads to the development of chronic inflammation associated with many diseases such 
as rheumatoid arthritis (RA), juvenile idiopathic arthritis (JIA), and systemic sclerosis (SSc), 
amongst others. TCZ has been applied to combat these pathologies and leads to a decrease in the 
levels of neutrophils, myeloid dendritic cells, monocytes, macrophages, and Th17 lymphocytes; 
an increase in regulatory T cells (T reg); induces the clonal expansion of regular B cells causing a 
decrease in hyperactive B cells and decreases the number of memory B cells in the periphery (78). 
In phase III clinical trials have been registered using TCZ, and additional trials are needed to 

determine the efficacy of this mAb during patient hospitalization (19).  
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Glucocorticoids have a suppressive effect on the immune system and inhibit the exaggerated 
inflammatory process through effective inhibition of pro-inflammatory cytokines, leading to the 
preservation of tissues and organs involved in acute respiratory problems. Since it has such 
capabilities it is used in critical COVID-19 patients who experience high levels of pro-
inflammatory cytokines (79). A clinical trial demonstrated that giving a dose of dexamethasone 
(6 mg) reduced mortality associated with respiratory support patients, but it maybe harmful for 
patients who do not require oxygen support (80).   

The use of plasma from patients who have recovered from COVID-19 to perform passive 
immunization is also a possible therapeutic approach. This route addresses the humoral 
immunity of previously infected patients to help prevent and treat already infected individuals. 
Passive immunization is approved by the WHO for the treatment and prevention of other diseases 
such as polio, measles, mumps, Ebola, SARS, MERS, and H1N1. It has been approved by the FDA 
and WHO despite the failure of other drugs being studied, and there are now several clinical trials 
to test the effectiveness of this therapy (81). A study in which 20,000 patients infected with 
COVID-19 received a convalescent plasma transfusion demonstrated that the application of 
plasma is safe, without complications for patients and also found a decrease in the mortality rate 
(82).  

Related to passive immunization, the administration of neutralizing antibodies has been 
explored. LY-CoV555 (bamlanivimab, LY3819253) is a neutralizing anti-S mAbs with a high 
affinity for the RBD region of the S protein of SARS-CoV-2 and is a derivative of convalescent 
plasma from a patient infected with COVID-19. These mAbs, at the end of phase II clinical trial, 
proved an acceleration in the natural decline of viral load in infected patients with only one 
intravenous administration (83). AZD7442 is a combination of two antibodies, COV2-2196 and 
COV2-2130, isolated from convalescent plasma that can recognize S protein sites and 
synergistically neutralize SARS-CoV-2 when tested in animal models. In vivo tests demonstrated 
decreased viral load and decreased inflammation in lungs (84). There are also more mAbs in 
phase I clinical trials such as VIR-7831, 47D11, CT-P59, ALVR109, STI-1499, IVIG and COVID-
HIG (19). 

1.4. Plasmid DNA 
In the area of gene therapy and DNA vaccines, different vectors can be used such as viral vectors, 
which include adenoviruses, retroviruses and lentiviruses, and non-viral vectors such as plasmid 
DNA (pDNA) and RNA. Viral vectors continue to be the most widely used in research, with 18.5% 
of clinical trials reported to use adenoviruses compared to 14.9% using free pDNA (93). This 
difference is associated with the high transfection efficiency of the viral vectors. However, it 
presents several disadvantages, such as immunogenicity and the capacity of genetic perturbation 
of the host, compromising the safety of this method. Thus, pDNA has been the alternative to non-
viral vectors (94). 
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Plasmid DNA is a small circular DNA molecule, obtained through covalent bonding between two 
ends and is capable of self-replication within a host. The pDNA presents a size that can vary 
between 1 and 1000 kilobase pairs (kbp). It can present different conformations such as 
supercoiled (sc), denatured, relaxed, linear, and open circular (oc) (85). These five conformations 
differ in their size, charge, hydrophobicity, and exposure of bases (86). Over the years, the 
application of therapies such as DNA vaccines and gene therapy have been explored as pDNA is 
capable of expressing a gene of interest (87), has low toxicity and a safe profile to be applied as a 
new generation of biopharmaceuticals (88). The sc isoform is the biologically active conformation 
recommended for gene therapies and DNA vaccines due to absence of structural damages. 
However, the sc isoform can be converted into oc and linear isoforms due to physicochemical 
processes, which makes the purification of this molecule difficult (86).  

To obtain pDNA, the first step is to build the expression vector and select the microorganism for 
its production. Next, the production conditions are chosen (upstream) and finally, the pDNA 
extraction and purification steps are taken (downstream) (Figure 8) (89). 

 

Figure 8 - Schematic representation of the biotechnological approach used in the plasmid DNA production. 
Adapted from (90).  

1.4.1. Construction of plasmid DNA 
The construction of pDNA is the first step in obtaining this biomolecule for application in DNA 
vaccines and gene therapy. It is primordial that the plasmid contains sequences for its replication 
and maintenance inside the microorganism and sequences for expression in the human host. At 
the replication stage, the plasmid must contain an origin of replication (ORI) and a selection 
marker to select the bacteria that have incorporated the plasmid, which could be an antibiotic 
resistance gene. When thinking about the applicability of the plasmid as a biopharmaceutical, it 
must contain a eukaryotic promoter, a termination sequence and the gene of interest  (91). As a 
bacterial host, Escherichia coli (E. coli) is the microorganism par excellence, since it is a well-
known and characterized organism, has a low production cost and a good yield (92). 
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1.4.2. Production of plasmid DNA 
Once the vector of interest is constructed, it undergoes a fermentation process to increase the 
biomass and the number of pDNA copies inside the bacterial host. For this it is necessary to select 
a fermentation medium, pH, temperature and oxygen, as these parameters will influence the 
biomass and plasmid yields obtained (88,91). Thus, the bioprocess culminates with pDNA 
amplification, the final objectives being its extraction and purification of the sc pDNA isoform 
(90). After fermentation and for subsequent cell lysis, the medium with biomass should be 
centrifuged to recover a cell pellet (90). Cell lysis is performed in order to eliminate cellular debris 
and components such as genomic DNA (gDNA), RNA, endotoxins and proteins (89). As a final 
step, pDNA must go through a purification step in order to respect the purity and conformation 

grades implemented by regulatory agencies (90). 

1.4.3. Purification of plasmid DNA 

Chromatography allows to purify biomolecules, such as pDNA, using the various properties of 
each biomolecule (86). The increase of the purification yield is dependent on the optimization of 
the upstream process, since the greater the biomass the greater the quantity of pDNA and the 
extraction allows to eliminate most of the contaminants. There are different chromatographic 
techniques, such as molecular exclusion, hydrophobic, reverse phase, anion exchange and affinity 
(93), that explore the size, charge, hydrophobicity, base exposure and affinity of pDNA (94). 
Despite technological advances, poor selectivity and co-elution of molecules with similar 
properties has been a challenge for researchers dealing with sc pDNA purification (94). 

1.4.3.1. Size-exclusion Chromatography 
Size-exclusion chromatography (SEC) is based on the difference in sizes of the lysate components 
(94). It can be used to eliminate low molecular weight molecules such as RNA and endotoxins 
(88). There are two types of media for SEC, Superose 6 (Pharmacia BioTech) and Sephacryl S1000 
(Pharmacia Biotech). For both supports, the high molecular weight nucleic acids, gDNA and 
pDNA, are excluded from the matrix, being eluted in a first instance, and finally, the low molecular 
weight components enter the pores of the matrix delaying their elution (89). However, this 
technique shows poor selectivity for pDNA isoforms. Therefore, SEC is idealized for a final 
purification step to remove contaminants (endotoxins, gDNA and RNA) from sc and oc pDNA 
isoforms (85). 

1.4.3.2. Hydrophobic Interaction Chromatography 
Hydrophobic interaction chromatography (HIC) is based on the hydrophobic characteristics of 
biomolecules, which promote reversible interactions with the hydrophobic groups of matrix 
ligands. To promote binding of the lysate components to the chromatographic matrix, a buffer 
with a high salt concentration is required. The elution of the molecules takes place gradually with 
decreasing salt concentration in the buffer, which weakens the biomolecules hydrophobicity (94).  
However, this technique presents disadvantages at industrial level, since a high salt concentration 
is associated with high cost and an environmental impact. Despite this disadvantage, HIC can 
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preserve the biological structure and activity of biomolecules. Parameters such as temperature, 
pH and salts influence the selectivity and retention capacity of HIC and can be optimized to 
improve the separation of biomolecules (95).  

1.4.3.3.  Reverse Phase Chromatography 
Reversed-phase chromatography (RPC) is based on hydrophobic interactions between 
biomolecules and the polar stationary phase, requiring high salt concentrations in the binding 
step. The elution is mediated by the decrease in polarity of the stationary phase (93). However, 
this elution is performed with organic solvents, which are toxic, mutagenic and volatile, and can 
compromise the biomolecules integrity, being a problem for large scale purifications (85). 

1.4.3.4. Anion Exchange Chromatography 
Anion exchange chromatography (AEC) uses a positively charged stationary phase that allows the 
adhesion of negatively charged pDNA due to the presence of phosphate groups. The increase in 
salt concentration allows the elution of pDNA depending on the size of the molecules, whereby 
the greater the number of phosphate groups the greater the negative charge (86). However, the 
elimination of RNA, gDNA, proteins and endotoxins is hampered, since they have a similar 
affinity for pDNA, which causes co-purification (95,96). This selectivity problem makes pDNA 
purification more difficult to achieve in just one AEC step (96).  

1.4.3.5. Affinity chromatography 
Affinity chromatography (AC) allows separation due to the high selectivity between matrix ligands 
and biomolecules. The use of different types of interactions such as hydrogen bounds, ionic or 
hydrophobic interactions and van der Waals forces allow the separation of pDNA, RNA, gDNA 
and impurities, based on the physicochemical characteristics of each component of the cell lysate 
(86). AC allows purifications with high yields and relatively low costs, but ligands have some 
limitations, such as some fragility and low binding capacity (94). There are different types of AC 
such as immobilized metal affinity chromatography (IMAC), triple-helix affinity chromatography 
(THAC), amino acid-DNA and protein-DNA affinity chromatography (85). One of the great 
advantages of this type of chromatography is that it has the ability to separate pDNA isoforms, 
namely sc and oc isoforms (86). 

1.5. Minicircle DNA 
Despite the advantages presented by pDNA face to viral vectors, it also presents some limitations 
in regard to transfection efficiency and transgene expression. These limitations are associated 
with the size of the vector, with smaller plasmid sizes being better for reaching the nucleus; the 
topology of the vector, in which the sc isoform plays a key role from a therapeutic standpoint; and 
the content of the DNA vector (97).  
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To overcome these problems, the minicircular DNA molecule (mcDNA) has emerged as an 
innovative technology. The mcDNA is obtained through the recombination process of a plasmid 
mediated by specific recombination sites, obtaining two molecules: miniplasmid (mP) and 
mcDNA (98). Therefore, mcDNA is a small molecule, more stable, with high bioavailability, good 
capacity for transfection and transgenic expression, which highlights the potential therapeutic 
application of this biomolecule (99). 

1.5.1. Minicircle DNA production 
Minicircle DNA production is based on in vivo recombination of parental plasmid (PP) into 
mcDNA and mP (99). Recombination is initiated in the presence of an inducer, L-arabinose, 
which allows the expression of integrase ΦC31 and endonuclease I-SceI (100). The ΦC31 integrase 
will recognize the recombination sites and cleave them, while the I-SceI endonuclease will 
recognize the 32x SceI restriction site present in PP and mP (101,102). The E. coli strain 
ZYCY10P3S2T has an inducible system, pBAD/AraC, that allows the expression of these enzymes 
that will subsequently cleave the recognition sites, attP and attB, and degrade the unrecombined 
PP and mP (Figure 9) (100). 

 

Figure 9 - Schematics of mcDNA recombination. Once L-arabinose is added PP recombines in mcDNA by 
ΦC31 integrase action, who recognize attP and attB recombination sequences. Adapted from (102). 

 
1.5.2.  Minicircle DNA purification 

mcDNA is a novel technology with high potential for a therapeutic application, but at the end of 
the production process, the presence of other isoforms, non-recombinant PP and mP make 
mcDNA purification difficult. Thus, different mcDNA purification strategies have been explored 
(103).  

Mayrhofer and colleagues developed a PP with an intrinsic sequence corresponding to a part of 
mcDNA after its recombination. This insert allows the isolation of mcDNA by AC through binding 
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to a specific ligand, the repressor of the lactose operon protein lactose. This method allowed a 
recombination efficiency above 99.5% with a purity above 98.5% (104). On the other hand, Hou 
et al. studied the improvement of triplex DNA technology to eliminate mcDNA impurities. They 
placed a pair of TriD-forming sequences to cleave the kanamycin resistance gene of PP. 
Subsequently the recombination products were incubated with biotinylated DNA 
oligonucleotides and the TriDs were removed by binding to streptavidin-coated magnetic beads 
(105). Another approach was described by Alves and colleagues that combines an enzymatic 
relaxation of the unrecombined PP and mP, via the nicking endonuclease Nb.BbvCI. Thus, 
unrecombined sc mPs and PPs are converted into oc isoforms, while sc mcDNA remains 
unchanged. Finally, the sample is purified through HIC allowing to obtain mcDNA free of 
impurities (106). Another approach is the use of a monolithic anion exchange column (CIM® 
DEAE-1). This strategy allowed to obtain pure mcDNA sc isoforms, successfully removing 
impurities from other isoforms and residues from E. coli. However the use of this monolithic 
column only allowed the recovery of 50% of the sc mcDNA (99).  

The mcDNA can also be purified by SEC using a Sephacryl S-1000 matrix. This method allowed 
the recovery of 66.7% of mcDNA with 98.1% purity. SEC is a simple and effective strategy in the 
isolation of sc mcDNA, and allows a good separation between gDNA, PP, RNA and mcDNA (107). 
Despite this result, for higher molecular weight molecules, the separation by SEC becomes more 
complicated due to the low porosity of the matrix, which sometimes leads to the co-elution of 
molecules with larger sizes, for example gDNA. Thus, this technique has a great potential for the 
separation of small molecules, between 5 and 8.2 kbp (107), despite the time spent on this 
chromatography. Still, the presence of non-degraded PP and mP in the upstream part of the 
production process makes mcDNA purification difficult due to the similarity of sizes and isoforms 
(108). 

The combination of monoliths with amino acid-based ligands appears to be a good strategy for 
nucleic acid purification. Lysine and its decarboxylated derivative, cadaverine, were explored as 
immobilised ligands on monolithic supports for the purification of the sc isoform of mcDNA. This 
cadaverine-modified support interacted more with mcDNA than the lysine-modified monolith at 
acidic pH and showed better selectivity, promoting the isolation of the mcDNA sc isoform. 
Moreover, the purity level was in accordance with the recommendations of the regulatory 
agencies. The results obtained show the potential of cadaverine-modified monolith as a viable and 
advantageous chromatographic strategy for the purification of the sc isoform of mcDNA, as it is a 
simple, practical and efficient approach (109). 

1.6. Gene Delivery Systems 
Nucleic acid-based therapies and vaccines have gained a lot of attention in biotechnology, 
pharmacology, and medicine. However, over the years, strategies to improve the efficacy and 
targeting of these molecules have been studied. The development of delivery systems, namely 
nanoparticles (NPs), allows the encapsulation and control of the biomolecules release, improves 
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tissue penetration and cellular uptake due to their nanoscale, and protects nucleic acids from 
intra- and extracellular barriers. These NPs can interact with the cell surface and when inside 
cells, deliver the respective nucleic acid (110). Delivery systems can be divided into viral vectors 
and non-viral vectors (111). 

1.6.1. Viral Vectors 
Viral vectors for the development of vaccines against COVID-19 have been explored due to their 
gene transfection efficiencies, specific delivery to target cells, and trigger robust immune 
responses, enhancing cellular immunity. Among the various viral vectors, adenovirus, poxvirus, 
lentivirus, measles virus, rhabdovirus and alphavirus type vaccines are the most studied to fight 
the pandemic (Figure 10) (112,113). 

Adenoviruses have been firstly used as vectors for gene therapy. Recently, their use for DNA 
vaccines has been increasing. They are characterized as non-enveloped viruses with double-
stranded DNA. So far, about 50 serotypes have been identified, being divided into 6 subgroups 
from A to F. However, only five serotypes can infect human cells (114). Adenoviruses are vectors 
of low pathogenicity, have a high capacity to express viral proteins, can deliver the viral genome 
inside the nucleus and have infection properties. Its infective capacity reaches both dividing and 
non-dividing cells and can carry DNA between 8-10 kbp (113). 

Poxviruses are characterized as double-stranded DNA (dsDNA) enveloped viruses with a capacity 
to carry more than 30 kb of genetic information. Modified Vaccinia Ankara (MVA) is a highly 
attenuated strain derived from the vaccinia strain Ankara. Its modification allowed the 15% loss 
of its genome and the ability to replicate in mammalian cells (112,113). 

Lentiviruses are widely used for cell and gene therapies as they allow gene transfer and integration 
for therapeutic benefit. They are capable of transfecting dividing and non-dividing cells, such as 
neurons, hematopoietic stem cells, and those of the immune system, namely T cells. They have 
the ability to transport genes up to 11 kbp (115). 

Measles virus (MV) are non-segmented, negative sense, ssRNA enveloped viruses of ∼16 kb. They 
possess a capacity to carry 6 kb of genetic material and being able to self-amplify cytoplasmic RNA 
(112,116). 

Rhabdoviruses (RABV) are MV-like viruses with negative polarity ssRNA capable of carrying 
genes up to 6 kb. There are two well-studied RABVs, rabies virus, of the genus Lyssavirus, and 
vesicular stomatitis virus (VSV), of the genus Vesiculovirus. Both have genomes between 11-12 
kbp, but differ in biology (112,117). 

Alphaviruses are self-amplifying ssRNA viruses with a positive-strand polarity. They can carry 8 
kbp. In recent years several vectors have been designed such as the Sindbis virus (SIN) expressing 
herpes simplex virus type 1 glycoprotein B (HSV-1-gB), the Semliki Forest virus (SFV) centered 
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on the expression of bovine viral diarrhea virus (BVDV) p80 (NS3) in BALB/c mice, and the 
Venezuelan equine encephalitis virus (VEE), based on the expression fusion of the M. tuberculosis 
antigens α-crystallin (Acr) and Ag85B (118).  

 

Figure 10 - Viral vectors examples used to deliver nucleic acids for COVID-19 vaccines. 

1.6.2. Non-viral vectors 
Despite the advantages that viral vectors may present, they have drawbacks including 
carcinogenesis, immunogenicity, broad tropism, limited DNA packaging capacity, and difficulty 
of vector production. It also presents limitations in terms of safety. Non-viral vectors have the 
potential to carry higher genetic payloads and are easier to synthesize compared to viral vectors. 
These vectors allow the delivery of DNA, mRNA, siRNA, and microRNA (miRNA) mimics (119). 
For DNA delivery, two methods can be applied: (i) chemical methods, in which transporters that 
undergo various chemical reactions are used; (ii) physical methods, by the action of physical 
forces that succeed in weakening and allowing it to permeate the membrane (120). 

1.6.2.1. Physical Methods 
Cells present an electric potential difference between the internal and external parts of the 
membrane, displaying a resting potential between -40 and -70 mV. If a cell is exposed to an 
external electric field, this will cause structural changes in the membrane as well as changes in its 
constituent molecules (121). The electroporation process provides small electrical pulses that 
favor the formation of transient pores in the cell membrane. During this period, the DNA crosses 
the destabilized membrane to the interior of the cell (122).  

DNA delivery via microneedle allows direct injection of DNA into a target tissue via a micro-
needle array. This injection allows a localized delivery and the molecule uptake is achieved by 
physical damages, when inserting the needles and the pressure required to inject the DNA (123). 

Gene gun is a technology that permits delivery to target cells and tissue using biocompatible heavy 
metal accelerated particle carriers, such as gold, tungsten, or silver. This method reduces the 
amount of DNA used and is a more efficient dose-response strategy (120,122). This approach is 
often used for intramuscular, intradermal, and intratumoral DNA vaccination. The applications 
of gene guns are mainly limited to superficial tissues such as skin and muscle, as it can deliver 
DNA only at a depth between 100-500 µm (124). 
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Magnetofection consists of delivering DNA with magnetic particles that are controlled by an 
external magnetic field, allowing the efficiency of the therapy to be increased. It has several 
benefits such as higher efficiency, requiring a lower dose of nucleic acid, shorter delivery time, 
and the ability of transfection local and in a limited area (125). 

Hydrodynamic gene delivery uses rapid injection of high-volume DNA solution, leading to 
momentary cardiac congestion, which allows an increase of hydrodynamic pressure in the inferior 
vena cava. Although, it provides effective gene transfer, its clinical application is restricted due to 
the high-volume injection (124). 

Sonoporation uses ultrasound to briefly permeabilize the membrane to allow the passage of 
exogenous molecules into the cells. Although less effective than hydrodynamic injection and 
electroporation, sonoporation has been gaining interest due to its non-invasiveness, safety, 
simplicity, and flexibility compared to other non-viral vector delivery methods (123,124). 

1.6.2.2. Chemical Methods 
The use of cationic lipids has also been explored for the delivery of DNA. They are positively 
charged amphiphilic  molecules with a similar molecular structure to natural lipids, the main 
difference being the cationic head group (119,126). 

The use of cationic polymers for DNA delivery is associated with their potential to form 
polyelectrolyte complexes with nucleic acids. They mediate transfection by condensing nucleic 
acids, protecting them against enzymatic degradation and enhancing cellular uptake and 
endolysosomal escape. The most studied polymers are poly(ethyleneimine) (PEI), poly-L-lysine 
(PLL), poly[2-(N,N-dimethylamino)ethyl methacrylate] (PDMAEMA), chitosan (Ch) 

(127), poly(amidoamine) (PAMAM) (128), poly(β-amino ester) (PAE) (129), and β-cyclodextrin-
containing polycations (119). 

The advantage of using cationic polymers is to obtain smaller and usually water-soluble 
complexes. They promote protection to DNA against nucleases, improve the reach of target cells 
and permeate the cell membrane. An example of these cationic polymers is chitosan, which is able 
to increase immune efficiency by providing mucoadhesive characteristics (130). Coupling a 
cationic peptide to a cationic polymer can improve the uptake of the system by target cells as well 
as enhance its ability to penetrate the cell membrane. In this field, octaarginine (R8) is a small 
cationic peptide with the ability to penetrate the cell membrane (131). 

1.6.3. Chitosan 
Chitosan (Ch) is a cationic, hydrophilic polymer that results from the alkaline hydrolysis of chitin. 
It is characterized as a non-toxic and biocompatible polymer consisting of randomly distributed 
β-(1, 4)-linked d-glucosamine (deacetylated) and N-acetyl-d-glucosamine (acetylated) units 
(132).  The degree of deacetylation influences its biodegradability, immunological activity, 
solubility, and physicochemical characteristics. Chitosan is classified according to its molecular 
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weight, with three main types: (i) low molecular weight (LMW) Ch (< 150 kDa), (ii) intermediate 
molecular weight Ch (150 - 700 kDa), and (iii) high molecular weight (HMW) Ch (700 - 1000 
kDa) (133).  

Chitosan is soluble in acidic media (acetic acid, citric acid, glutamic acid, aspartic acid, 
hydrochloric acid, lactic acid) and insoluble at neutral and alkaline pH values. In addition to pH, 
its solubility is influenced by the degree of deacetylation, molecular weight, and ionic strength of 
the solution. Under physiological conditions, it is easily digested by lysozymes and chitinases, 
produced by the normal flora of the intestine or existing in the blood. This polymer is in high 
demand by the pharmaceutical industry for drug delivery, and recently, the interest in its 
application in non-viral vector delivery has been increasing  (130).  

Since one of the main characteristics of Ch is its positive charge, it interacts very easily with 
nucleic acids through electrostatic interactions, allowing DNA condensation and protecting it 
from extra- and intracellular damage. Since the plasma and nuclear membrane are negatively 
charged, the interaction between the delivery system and the target cell improves transfection 
efficiency. Its natural mucoadhesive capacity promotes adhesion to negatively charged mucin 
through electrostatic attraction, hydrogen bonding, and hydrophobic effects (134). Thus, this 
polymer has promising capabilities for DNA vaccine delivery.  

Chitosan nanoparticles (ChNPs) are obtained by ionotropic gelation (IG), precipitation with 
consequent polyelectrolyte complexes formation (PEC), spray drying, solvent evaporation, 
precipitation, and solution coating methods (135).  

The IG technique is based on electrostatic interactions between the amine groups of Ch and a 
variety of negatively charged polyanions, such as tripolyphosphate (TPP), which is the method 
normally used to synthesize these NPs (132,135).  

PEC consists of mixing oppositely charged polyelectrolytes resulting in electrostatic interactions 
in dependence on pH and external salt concentration. The formation of ChNPs occurs by the 
addition of DNA to a solution of Ch under magnetic stirring at room temperature (135,136). 

Spray drying allows an emulsion, suspension, dispersion, or liquid to be transformed into a dry 
state by atomizing the product and dispersing it through a hot gas (137). Obtaining a dry inhalable 
powder allows delivery by the lung, through inhalation of the ChNPs (138). 

The solvent evaporation method promotes the passage of a polymer emulsion in an aqueous 
phase, followed by the evaporation of the polymer-solvent precipitating from the polymer forming 
nanospheres (139).   
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The coagulation/flocculation technique is based on the destabilization of small, suspended 
colloids by the addition of coagulants. Destabilization allows the particles to aggregate to form 
larger flocs which are removed by sedimentation (140). 

Coating with Ch solution is obtained by adding to already formulated NPs a coating of another 
chitosan solution. The NPs have a good morphology and a size between 75 and 85 nm. They have 
a good absorption and a good controlled release performance of the biomolecule (141). 

1.6.4. Cell-penetrating peptides 
Cell-penetrating peptides (CPPs) are short peptides of about 4 to 40 amino acids (aa), allowing 
access to the cell interior through different mechanisms, such as endocytosis, and promoting 
intracellular effects through these same peptides, or by covalently conjugated or unconjugated 
bioactive cargoes (142). CPPs comprise cationic, amphipathic, and hydrophobic peptides, have 
various functions for biomedical applications and are easily synthesized. Since they facilitate the 
cellular uptake of nucleic acids, they are ideal for application in delivery systems. In addition, 
CPPs help to prevent nucleation-mediated degradation before and after cellular uptake (143). 

CPPs can be classified according to their chemical structure, protein nature, or the mechanism of 
cellular entry. Cationic CPPs consist of positively charged peptides containing several lysine and 
arginine residues. Studies have shown that a minimum of eight arginine residues increases the 
ease of cell penetration and that the greater the number of arginines, the better the penetration 
efficiency (144). For example, RALA (WEARLARALALHLARALALARA) and R8 (RRRRRRRRR) 
are some of the cationic CPPs explored in delivery systems (145,146). Amphipathic CPPs have 
parts of their structure alternating between polar (hydrophilic) and non-polar (hydrophobic) aa, 
and may have a positive, neutral, or negative charge. MPG 
(GLAFLGFLGAAGSTMGAWSQPKKKRKV) and Pep-1 (KETWWETWWTEWSQPKKRKV) allow 
efficient cell membrane guidance and favor the formation of hydrophobic interactions with 
proteins. Hydrophobic CPPs are composed mainly of non-polar aa (alanine, leucine, isoleucine, 
phenylalanine, tryptophan, methionine, and tyrosine). They show a high affinity for the 
hydrophobic domain of the membrane and can be translocated into the cell. C105Y 
(CSIPPEVKFNKPFVYLI) and Pep-7 (CSIPPEVKFNK)PFVYLI) are examples of hydrophobic 
CPPs (144,147). 

Octa-arginine (R8) is a cationic CPP composed of eight arginines and has the ability to enhance 
the delivery of biomolecules (148), being explored to improve cell penetration (149). Several 
studies have used delivery systems modified with arginine peptides to promote the delivery of 
DNA, siRNA and proteins (150). R8 is taken up by cells by receptor-mediated endocytosis and by 
direct cell penetration (151). Peptides rich in arginine present several advantages, including: (i) 
good ability to transport exogenous proteins and membrane-permeable molecules, (ii) allow 
internalization within minutes, (iii) accumulate easily in the nucleus and in a concentrated form, 
(iv) have low sensitivity to endocytic inhibitors, and (v) are highly biocompatible (152).  
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The use of arginines conjugated with PEI NPs for DNA delivery has been studied and revealed 
promising results (146). Li and co-workers formulated arginine-chitosan (Arg-Ch)/DNA self-
assembled NPs (AChNPs) and found an improvement in transfection efficiencies when compared 
with Ch/DNA self-assembled NPs (153).  

1.7. Functionalized delivery systems 
Targeted delivery of biomolecules is a method to reduce toxic side effects, increase treatment 
efficacy, increase specific localization, control bio-distribution, modulate pharmacokinetics, 
reduce dose requirements, and improve patient compliance. There are two ways to target 
nanosystems: passive targeting and active targeting. Passive targeting promotes an accumulation 
of drugs near the site of interest. This process is called the Enhanced Permeability Retention 
(EPR). Active targeting involves ligand-receptor interactions, promoted by ligands on the surface 
of the NPs, and specific receptors overexpressed on the target cell membrane. For instance, 
antigen-presenting cells (APCs) are considered the target cells for DNA vaccines (154). 

Dendritic cells (DCs) are the APCs par excellence since they have a high capacity for antigen 
uptake and processing. When the antigen is taken up, they migrate to lymph nodes and present 
via MHC molecules in synergy with co-stimulatory signals leading to the expansion of specific T 
cells and B cells (155). In addition, DCs and macrophages express lots of lectins receptors on their 
surface and may be a target for DNA vaccine delivery systems. C-type lectin receptors (CLRs) can 
mediate binding to carbohydrates through one or more carbohydrate recognition domains 
(CRDs).  Mannose specificity is associated with the aa sequence constituting the CRD. However, 
each mannose receptor's three-dimensional conformation and multimerization pattern also 
influences the specificity and interaction with mannose residues (156). 

The CLRs of DCs include DC-specific ICAM-3 grabbing non-integrin (DC-SIGN), mannose 
receptor (MR) or CD206, Dectin-1 and -2, Mincle, Dendritic cell natural killer lectin group 
receptor-1 (DNGR-1) and DEC-205 are important receptors for the immune synapse and 
induction of cellular and humoral immunity. The combination of more than one receptor could 
work as adjuvant for a DNA vaccine, potentiating its effect (157,158). 

1.8. Design of Experiments 
Increasing the yield of mcDNA has been a challenge as the number of experiments to be 
performed to obtain results makes this an expensive and time-consuming process. Thus, the need 
to improve efficiency and decrease expenses and costs has led to the development of methods to 
generate smart experiments that provide maximum information with minimum experimentation 
(159). Design of Experiments (DoE) is a tool that allows analyzing and optimizing procedures 
relatively quickly and easily (160,161). Thus, this method allows a simultaneous variation of 
several parameters to combine several experimental conditions to improve a process (162). It also 
has the advantage of carrying out statistical analysis to verify the veracity of the results obtained.  
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There are different design models depending on the intended purpose. For example, Central 
Composite Face (CCF), Box-Behnken or Doehlert are models applied when the aim is to optimize 
a process. Looking at central composite design, it is the most suitable strategy in the process 
optimization, even though they require a higher number of experiments compared to Box-
Behnken and Doehlert (159). The CCF design covers a larger design space, allowing for less error 
and better predictive models (162,163). This model combines two levels complete or fractional 
factorial designs with additional axial or stellar points and at least one point in the center of the 
experimental region. Thus it is the best option for a three-level full factorial design as it requires 
a smaller number of experiments while providing comparable results (164,165). To construct a 
CCF, it is necessary to specify the following points: (i) how many cubic points should be used, (ii) 
what will be the distance α of the axial paths from the center of the design and (iii) how many 
number of center points (160,165). It is a very efficient design to fit the second-order model (160). 
In Figure 11 it is schematically represented the CCF design. Each point represents a combination 
of different values of several factors of an experiment. The black dots at the vertices of the cubes 
represent the factorial design points under evaluation. The central black dots that lie within the 
cube faces represent the star points (159). The red dot in the center of the cube represents the 
center point, which should be replicated in order to provide a measure of pure error and stabilize 
the variation of the predicted response (165). 

 
Figure 11 - Schematic representation of CCF design. Adapted from (165). 
 
CCF design is the most suitable for optimizing procedures, since it uses the full quadratic model 
that is described as (n) = 2k-p + 2k + cp, where k is the factor number, p is the fractionalization 
number and cp is the number of central points required by the estimation curve (165). 
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Chapter 2: Aim 

Aim  
As COVID-19 is a global concern and has a major socio-economic impact, it is necessary to develop 
strategies to combat, control, and prevent this disease. The first approved vaccine against COVID-
19 is based on a messenger RNA (mRNA) that will give rise to the SARS-CoV-2 S-protein. This 
technology has shown that the use of nucleic acids has thus gained prominence in the 
pharmaceutical industry. DNA vaccines offer the same advantages as mRNA vaccines once they 
are more stable, easier to produce, and can encode more than one antigen. Minicircular DNA has 
recently emerged as an innovative vector due to the absence of bacterial genes, thus overcoming 
the limitations associated with the pDNA vector.  

In line with this, the aim of the present project consisted in the cloning of a DNA vaccine with the 
S protein gene, optimizing the recombination process of PP into mcDNA by applying DoE and 
developing of binary and ternary delivery systems with chitosan and the R8-mannose complex to 
protect, transport and specifically deliver the mcDNA vaccine to APCs. Chitosan (Ch) is a cationic 
polymer known for its biodegradable, biocompatible, mucoadhesive and low cytotoxicity 
properties and has been vaguely explored in delivery systems. Complexation of tripolyphosphate 
(TPP) allows the creation of crosslinked stabilizing systems through electrostatic interactions 
between the positive charges of Ch and the negative charges of both TPP and DNA. The 
functionalization with R8 CPP aims to enhance the cell uptake and the specificity for the nuclear 
localization. The inclusion of mannose ligands intends the targeted delivery  of mcDNA vaccine 
to APCs, since these cells overexpress mannose receptors on the surface. The systems were 
formulated with different ratios, varying concentrations of each system component. 
Physicochemical characteristics, structural properties, and stability of all systems were evaluated. 
Two cell lines, human fibroblasts (hFibro) and immature dendritic cells (JAWS II) were used in 
in vitro studies to evaluate the compatibility and transfection efficiency.
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Chapter 3: Materials and Methods 
 
Materials and Methods 
3.1 Construction of the parental plasmid 
The plasmid pcDNA3-SARS-CoV-2-S-RBD-8his (Addgene, USA - Plasmid #145145) was used to 
amplify the receptor-binding domain (RBD; a.a. 333-529) of the S protein of SARS-CoV-2. The 
plasmid pMC.CMV-MCS-EF1-GFP-SV40Poly A (System Biosciences, USA) was used as the base 
to initiate the cloning process of the RBD gene sequence.  

The polymerase chain reaction (PCR) technique was performed to amplify the RBD gene of the S 
protein of SARS-CoV-2. For each PCR reaction the following components were added: 0.75 µL 
MgCl2 (25 mM), 0.25 µL dNTPs (10 mM each), 1.25 µL PCR buffer, 100 ng DNA, 0.25 µL Taq 
DNA Polymerase (5 U/µL), making up to a final volume of 12.5 µL with water. Specific primers 
with XbaI and BamHI restriction sites were used, with a final concentration of 0.16 µM (FW: 5'- 
AAT CTA GAA TGA AGA CCA TCA TCG CCC T -3'; RV: 5'- ATG GAT CCT CAA TGA TGA TGG 
TGG TGG -3'). The reaction mixtures were then placed in the thermocycler programmed with the 
following steps: 5 min at 95 °C, 30 cycles of 30 seconds at 95 °C, 30 seconds at 60 °C and 1 minute 
at 72 °C, and finally 10 min at 72 °C. PCR products were analysed by 1% agarose gel 
electrophoresis. GRS Ladder 1kb (GRiSP, Portugal) was used as a DNA molecular weight marker. 

After amplification of our gene of interest, enzymatic digests were applied to both the RBD 
fragment and the starting plasmid. The restriction enzymes XbaI (Takara Bio, USA) and BamHI 
(NZYTech, Portugal).  For this purpose, a reaction mixture was prepared with 1 µL of the enzyme 
BamHI, 2 µL of 10x H Buffer and about 500 ng of RBD fragment or starting plasmid. The mixture 
was incubated for 1 hour at 37 °C in a thermal cycler. Before proceeding with 2nd digestion, 
dephosphorylation of the vector was performed using the enzyme alkaline phosphatase CIP (New 
England Biolabs, USA), and a reaction mixture was prepared with 1 µL of this enzyme, 2 µL of 10x 
NEB3 Buffer and about 500 ng of vector. The preparation was placed in the thermocycler for 1 
hour at 37 °C. The 2nd digestion was performed with the restriction enzyme XbaI, following the 
same preparation and incubation performed for the 1st digestion with the restriction enzyme 
BamHI. Between each step, i.e., 1st digestion, dephosphorylation, 2nd digestion, the products 
obtained were always purified using the GRS PCR & Gel Band Purification kit (GRiSP, Portugal), 
according to the manufacturer's instructions. Each PCR product was analyzed by 0.6% agarose 
gel electrophoresis.  
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Figure 12 -Minicircle DNA vector map for PP-RBD construction and restriction enzyme map. 

At the end of the cloning step, the vector concentration was set to 50 ng and the fragment 
concentration was varied for three different ratios, according to the following equation: 

fragment	(ng) = 	 vector	(ng) × 	fragment	size	(pb)vector	size	(pb) 	×	 fragmentvector  

The three ratios tested were: 1:3, 1:6, and 1:9. Reaction mixtures were prepared with 1 µL of T4 
DNA Ligase enzyme (NZYTech, Portugal), 2µL of 10x Buffer, 100 ng of vector and the amount of 
fragment calculated previously, making up with water until a final volume of 20 µL was reached. 
As recommended for cohesive binding, both the vector and the DNA insert were heated prior to 
binding for 10 min at 56 °C. The reaction mixtures were incubated for 16 h at 18 °C and 
subsequently, these mixtures were used to transform competent E. coli TOP10 and ZYCY10P3S2T 
cells.  

The preparation of competent E. coli cells was performed according to the method described by 
Inoue (166). At first, E. coli TOP10 and ZYCY10P3S2T cells were inoculated on an LB-agar plate 
and incubated at 37 °C for 18 hours. Subsequently, the colonies are transferred to a 250 mL 
Erlenmeyer flask containing 25 mL of SOB medium (2% (w/v) tryptone, 0.5% (w/v) yeast extract, 
8.56 mM NaCl, 2.5 mM KCl, 10 mM MgCl2 and 10 mM MgSO4). The Erlenmeyer flask was placed 
on an orbital shaker for 8 hours under 250 rpm shaking at 37 °C. Three 250 mL Erlenmeyer flasks 
containing 62.5 mL of SOB medium were then inoculated with 100 µL, 50 µL and 25 µL for the 
TOP 10 strain, and 25 µL, 10 µL and 5 µL for the ZYCY10P3S2T strain, respectively. These were 
placed on an orbital shaker overnight at 20 °C under 250 rpm shaking. The optical density at 600 
nm (OD600nm) was monitored until one of the Erlenmeyer flasks reached a value of approximately 
0.55 and then transferred to a cold bath for 10 min to stop its growth. The cells were centrifuged 
at 2500 g for 10 m at 4 °C and the supernatant was discarded. The pellet was then resuspended 
in 20 mL of ice-cold ITB (Inoue Transformation Buffer) medium consisting of 55 mM 
MnCl2.4H2O, 15 mM CaCl2.2H2O, 250 mM KCl, 10 mM PIPES (0.5 M at pH 6.7). The cells were 
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centrifuged again at 2500 g for 10 min at 4 °C, discarding the supernatant. The pellet was again 
resuspended in 5 mL of ice-cold ITB. Subsequently, 375 µL of DMSO was added carefully, and the 
cells were placed on ice for 10 min. Finally, 100 µL of cells were transferred to cold sterile tubes, 
and these were rapidly frozen in liquid nitrogen, and finally stored at -80 °C.  

Competent E. coli cells were transformed through heat shock. For this, a 100 µL aliquot of 
competent E. coli TOP 10 and ZYCY10P3S2T cells were placed on ice for 30 min. Then, thermal 
shock was performed by placing the cells at 42 °C for 1 minute and placed back on ice for another 
2 min. Subsequently, 400 µL of SOB medium was added, and the cells were incubated at 37 °C 
for 1 hour on an orbital shaker under 250 rpm. Finally, 250 µL of culture was transferred to a LB-
agar plate containing kanamycin (50 µg/mL) and incubated overnight at 37 °C.  

3.2. Parent plasmid production 
3.2.1. Bacterial growth conditions 

E. coli ZYCY10P3S2T transformed with PP-RBD was inoculated on an LB-agar plate with 
kanamycin (50 µg/mL) and was incubated at 37 °C for overnight incubation. Subsequently, some 
colonies were inoculated in Terrific Broth (TB) medium, composed of 20 g/L tryptone, 24 g/L 
yeast extract, 4 mL/L glycerol, 0.017 M KH2PO4 and 0.072 M K2HPO4, supplemented with 
kanamycin (50 µg/mL). To verify the influence of temperature on PP amplification two 
temperatures, 37 and 42 °C, were tested. For this purpose, two 250 mL Erlenmeyer containing 
62.5 mL of TB medium were prepared, one for each temperature, and both were placed on an 
orbital shaker under agitation of 250 rpm. Bacterial growth was monitored using the OD600nm. 
When an OD600nm between 2.4 - 2.6 was reached, a volume was transferred from the pre-
fermentation to the fermentation to assure that the fermentation starts at an OD600nm of 0.2. 
Finally, fermentation was continued under 250 rpm, and the growth is controlled until an OD600nm 
between 5.0 - 6.0 is reached. After the fermentation process, cells were centrifuged at 3900 rpm 
at 4 °C for 10 min. The supernatant was discarded, and the pellets were stored at -20 °C for further 
analysis.  

3.2.2. Preliminary assays for PP-RBD recombination 
To evaluate the effect of TB medium on PP recombination into mcDNA, two production strategies 
were investigated: in the first strategy, fermentation medium was directly transferred to induction 
medium; and in the second strategy, cells were centrifuged to remove TB medium and then 
resuspended and transferred to induction medium. For samples that underwent centrifugation, 
2000 rpm was applied for 20 min at room temperature to avoid any damage or induced stress to 
the cells. The pellet was then resuspended in 5 mL of Luria Broth (LB) medium, 25 g/L - 
supplemented with o.o4 M NaOH and 0.01% sterile L-arabinose and transferred to a 500 mL 
Erlenmeyer flask with 125 mL of LB medium containing 0.04 M NaOH to ensure pH 7.0 and 
0.01% (w/v) L-arabinose. For both strategies, the induction process was carried out for 2 h at 32 
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°C with constant shaking at 250 rpm. After fermentation or induction, 10 mL of cells were 
recovered by centrifugation at 3900 rpm for 10 min at 4 °C and stored at -20 °C (Figure 13). 

 

Figure 13 - Schematic representation of different procedures to start the induction step. 
 

3.3. Design of Experiment 
DoE was used to optimize the recombination of PP into mcDNA by applying the CCF model. For 
this purpose, three inputs A, B, and C (corresponding to induction temperature (°C), antibiotic 
concentration (µg/mL), and induction time (h), respectively) were selected, while the percentage 
of recombined mcDNA was the output to be maximized. The inputs were studied at three levels ( 
-1; 0; +1). The software Design-Expert version 11 applied the CCF model and proposed a total of 
17 experiments, considering three replicates of the central point. After performing all the 
experiments and evaluating the respective results, the results were included in the DoE software 
and statistical analysis was performed to validate the suitability of the model applied in the DoE. 

The generalized equation of the second-order polynomial model used was (1):       

Y	=	"0	+	"1X1+	"2X2+	"3X3+	"11X12+	"22X22+	"33X32+	"12X1X2+	"13X1X3+	"23X2X3 (1) 

 

3.4. Recombination of the parental plasmid 
3.4.1. Experimental conditions 

As the goal is to increase the yield of mcDNA, the inputs that, according to the literature, have an 
influence on the recombination of PP into mcDNA were chosen. Therefore, 3 inputs were chosen: 
induction temperature, antibiotic concentration, and induction time. Precise ranges were defined 
for each parameter: induction temperature was varied between 30°C and 38°C; antibiotic 
concentration was varied from 0 µg/mL to 50 µg/mL; and finally, induction time was restricted 
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between 1 hour and 5 h. When applied in Design Expert, seventeen conditions were generated 
represented in Table 2.  

Table 2 - Experimental conditions generated by DoE 

 

3.5. Extraction, purification, and quantification of 
plasmid DNA and minicircular DNA 

3.5.1. Extraction of PP-RBD 

For PP-RBD extraction the NZYMaxiprep Kit (NZYTech - Genes and Enzymes, Portugal) was used 
to pre-purify plasmid DNA, according to the package insert provided by the manufacturer. After 
cell lysis, the plasmid DNA selectively bound to the anion-exchange columns and all 
contaminants, such as proteins, RNA, and low molecular weight molecules were eliminated. For 
the elution step, the positive column charge was neutralized by changing the pH to slightly 
alkaline conditions, and the plasmid DNA was eluted with a high salt buffer. After elution, the 
plasmid DNA was precipitated with 0.7 volumes of ice-cold isopropanol and incubated for 30 min 
on ice, and centrifuged at 16000 g for 30 min at 4 °C. After discarding the supernatant, the pellet 
was resuspended in 10mM Tris-HCl buffer (pH 8.0). The final PP-RBD samples were quantified 

Assay 
Number  Temperature (°C) Antibiotic Concentration 

(µg/mL) 
Induction 
Time (h) 

1  30 50 1 

2  30 0 1 

3  30 25 3 

4  30 50 5 

5  30 0 5 

6  34 25 1 

7  34 0 3 

8  34 25 3 

9  34 25 3 

10  34 25 3 

11  34 50 3 

12  34 25 5 

13  38 50 1 

14  38 0 1 

15  38 25 3 

16  38 50 5 

17  38 0 5 
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using a nanophotometer (Implen GmbH, Germany) and stored at -80 °C for further cell 
transfection assays. 

3.5.2. Extraction of PP-RBD and mcDNA-RBD 
The pellet obtained from the experimental conditions resulting from the DoE was extracted using 
a kit, Kit GeneJET Plasmid Miniprep (ThermoFisher - K0503) and following the respective 
package insert provided by the manufacturer. Briefly, the pellet was thawed and 250 µL of the 
resuspension solution was added and this was shaken vigorously in the vortex until complete 
dissolution of the pellet. Then 250 µL of the lysis solution was added, the Eppendorf was carefully 
homogenized and incubated for 5 min at room temperature. To stop lysis, 350 µL of neutralization 
solution were added, the Eppendorf was carefully homogenized and centrifuged at 12,000 g for 5 
min. The supernatant was collected and transferred to a column and centrifuged for 1 min at 
12,000 g. The eluate was discarded, and the column was washed twice with 500 µL of wash 
solution, centrifuged at 12,000 g for 1 min and discarding the eluate between each wash. After 
washing the column, it was centrifuged again at 12,000 g for 1 min so that the column matrix is 
dry. Finally, the column was placed in a new Eppendorf and 50 µL of the elution solution was 
added and incubated for 2 min at room temperature. Afterwards it was centrifuged at 12,000 g 
for 2 min and the mcDNA recovered in the Eppendorf was stored at -80 °C. 

3.5.3. Modified Alkaline Lysis 
The bacterial pellet resulting from the bioreactor fermentation was lysed with the intention of 
being further purified, it was lysed through a modified alkaline lysis. For this, the pellet was 
thawed and added 20 mL of solution A (50 mM glucose, 25 mM Tris-HCL, 10 mM EDTA at pH 
8.0), shaking vigorously in the vortex until complete dissolution of the pellet. The contents were 
divided into two lysis tubes and 10 mL of solution B (200 mM NaOH, 1 % SDS (w/v)) was added 
in each, homogenizing carefully, and leaving to incubate at room temperature for 5 min. Next, 10 
mL of solution C (3 M potassium acetate, pH 5.0) was added, again homogenizing carefully, and 
incubating on ice for 20 min. To remove cellular debris such as genomic DNA and proteins, the 
tubes were centrifuged twice at 20,000 g for 30 min at 4 °C. The supernatant was measured and 
divided between two lysis tubes for subsequent addition of 0.7 volumes of isopropanol, incubating 
on ice for 30 min after careful homogenization, to precipitate nucleic acids. The tubes were 
centrifuged at 16,000 g for 30 min and the supernatant was discarded. The resulting pellet was 
resuspended in 2 mL of Tris-HCl (pH 8.0). After resuspension, ammonium sulfate was added to 
a final concentration of 3 M (for 2 mL 0.793 g is required). Finally, centrifugation was performed 
at 16,000 g for 20 min at 4 °C to precipitate RNA and proteins, and the supernatant was recovered 
and stored at -80 °C for later use in molecular exclusion chromatography. 

 

3.5.4. Purification of minicircular DNA by molecular exclusion 
chromatography 
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After modified alkaline lysis, mcDNA-RBD purification was performed in ÄKTA Pure equipment 
to promote the elimination of PP-RBD and RNA. A Sephacryl S-1000 SF gel filtration column (GE 
Healthcare Biosciences, Sweden) was used, with a volume of 106 mL, equilibrated with 10 mM 
Tris, 10 mM EDTA, 150 mM NaCl, at pH 7.0. 2 mL of sample from the extraction was injected and 
3 mL fractions corresponding to the mcDNA peak were collected. The assay was performed at a 
flow rate of 0.3 mL/min at room temperature and absorbance was monitored at 260 nm. All 
collected fractions were subsequently desalted and concentrated to 200 µL in Vivaspin® 
concentrators. 

3.5.5. Agarose gel electrophoresis 
Agarose gel electrophoresis was performed to verify the integrity of DNA, both PP and mcDNA, 
and in order to verify the recombination of PP into mcDNA. It was prepared to 1% (w/w) to 100 
mL of TAE 1x buffer (40 mM Tris, 20 mM acetic acid, 1 mM EDTA at pH 8.0) and supplemented 
with 1.2 µL of Green Safe. The gel was run at 150 V for 40 min before ultraviolet (UV) visualization. 
Uvitec Fire-Reader equipment (UVITEC, United Kingdom) was used to observe the gel. 

3.6. Bioreactor culture 
To initiate the bioreactor culture of E. coli ZYCY10P3S2T, cells were inoculated on LB-agar plates 
supplemented with kanamycin (50 µg/mL), and a pre-fermentation was performed following the 
same procedure performed in an Erlenmeyer flask. Then, the fermentation and induction 
processes were performed in 750 mL parallel mini bioreactors (Infors HT, Switzerland) with 250 
mL of sterile TB or LB medium, respectively. The pH was kept constant in both media at 7.0 by 
automatic addition of 0.75 M H2SO4 and 12.5 % (v/v) NH4OH via two peristaltic pumps. Dissolved 
oxygen (DO) was controlled by a cascade of three stirring levels between 250 and 950 rpm and 
mass flow between 0.2 and 2 vvm. The temperature was set at 42 °C for fermentation and for 
induction it was reduced to 30 °C. Throughout the process, foaming was manually controlled by 
the addition of an antifoaming agent (Antifoam A, Sigma-Aldrich) at 1 % (v/v) concentration. The 
parameters and their profiles were kept under constant control using IRIS software (Infors HT). 
In the fermentation process, the operational and experimental conditions previously established 
for the Erlenmeyer cultures were maintained, although various values of oxygen pressure (pO2) 
were analyzed - 30 and 60 %. In turn, during the whole induction phase, the influence of pO2 - 30, 
and 60 % -, concentration of L-arabinose inducer - 0.01 and 1% -, and induction time point - 5, 
10, and 24 h - were evaluated. Cells were collected by centrifugation at 3900 rpm for 10 min at 4 
°C, and then stored at -20 °C for further analysis. 

3.6.1. High Performance Liquid Chromatography 

High Performance Liquid Chromatography (HPLC) was performed to detect and quantify the 
consumption of L-arabinose during the induction procedure in the bioreactor. Initially, a 
calibration curve was performed, implementing a method similar to the one described by Pedro 
and collaborators (167). The chromatographic analysis was performed using an HPLC model 
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Agilent 1260 (Agilent, Santa Clara, CA, USA) equipped with an autosampler and quaternary pump 
coupled to a 1260 Infinity Refractive Index Detector (RID) (Agilent, CA, USA). The 
chromatographic separation was achieved on a cation-exchange analytical column Agilent Hi-
Plex H (300× 7.7 mm i. d.; 8 µm), acquired from Specanalítica (Lisbon, Portugal). The analysis 
was performed at 50 °C with a flow rate of 0.5 mL/min using an isocratic elution with 0.005 M 
H2SO4. The mobile phase was filtered prior to the analysis under vacuum using a 0.2-µm pore 
nylon membrane and degassed for 15 min in an ultrasonic bath. A calibration curve was 
constructed with L-arabinose standards (0.001–1%), as indicated in Equation (2): 

y = 3 x 106 x + 43265 (2) 

 
For the analysis of L-arabinose consumption, the collected samples were then centrifuged at 3900 
rpm for 10 min, and the supernatant was recovered and filtered through a 0.22-µm cellulose-
acetate filter. 

3.7. Preparation of delivery systems  
High molecular weight (HMW) chitosan with a molecular weight ranging from 200 - 500 kDa 
were obtained by Hepp Medical (Halle, Germany) and 5 kDa molecular weight chitosan was 
obtained by Sigma Aldrich Chemicals (St. Louis, MO, USA), and were prepared to a stock 
concentration of 1.o mg/mL. TPP was obtained by GRISP (Porto, Portugal), and was prepared to 
a stock concentration of 1 mg/mL. R8 and R8-mannose, synthesized and characterized by 
Professor Swati Biswas (Department of Pharmacy, Nanomedicine Research Laboratory, Birla 
Institute of Technology & Science- Pilani) (Figure 14) in an established collaboration with our 
research group, was supplied as a freeze-dried desalinated powder and reconstituted with 
ultrapure water to a stock concentration of 0.5 mg/mL. Binary systems of Ch-TPP/PP-RBD and 
Ch-TPP/mcDNA-RBD, and ternary systems of Ch-TPP/R8-mannose/PP-RBD, Ch-TPP/R8/PP-
RBD, Ch-TPP/R8-mannose/mcDNA-RBD and Ch-TPP/R8/mcDNA-RBD were prepared (Table 
3). Their formulation occurred by dropwise addition for 1 min under stirring of 100 µL of TPP, 
containing 20 ng of PP-RBD/mcDNA-RBD, to 400 µL of chitosan for the binary systems. For 
ternary systems, the same procedure was performed and after the addition of TPP, 50 µL of 
R8/R8-mannose was added dropwise for 1 min. The systems were left to stand at room 
temperature for 30 min to allow the formation of complexes. Subsequently, the systems were 
centrifuged at 10,000 rpm at 4 °C for 20 min. To find out which would be the most suitable ternary 
system, the concentrations of TPP and R8 or R8-mannose were varied to obtain the best 
characteristics in terms of size (nm), surface charge (mV), and polydispersion index (PDI).  
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Figure 14 - Synthesis of R8-Mannose conjugate. 

 
Table 3 - All experimental conditions for the formulation of ChNPs. 

Chitosan 
Polymer 

Chitosan Concentration 
(mg/mL) 

TPP Concentration 
(mg/mL) 

R8/ R8-Mannose 
Ratio 

HWM 
Chitosan 0.51 

0.25 
0.5 

0.75 

0.50 
1.0 

0.75 
1.25 

2.5 

5 kDa 
Chitosan 0.56 

0.25 
0.5 

0.75 

0.50 
1.0 

0.75 
1.25 

2.5 

 

3.8. Determination of encapsulation efficiency 
After systems centrifugation at 10,000 rpm for 20 min at 4 °C, the supernatant was collected for 
subsequent determination of encapsulation efficiency by electrophoretic mobility analysis on an 
agarose gel.  

3.9. Size, zeta potential and polydispersity index 

The average size and the surface charges (zeta potential) of nanoparticles were determined at 25 
°C using the Zetasizer nano ZS device. For these evaluations, Dynamic Light Scattering (DLS) 
using a 633 nm He-Ne laser with non-invasive back scattering optics (NIBS) and electrophoretic 
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light scattering using a laser named M3-PALS (Phase analysis Light Scattering) were performed, 
respectively. After centrifugation of formulated systems, the resulting supernatant was discarded, 
and the pellet resuspended in 600 µL of Milli Q water. The mean values of sizes and surface 
potentials were obtained by 3 measurements ± standard deviation. 

3.10. FTIR 
To evaluate the presence of different components in the formulated systems was, Fourier 
transform infrared spectroscopy (FTIR) was used. Pellets resulting from various assays were 
resuspended in 10 µL of Milli Q water for further analysis. Spectra were acquired using a Nicolet 
iS10 FTIR spectrophotometer (Thermo Scientific, Waltham, MA, USA), operated in ATR mode 
(Smart iTR diamond ATR), at 120 scans with a spectral width between 4000 and 600 cm-1 and a 
spectral resolution of 32 cm-1. 

3.11. Scanning Electron Microscopy (SEM) 
The morphology of the formulated systems was evaluated by scanning electron microscopy 
(SEM). After formulation of the systems, they were centrifuged, subsequently discarding the 
supernatant and the preserved pellet. The NPs were washed four times with 200 µL of Milli Q 
water and between each wash, centrifugation was performed at 9,500 rpm for 12 min. After the 
last wash, the pellet was resuspended in 40 µL of 2% tungsten and a 1:20 dilution of the sample 
in Milli Q water was performed. After this dilution, 10 µL were pipetted onto a round coverslip 
and allowed to dry "overnight" at room temperature. The next day, the samples were gold plated 
using the Emitech K550 spray layer (London, England). 

3.12. Stability Assays 
Stability assays aimed to assess the NPs stability upon incubation in cell culture medium. To 
mimic in vitro and in vivo conditions, several conditions were tested such as medium with or 
without FBS supplementation, and with or without trypsin. Thus, after the systems formulation, 
NPs were centrifuged and resuspended in 50 µL of DMEM/F-12 or MEM-α medium, 
supplemented or not with FBS and trypsin. Next, they were incubated at 37 °C for 6 h to verify the 
occurrence of DNA release and degradation. After 0, 3 and 6h, 20 µL were collected and the 
samples were evaluated by 1% agarose gel electrophoresis. 

3.13. Cell lines and culture conditions 
ATCC cell lines, the murine iDC, JAWS II, and human fibroblasts (FibH) were used in this study. 
JAWSii cells were cultured in Minimum Essential Medium α (MEM- α) and supplemented with 
20% (v/v) heat-inactivated fetal bovine serum (FBS), 4 mM L-glutamine, 5 ng/mL GM-CSF and 
1% (v/v) of an antibiotic mixture consisting of penicillin (100 µg/mL) and streptomycin (100 
µg/mL). FibH were cultured in Dulbecco’s Modified Eagle’s Medium with Ham's F-12 Nutrient 
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Mixture (DMEM/F- 12) and supplemented with 10% (v/v) FBS, 2.438 g/L sodium bicarbonate 
and 1% (v/v) of an antibiotic mixture consisting of penicillin (100 µg/mL) and streptomycin (100 
µg/mL). Cell growth was promoted at a temperature of 37 °C in a humid atmosphere containing 
5% CO2. 

3.14. Cytotoxicity analysis 
The cytotoxicity of systems was evaluated in JAWS II and FibH with the MTT (3-[4,5- 
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium) assay. It is a colorimetric method that quantifies 
metabolically active cells. Both cell lines were plated at confluency at a density of 1×104 cells per 
well and grown at 37 °C in a humidified atmosphere with 95% O2/5% CO2. 

24 h later and at least 12 h before the addition of NPs, the medium of the plate was changed to a 
simple medium to cause nutritional stress to the cells. 50 µL of each system under study were 
added to the wells of the plate. After 24 and 48 h of incubation, the redox activity was evaluated 
through the reduction of MTT. For this, 100 µL of MTT dye solution (1 mg/mL) was added to each 
well, followed by incubation for 4 h at 37 °C in a 5 % CO2 atmosphere. After the period and 
incubation, the medium was removed from the wells and 100 µL of DMSO was added to dissolve 
the formazan crystals. The absorbance at 570 nm was measured using a Biorad Microplate Reader 
Benchmark. The relative cell viability (%) of samples related to the control wells was calculated 
by [A]test / [A]control × 100, where [A]test is the absorbance of the test sample and [A]control is the 
absorbance of the control sample. The statistical analysis was performed with two-way ANOVA 
followed by Tukey test (GraphPad Prism 9 software, GraphPad Software, San Diego, CA, USA). 
Statistical significance was accepted at a level of p < 0.05. 

3.15. In vitro transfection studies 
3.15.1. Plasmid labelling with FTIC 

The PP was fluorescein isothiocyanate (FITC) labelled by adding 2 µg of PP, 2 µL of FITC and the 
labelling buffer was added up to a volume of 85 µL. Samples were placed under constant shaking 
for 4 h at room temperature and protected from light. After 4 h, 1 volume of 3 M NaCl (85 µL) and 
2.5 volumes of 100% ethanol (212.5 µL) were subsequently added. The samples with the labelled 
PP were incubated at -20 °C overnight. The samples were then centrifuged at 4 °C for 30 min at 
12000 g, the supernatant was discarded, and the pellet was washed with 75% ethanol. This 
procedure was repeated several times until the supernatant no longer had an orange color. After 
washing, the pellet was resuspended in 100 µL of TPP for further formulation of the nanoparticles. 

3.15.2. Live cell imaging 
To perform the Live cell imaging experiment, JAWS II cells were seeded at a density of 3 x 104 
cells per well in "µ-Slide 8 Well" plates (Ibidi, Martinsried, Germany) and grown in 250 µL of 
complete medium at 37 °C in a humidified atmosphere with 5% CO2. After 24 h and 12 h before 
transfection, the medium was changed to simple medium. Cells were transfected by adding 0.99 
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µg of PP, encapsulated in the different systems, binary and ternary, to each well. Prior to 
visualization in confocal microscopy, nuclei were labelled with 60 µL of DAPI. Cell internalization 
was visualized using the LSM710 laser scanning confocal microscope (Carl Zeiss, Germany) under 
a magnification of 63x. 
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Chapter 4: Results and Discussion 

Results and Discussion 

4.1. PP-RBD Cloning, Production and 
Recombination 

4.1.1. Cloning of RBD Gene Sequence into PP Vector 
The construction of a PP vector encoding the RBD of the SARS-CoV-2 S protein was initiated by 
PCR amplification with specific primers designed to amplify the RBD insert and using pcDNA3-
SARS-CoV-2-S-RBD-8 as a template. The enzymes XbaI and BamHI were then used to recognize 
the restriction sites present on both the RBD insert and the PP vector, specifically the multiple 
cloning site (MCS), as schematically depicted in Figure 14, to acquire the same cohesive ends 
and facilitate the subsequent ligation step. After purification of the digested products, the 
resulting fragments were analyzed by 0.8% agarose electrophoresis. As shown in Figure 15, both 
the PP vector (7.0 kbp) and the RBD insert (640 bp) are integrated.  

 

Figure 15 - Analysis of DNA fragments by agarose gel electrophoresis. M–molecular weight marker. (A) 1–PP vector; 2–
PP vector digested with XbaI; 3–PP vector digested with XbaI and BamHI; 4–RBD insert digested with XbaI and BamHI. 
(B) Initial PP and PP-RBD vector. 
 
The PP vector was dephosphorylated between digests to prevent self-ligation of the vector during 
the cloning step. Afterward, the DNA T4 ligase enzyme was used to perform ligation of the RBD 
insert in the PP vector. Three different molar ratios of vector:insert (1:3, 1:6, 1:10) were tested and 
competent E. coli TOP10 cells were heat shock transformed. The isolated colonies, previously 
grown on an LB-agar plate containing kanamycin (50 µg/mL), were used for PCR screening tests 
to verify the presence of RBD insert and a positive colony was selected to grow in a liquid medium. 
After purification of the pDNA, the vector was used to transform E. coli ZYCY10P3S2T, the 
minicircle producer strain, and an isolated colony was used for a PCR test to confirm the presence 
of the RBD insert. The positive colony was grown in liquid medium and the purified vector was 
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used for DNA sequencing to confirm alignment between the RBD insert and the cloned PP vector 
(Figure 16). The results revealed that the RBD insert was successfully cloned into the PP vector. 
The sequenced colony was used to create cryopreserved bacterial banks to explore the best 
conditions for production of PP-RBD and its recombination into mcDNA-RBD. 

 

 

Figure 16 - Alignments of RBD-cloned PP vector and RBD sequence performed with basic local alignment search tool 
(BLAST). (A) Nucleotide alignment. (B) Amino acid alignment. The query corresponds to PP-RBD vector sequence and 
the subject is the sequence corresponding to RBD (aa 333-529) of S protein from SARS-CoV-2 (NCBI reference sequence: 
NC_045512.2 (21563..25384)). 
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4.1.2. PP Amplification and Recombination into mcDNA 
Minicircles are small molecules that lack bacterial sequences, having great potential for 
therapeutic application as they exhibit low immunogenicity (168). However, an mcDNA vector 
shows higher transfection efficiency and transgene expression when compared to its PP precursor 
(101,169). Unfortunately, the full recombination of PP into mcDNA during the induction step was 
not fully effective, and the similarities between these biomolecules have a negative impact on the 
purification steps. Therefore, the goal is to optimize the recombination of PP into mcDNA. 

As preliminary steps and to understand the influence of temperature on PP amplification two 
temperatures (37 °C or 42 °C) of the fermentation step were studied, as well as the best way to 
transfer the cells between these two steps (with or without centrifugation), thus allowing to assess 
its influence on both PP and mcDNA levels. At the end of each fermentation or induction step, 
cells were recovered, PP or mcDNA were extracted, and the results were analyzed by agarose gel 
electrophoresis. In lanes 1 and 2 of Figure 16, the influence of temperature on PP amplification 
during fermentation is shown. It is noticeable that PP remains intact at both fermentation 
temperatures (lanes 1 and 2, Figure 16). Nevertheless, when the temperature of 42 °C (lane 2) is 
applied the band density for PP is higher compared to the temperature of 37 °C (lane 1). In 
comparison with previous studies, it was reported that different fermentation temperatures could 
have an influence on the final pDNA yield. For example, using a genetically modified E. coli strain, 
fermentation at 42 °C increased the plasmid-specific yield compared to the yield obtained at 37 
°C (170,171). 

Then, the indirect influence of temperature on the PP-RBD recombination process was evaluated 
in the induction step combined with cell transfer in TB medium (without centrifugation) or 
without TB medium (after cell centrifugation). To this end, for both fermentation temperatures 
(37 °C and 42 °C), two 250 mL Erlenmeyer with 62.5 mL of TB medium followed different paths. 
In the first, a total of 62.5 mL of TB medium was added directly to a 500 mL Erlenmeyer flask 
with 62.5 mL of LB medium. In the second, the total 62.5 mL of TB medium was centrifuged, and 
the supernatant was discarded to recover the cells, which were resuspended in 125 mL of LB 
medium and placed in a 500 mL Erlenmeyer flask. These results are present in Figure 17 and 
demonstrate an increase in mcDNA content when cell centrifugation was performed compared to 
experiments without centrifugation. This effect may be explained due to the glucose present in 
the TB medium being transferred to the induction step, and may be repressing the pBAD/AraC 
promoter, and consequently inhibiting PP recombination into mcDNA (172). 



 48 

 

Figure 17 - Analysis of PP and mcDNA content, after fermentation or induction steps, by agarose gel electrophoresis. M–
molecular weight marker. (1) Fermentation at 37 °C; (2) Fermentation at 42 °C; (3) Fermentation at 37 °C and induction 
without centrifugation; (4) Fermentation at 42 °C and induction without centrifugation; (5) Fermentation at 37 °C and 
induction with centrifugation; (6) Fermentation at 42 °C and induction with centrifugation. 

 
Therefore, the best conditions for PP production and cell transfer to the induction step should be 
to conduct the fermentation step at 42 °C and to remove glucose from the TB medium by cell 
centrifugation before starting the induction process in LB medium containing L-arabinose. 
However, the conditions for recombination of PP into mcDNA during the induction step need to 
be explored and optimized. DoE is a suitable tool to rapidly achieve this goal using as few 
experiments as possible. 

4.1.3. Inputs selected for DoE  
There are several parameters that can influence the yield of PP recombination into mcDNA, 
ranging from the amount of PP achieved in the fermentation step, inducer concentration, 
antibiotic concentration, induction time, and induction temperature. However, previous studies 
conducted using orbital shakers explored different concentrations of L-arabinose and concluded 
that the increase in inducer concentration is not reflected in an increase in mcDNA yield (101). 
Given these assumptions, this work was initiated with the application of a standardized L-
arabinose concentration of 0.01%, being the lowest concentration that revealed a very satisfactory 
mcDNA yield. Since the aim was to improve mcDNA yield, three parameters were considered 
paramount as DoE inputs. To define the input ranges, data from previously published works were 
considered (98,101,102).  

The parameters were explored with a defined range of 0-50 µg/mL for kanamycin concentration, 
considering that 50 µg/mL has already been used in our research group (102); 1-5 h for induction 
time, as it is not recommended to prolong the induction step more than 5.5 h on an orbital shaker 
(98); and 30 °C - 38 °C for induction temperature, because the ΦC31 integrase and I-SceI 
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endonuclease enzymes involved in the recombination process had different optimal activity 
temperatures - 32 °C and 37 °C, respectively (173). 

Since the stipulated output was the % recombined mcDNA and we only intend to explore points 
within predetermined ranges, the CCF design was chosen for this work. This model designed 17 
experimental conditions with different input conditions, with three replicates of the central point, 
as shown in Table 3, 4 and 5. For all conditions studied, cells were recovered and mcDNA was 
extracted and analyzed by agarose gel electrophoresis as illustrated in Figure 18. Bands from 
each lane were analyzed by band densitometry using Image Lab software, reflecting a percentage 
of recombined mcDNA from each experiment to be included in the DoE as the respective output. 
The percentage was calculated by the ratio between the relative density of the band corresponding 
to mcDNA and the relative density of the band corresponding to PP. 

When analyzing the results obtained, the most promising conditions are 30 °C, without the 
presence of kanamycin, for 1 h (run 2 of Table 4 and Figure 18), and 92.75% of recombined 
mcDNA was obtained. Over the time, a decrease in the amount of recombined mcDNA is noted. 
Furthermore, the presence of antibiotics during the time also causes a decrease in the yield of 
mcDNA. This decrease may be associated with some toxicity induced by the antibiotic, since the 
recombination process causes bacteria to lose antibiotic resistance, as the selection marker gene 
is degraded by the I-SceI endonuclease upon recognition of PP and mP. 

Table 4 - Experimental conditions for 30ºC by DoE. 

 

Considering the conditions at 34 °C, the best recombination rate is reached only with 1 h of 
induction and 25 µg/mL kanamycin (run 6 of Table 5 and Figure 18). Again, the amount of 
recombined mcDNA decreases over time and the presence of antibiotic negatively influences the 
mcDNA yield. 

 

 

 

Assay 
Number  Temperature 

(°C) 
Antibiotic Concentration 

(µg/mL) 
Induction 
Time (h) 

mcDNA 
Recombined 

(%) 

1  

30 

50 1 81.43 

2  0 1 92.75 

3  25 3 58.73 

4  50 5 26.98 

5  0 5 47.85 
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Table 5 - Experimental conditions for 34 ºC by DoE. 

 

Analyzing the kanamycin-free conditions for 1 h of induction at opposite temperatures (lanes 2 
and 14), changes in mcDNA yields reveal that when the temperature increases, 30 °C to 38 °C, the 
recombined mcDNA decreases (92.75% to 38.84%). This indicates that low temperatures can be 
explained by the fact that the ΦC31 integrase has an optimal activity at low temperatures and the 
I-SceI endonuclease shows minimal activity under these conditions (173).  It is also possible to 
minimize degradation of PP will occur prior to its recombination. When a duration of 5 h in the 
induction step is explored, without considering any other inputs, there are a gradual decrease in 
mcDNA yield. This phenomenon may reflect an increased metabolic stress that favors cell lysis 
and death during a prolonged induction phase, and the recombined mcDNA is degraded over time 
(98). 

Table 6 - Experimental conditions for 38 ºC by DoE. 

 

Assay 
Number  Temperature 

(°C) 
Antibiotic Concentration 

(µg/mL) 
Induction 
Time (h) 

mcDNA 
Recombined 

(%) 

6  

34 

25 1 57.78 

7  0 3 22.60 

8  25 3 42.01 

9  25 3 41.24 

10  25 3 40.95 

11  50 3 28.55 

12  25 5 23.40 

Assay 
Number  Temperature 

(°C) 
Antibiotic Concentration 

(µg/mL) 
Induction 
Time (h) 

mcDNA 
Recombined 

(%) 

13  

38 

50 1 43.40 

14  0 1 38.84 

15  25 3 21.56 

16  50 5 16.51 

17  0 5 18.68 
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Figure 18 - Analysis of PP recombination into mcDNA by agarose gel electrophoresis. M–molecular weight marker. F-
Fermentation at 42 °C. Numbers 1–17 correspond to each condition generated by DoE, as indicated in Table 1 

 

4.1.4. Application and analysis of the model 
Once all experiments proposed by the CCF design and the evaluation of results were performed, 
a statistical analysis was performed by the Design-Expert software. In Table 7 are presented the 
statistical coefficients obtained for the % recombined mcDNA, which are used to understand if 
the statistical model generated from these experiments is valid and fits the data. Thus, R2 
represents the coefficient of determination, providing information about the fit of the statistical 
model output to the data (161). This value ranges between 0 and 1, being desirable when close to 
1. As it is noticeable in Table 7 the R2 of the output is 0.9972, suggesting that the model fits the 
data. The adjusted R2 represents the theoretical values to be fitted to the experimental data (160). 
The result shows a valid adjusted R2 as it only decreased by 0.0035 compared to its R2. The 
predicted R2 provides information about the suitability of the model in predicting new data. The 
model presents a high predicted R2 value (0.9762), thus highlighting the predictive power of this 
model. Finally, adequate accuracy allows the measurement of the signal-to-noise ratio (174). This 
parameter must be greater than four to indicate an adequate signal. According to Table 7, the 
ratio of 60.885 indicates an excellent signal and suggests that this model can be used to navigate 
the design space. 

Table 7 - Statistical coefficients of mcDNA optimization. 
 

 

 

Observing all these coefficients, the quadratic model was chosen to proceed with the statistical 
analysis of this output. To further prove the validity of the DoE, ANOVA analysis was performed. 
In Table 8 is represented the model significance for the output % of recombined mcDNA, 
including all the parameters used in this model, coupled with the corresponding lack of fit. A good 
valid model must present a significant value for the model (p-value < 0.05) and a non-significant 
value for the lack of fit (p-value > 0.05), thus suggesting the model data are significant and is 
suitable for the assay performed (174). According to Table 8, all the model values are significant 

Output R2 Adjusted R2 Predicted R2 Adequate Precision 

% of mcDNA  0.9972 0.9937 0.9762 60.885 
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and do not present a significant lack of fit. Consequently, it can be confirmed that a good and valid 
statistical model was achieved for this output. 

Table 8 - ANOVA analysis for response surface quadratic model for the % of recombined mcDNA. p-value 
< 0.05 is considered significant. 
 

 

 

 

 

 

 

 

 

To evaluate the main effects that each input presents towards the % of recombined mcDNA, a 
coded multiple regression equation was generated by Design-Expert software. In this equation, 
the signal behind each factor indicates a positive or negative effect in the response (164). In 
Equation (2) is presented the output regression equation, where A represents induction 
temperature (°C), B represents antibiotic concentration (µg/mL), and C represents induction time 
(h). Through the equation, it can be deduced that the induction temperature has a negative effect 
on the % of recombined mcDNA. As mentioned before, the temperature effect can be related to 
the temperature at which ΦC31 integrase has optimal activity [28]. Since ΦC31 integrase will be 
responsible for PP recombination into mP and mcDNA, and displays an optimal activity at low 
temperatures, the increase in this factor seems to be critical for the percentage of recombined 
mcDNA (175). The antibiotic concentration increment also has a negative effect on the output. 
During the induction phase, the endonuclease I-SceI will degrade the mP and unrecombined PP, 
which possess the antibiotic resistance gene and recognition sequence for this enzyme. After this 
digestion, the bacteria lose antibiotic resistance, and the presence of antibiotics in the induction 
medium will be a stress factor that can cause cell death. Finally, the induction time shows a 
negative effect which may indicate that the bacteria enter a state of stress and eventually die, and 
the recombined mcDNA is degraded (98). 

% of recombined mcDNA = +636.57 − 25.90 A − 1.54 B − 35.47 C + 0.04 AB + 0.82 AC − 0.04 BC + 0.27 
A2 + 9.18 x 10− 4 B2 − 0.06 C2  (2) 

Source Sum of Squares dF Mean Square F Value p Value 

Model 6526.52 9 725.17 280.41 <0.0001 

Temperature (A) 2520.16 1 2520.16 974.50 <0.0001 

[Antibiotic] (B) 129.17 1 129.17 49.95 0.002 

Induction time (C) 3268.14 1 3268.14 1263.73 <0.0001 

AB 149.47 1 149.47 57.80 0.0001 

AC 341.91 1 341.91 132.21 <0.0001 

BC 33.13 1 33.13 12.81 0.0090 

A2 50.20 1 50.20 19.41 0.0031 

B2 0.88 1 0.88 0.34 0.5776 

C2 0.14 1 0.14 0.053 0.8244 

Residual 18.10 1 2.59 − − 

Lack of fit 17.50 5 3.50 11.66 0.0808 
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After validation of the statistical model and understanding the effect that each factor has on the 
output, conditions of each input to reach the optimal point (maximizing the percentage of 
recombined mcDNA) were predicted. Design-Expert software suggested the combination of the 
induction temperature at 30 °C, the absence of antibiotics and 1 h of induction time, to obtain a 
% of recombined mcDNA between 88.72% and 95.50% of the confidence interval for the 
validation of the optimal point. These conditions were applied in three independent experiments 
and the average of the resulting outputs provided 93.87 ± 3.24 % of recombined mcDNA. This 
value is within the confidence interval provided by the Design-Expert software, where the output 
is considered valid, according to Table 9. 

Table 9 - Predicted outputs for optimal point. CI–Confidence Interval. 

 

Overall, with experimental design, the optimization of PP recombination process into mcDNA 
was successfully achieved. The induction temperature, antibiotic concentration, and induction 
time revealed important factors that strongly influence the output.  

4.1.5. Scale up of the mcDNA Biosynthesis in Mini-Bioreactor 
The culture of E. coli ZYCY10P3S2T is divided into two main phases, fermentation and induction. 
The fermentation phase allows to increase the PP yield associated with biomass production in 
these cultures. Besides having manipulated the temperature and centrifugation between 
production stages, the impact of different DO levels on cell growth was studied, which could 
maximize PP production in this initial phase and improve the final mcDNA yield.  Looking at 
culture conditions explored by other research groups for pDNA fermentation in bioreactors, 30% 
pO2 was the starting point (176–178). To understand the evolution of bacterial growth, samples 
of bacteria were taken every hour and monitored at OD600nm, and the result revealed that cells 
reached a stationary phase after 6 h of fermentation (OD600nm = 27.7 ± 0.1) (Figure 19.A). 
Subsequently, the pO2 was increased to 60%, and after 6 h of fermentation, the cells reached an 
OD600nm = 42.0 ± 0.8. Therefore, bacterial amplification using 60% pO2 resulted in higher cell 
levels than those obtained at lower oxygen pressure. This bacterial growth of E. coli ZYCY10P3S2T 
using 60% pO2 was characterized to determine the evolution profile during fermentation and was 
observed in a stationary phase between 5 and 6 h (Figure 19.B). Since the induction phase 
should be performed at the end of the exponential growth phase, in the following assays, induction 
was performed after 5 h of fermentation. When densitometry analysis was applied, it revealed 
that PP production was increased by a factor of 37.22 and 65.46 for 30 and 60% pO2, respectively, 
compared to the results obtained under an orbital shaker. In agreement with previous studies, 
higher plasmid productivity and faster cell growth were obtained at higher DO concentrations 
(179,180).  

Output Predicted 
Mean 

SE 
Mean 

95% CI 
Low 

95% CI 
High 

SE 
Predicted 

95% PI 
Low 

95% PI 
High 

% of 
recombined 

mcDNA 
92.1131 1.43 88.72 95.50 2.15 87.02 97.21 
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Figure 19 - Growth curve of E. coli ZYCY10P3S2T strain at 42 °C and using 30% (A) and 60% pO2 (B) in bioreactor, 
respectively. Data are represented as mean ± S.D., n = 3. 

Considering the increase of biomass in bioreactor, being eight times higher than the biomass 
obtained in the orbital shaker (OD600nm of 42 and 5, respectively), the influence of L-arabinose 
concentration (0.01 and 1%) was evaluated in the induction step of the bioreactor to ascertain if a 
possible increase would be reflected in an increase of mcDNA levels. Thus, the optimized 
conditions for the recombination of PP into mcDNA obtained on the orbital shaker were first 
applied in the bioreactor induction step (temperature 30 °C, no antibiotic and 0.01% L-
arabinose), applying 30% pO2. For the same conditions, the concentration of L-arabinose was 
increased from 0.01% to 1%. Recombination of PP into mcDNA was increased by a factor of 60.86 
and 61.19, respectively. On the other hand, the consumption of L-arabinose from the culture 
medium during these induction steps was evaluated resorting to the use of HPLC coupled to RID, 
using an Agilent Hi-Plex H cation exchange analytical column. For this purpose, a calibration 
curve was constructed with various L-arabinose standards (range 0.001 to 1%), as previously 
indicated in Equation (2).  

The results represented in Table 10 showed that the ability of the method to detect L-arabinose, 
as well as its consumption, is most evident after 4 or 6 h of induction. However, despite the 
amount of L-arabinose consumed in the medium, the increment of mcDNA was minimal. 
Therefore, there is no need to supplement the medium with more L-arabinose inducer during the 
induction phase (181), and the L-arabinose concentration of 0.01% was established for future 
assays. 
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Table 10 - Determination of L-arabinose consumption during the bioreactor induction step. 

 

Finally, the influence of pO2 was tested in the induction step of the bioreactor, being also explored 
30 and 60%. The results showed that the recombination of PP into mcDNA was increased by a 
factor of 69.97 and 43.67, respectively, when compared to orbital shaker studies. This result 
suggests that the acceleration of biomass growth/amplification at 60% pO2 did not favor the 
induction step, as occurred in the fermentation step. Probably, during the induction step, the 
increased cellular metabolism interferes with the time the cells require for the expression of ΦC31 
integrase and endonuclease I-SceI and their action in PP recombination and mP degradation (98). 
Thus, the most favorable conditions for each stage of the bioreactor cultures were 60% pO2 in the 
fermentation step during 5 h and 30% pO2 for induction step, with 0.01% L-arabinose also during 
5 h.  

4.2. Nanoparticles formulation and 
characterization 

4.2.1. Size, PDI and Zeta Potential 

The HWM and 5 kDa Ch, are positively charged cationic polymers, known for their mucoadhesive, 
biocompatible and DNA-condensing properties (130,133). Once coupled to the TPP, complexes 
are created and stabilized by electrostatic bonds that allow ChNPs to fuse with the cell membrane 
(132,135). Functionalization of ChNPs with a CPP improves the system's uptake by cells (142). For 
instance, R8 is able to enhance cell penetration and consequently improve the delivery of 
biomolecules (148,149). The use of mannose ligands promotes targeted delivery of systems to 
APCs, namely DCs (157,158). 

Previous studies have shown that Ch-TPP-based complexes allow good encapsulation of PP, these 
systems were a basis for the development and study of the systems proposed in this work (182). 
However, mcDNA encapsulation is not well described for these delivery systems, and a 
preliminary assay was conducted to compare the characteristics of the systems when PP and 
mcDNA are encapsulated. Examining Table 11, both HMW and 5 kDa systems show similar 
characteristics at the size (nm), PDI and zeta potential (mV) level. Another study by our research 
group found that HMW-TPP/PP systems had a size of about 125.28 nm, with a PDI of 0.228 and 

Time (h) 
Initial Concentration of L-Arabinose (%) 

0.010 1.000 

2 0.006 ± 0.0012 0.868 ± 0.0150 

4 0.005 ± 0.0025 0.791 ± 0.0112 

6 0.003 ± 0.0003 0.774 ± 0.0209 

8 0.003 ± 0.0002 0.729 ± 0.0183 

10 0.002 ± 0.0012 0.707 ± 0.0106 
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a zeta potential of 30.1 mV. The 5 kDa systems had a size of 81.27 nm, a PDI of 0.257 and a zeta 
potential of 20.4 mV (182). Thus, all the system characterization assays were performed 
considering the encapsulation of PP, since this vector is of easy production and purification. 

Table 11 - Size and zeta potential of Ch-TPP/ nanoparticles encapsulating PP and mcDNA. Values 
were calculated with the data obtained in three independent measurements (mean ± SD, n = 3). 

Nucleic 
acid 

Chitosan 
Polymer 

Chitosan 
Concentration 

(mg/mL) 

TPP 
Concentration 

(mg/mL) 
Size 
(nm) PDI 

Zeta 
Potential 

(mV) 

PP 
HMW 0.51 0.25 119.83 ± 

3.47 
0.369 ± 

0.01 
27.6 ± 
0.47 

5 kDa 0.56 0.42 75.42 ± 
1.42 

0.338 ± 
0.01 

22.4 ± 
2.48 

mcDNA 
HMW 0.51 0.25 118.20 ± 

1.22 
0.301 ± 

0.01 
26.9 ±  

3.41 

5 kDa 0.56 0.42 76.96 ± 
0.66 

0.261 ± 
0.02 

20.3 ± 
4.36 

 

To confirm that the systems under study allow an encapsulation and condensation of both PP and 
mcDNA, a 1% agarose gel electrophoresis was performed. The results obtained in Figure 20 
demonstrate that the studied systems, for both PP and mcDNA, allow the encapsulation and 
condensation of payload, since there is no presence of PP or mcDNA bands in lanes 1-4. 

 

Figure 20 - Agarose gel electrophoresis of the supernatant of different formulated systems. Lanes (A) PP; (1) PP/HMW-
TPP; (2) PP/5 kDa-TPP; (B) mcDNA; (3) mcDNA/HMW-TPP; (4) mcDNA/5 kDa-TPP. 

Keeping the same binary systems, the variation of R8 and R8-mannose concentrations were 
explored (182). Hence, HMW concentrations of 0.51 and 5 kDa concentrations of 0.56 were used, 
conjugated with a TPP concentration of 0.25 and 0.41, respectively. For these systems, the R8 
ratio 0.50, 0.75, 1.0, 1.25 and 2.5 was varied (145). After formulation through IG, samples were 
characterized in respect to their size, PDI and zeta potential. For HMW Ch polymer, the sizes 
ranged between 145.13 and 158.73 nm, PDI between 0.290 and 0.420, with a zeta potential 
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between 22.3 and 29.6 mV. It can be seen from Table 12 that the charge of NPs increases with 
increasing R8 ratio. Considering the 5 kDa Ch polymer, the sizes were obtained between 95.60 
and 108.70 nm, with PDI between 0.250 and 0.420, and zeta potential of 20.9 and 27.4 mV. As 
with HMW Ch, the charge of the systems with 5 kDa Ch increases in proportion to the increase of 
R8 (Table 12). This increase in surface charge of both systems can be associated with the increase 
in positive charges provided by the presence of R8 (octa-arginine peptide positively charged) that 
is able to neutralize the negative charges of the encapsulated DNA and TPP (146). 

Table 12 - Size and zeta potential of Ch-TPP/R8 nanoparticles formulated for various R8 ratio. Values were 
calculated with the data obtained in three independent measurements (mean ± SD, n = 3). 

Chitosan 
Polymer 

Chitosan 
Concentration 

(mg/mL) 

TPP 
Concentration 

(mg/mL) 
R8 

ratio Size (nm) PDI 
Zeta 

Potential 
(mV) 

HWM 
Chitosan 0.51 0.25 

0.5 145.13 ± 
1.63 

0.290 ± 
0.01 

22.3 ± 
0.92 

0.75 148.50 ± 
3.39 

0.400 ± 
0.03 

24.1 ± 
1.04 

1.0 158.73 ± 
1.51 

0.420 
±0.01 

26.0 ± 
0.61 

1.25 149.63 ± 
2.47 

0.310 ± 
0.04 

27.9 ± 
0.97 

2.5 145.93 ± 
3.66 

0.310 
±0.02 

29.6 ± 
1.04 

5 kDa 
Chitosan 0.56 0.41 

0.5 104.20 ± 
3.99 

0.250 ± 
0.01 

20.9 ± 
1.34 

0.75 95.60 ±  
3.25 

0.370 ± 
0.06 

24.3 ± 
1.30 

1.0 104.17 ± 
1.81 

0.370 ± 
0.01 

24.9 ± 
0.96 

1.25 108.70 ± 
2.65 

0.420 ± 
0.04 

26.6 ± 
0.96 

2.5 103.40 ± 
1.55 

0.400 
±0.02 

27.4 ± 
0.32 

 

Being one of the goals the formulation of systems with R8-mannose, the size, PDI and zeta 
potential of systems with R8-mannose were also evaluated. As described above, HMW 
concentrations of 0.51 and 5 kDa concentrations of 0.56 were used, conjugated with a TPP 
concentration of 0.25 and 0.41, respectively. In addition, the R8-mannose ratio 0.50, 0.75, 1.0, 
1.25 and 2.5 was varied (145). Once again, after formulation through IG, the samples were 
characterized according to their size, PDI and zeta potential. For HMW Ch polymer, the sizes 
ranged between 118.38 and 125.33 nm, PDI between 0.305 and 0.446, with a zeta potential 
between +21.4 and +29.7 mV. It can be seen from Table 13 that the charge of NPs increases with 
increasing R8-mannose ratio. Considering the 5 kDa Ch polymer, the sizes were obtained between 
77.38 and 116.03 nm, with PDI between 0.250 and 0.419, and zeta potential of 21.4 and 27.7 mV. 
As with HMW Ch, the charge of the systems with 5 kDa Ch increases in proportion to the increase 
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of R8-mannose (Table 13). Likewise, the increase in surface charge of both systems will be 
associated with the increase in positive charges provided by the presence of R8-mannose (146). 

Table 13 - Size and zeta potential of Ch-TPP/R8-mannose nanoparticles formulated for various R8-
mannose ratios. Values were calculated with the data obtained in three independent measurements (mean 
± SD, n = 3). 

Chitosan 
Polymer 

Chitosan 
Concentration 

(mg/mL) 

TPP 
Concentration 

(mg/mL) 

R8-
mannose 

ratio 
Size (nm) PDI 

Zeta 
Potential 

(mV) 

HWM 
Chitosan 0.51 0.25 

0.5 125.00 ± 
9.70 

0.436 ± 
0.02 

21.4 ± 
3.15 

0.75 118.83 ± 
1.65 

0.336 ± 
0.05 

24.0 ± 
4.70 

1.0 120.37 ± 
2.95 

0.428 
±0.03 

28.2 ± 
2.02 

1.25 123.15 ± 
0.64 

0.446 ± 
0.01 

29.2 ± 
3.04 

2.5 121.33 ± 
0.42 

0.305 
±0.01 

29.7 ± 
0.60 

5 kDa 
Chitosan 0.56 0.41 

0.5 107.97 ± 
3.31 

0.381 ± 
0.02 

21.4 ±  
1.14 

0.75 116.03 ± 
2.35 

0.419 ± 
0.05 

21.4 ± 
1.56 

1.0 77.38 ± 
1.25 

0.250 
±0.01 

22.8 ± 
2.63 

1.25 95.65 ± 
1.74 

0.352 ± 
0.05 

26.5 ± 
1.98 

2.5 87.51 ± 
1.40 

0.310 ± 
0.02 

27.7 ± 
1.45 

 
For the tested combinations, the encapsulation efficiency of the systems was evaluated by 1% 
agarose gel. The results obtained in Figure 21 demonstrate that the studied systems, with R8 
and R8-mannose, allow the encapsulation and condensation of PP, since there is no presence of 
PP bands in lanes 1-20. 
 

 

Figure 21 – Agarose gel electrophoresis of the initial PP sample (PP) and the supernatant of the different formulated 
systems. (A) systems with R8 – lanes (1-5) HWM-TPP/R8; lanes (6-10) 5 kDa-TPP/R8. (B) systems with R8-mannose 
– lanes (11-15) HWM-TPP/R8-mannose; lanes (16-20) 5 kDa-TPP/R8-mannose. 
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Looking at the results in Tables 12 and 13, together with Figure 20, the addition of R8 or R8-
mannose shows similar characteristics at the size and PDI level. The trend of increasing charge 
with increasing N/P ratio is seen with both R8 and R8-mannose. For resources reasons, the rest 
of characterization tests were performed with R8-mannose. 

As it was possible to verify in results obtained in Table 12 and Table 13, the zeta potential of the 
NPs increases with the R8-mannose ratio. Next, the variation of the TPP concentration in the 
system was explored to verify whether it favors the binding of more R8-mannose to the system. 
For this, the R8-mannose ratio was set at 2.5 and the TPP concentration was varied between 0.25, 
0.50 and 0.75. Subsequently, samples were analyzed for size, PDI and zeta potential. Looking at 
the results in Table 14, HMW showed sizes between 124.60 and 180.60 nm, a PDI between 0.261 
and 0.343 with a zeta potential between 33.70 and 45.50 mV. For 5 kDa, the sizes recorded are 
between 80.90 and 113.10 nm, a PDI between 0.248 and 0.344, with a zeta potential between 
27.70 and 30.90 mV. Considering these results, the increase of the TPP concentration, associated 
with the increase of negative charges available in the system, favored the binding of R8-mannose 
and improved the charge to + 15 mV for HMW and + 10 mV for 5 kDa. 

Table 14 - Size and zeta potential of Ch-TPP/R8-mannose nanoparticles formulated for various TPP ratios 
and R8-mannose ratio of 2.5. Values were calculated with the data obtained in three independent 
measurements (mean ± SD, n = 3). 

Chitosan 
Polymer 

Chitosan 
Concentration 

(mg/mL) 

TPP 
Concentration 

(mg/mL) 

R8-
mannose 

ratio 
Size 
(nm) PDI 

Zeta 
Potential 

(mV) 

HWM 
Chitosan 0.51 

0.25 

2.5 

132.10 ± 
0.59 

0.343 ± 
0.04 

33.70 ± 
1.46 

0.50 124.60 ± 
1.40 

0.261 ± 
0.02 

40.10 ± 
3.29 

0.75 180.60 ± 
3.56 

0.261 ± 
0.02 

45.50 ± 
2,08 

5 kDa 
Chitosan 0.56 

0.25 

2.5 

113.10 ± 
9.77 

0.248 ± 
0.01 

27.70 ± 
0.61 

0.50 90.87 ± 
9.29 

0.344 ± 
0.10 

29.60 ± 
0.60 

0.75 80.90 ± 
0.30 

0.329 ± 
0.02 

30.90 ± 
0.61 

 

Considering that the R8-mannose ratio of 2.5 would not bind all to the system, the use of half the 
ratio, 1.25, was studied. Keeping the same conditions tested in Table 14 changing only the N/P 
ratio, the samples after formulation were evaluated for their size, PDI and zeta potential. Looking 
at Table 15, for HMW, the sizes vary between 135.0 and 167.90 nm (124.60 - 180.60 nm, Table 
14), the PDI varies between 0.243 and 0.306 (0.261 and 0.343, Table 14) and with a zeta 
potential between 34.10 and 43.20 mV (33.70 and 45.50 mV, Table 14). For 5 kDa, the systems 
displayed sizes between 84.77 and 112.60 nm (80.90 and 113.10 nm, Table 14), PDI between 
0.253 and 0.341 (0.248 and 0.344, Table 14), with a zeta potential between 30.10 and 31.20 mV 
(27.70 and 30.90 mV, Table 14). It can be seen that varying the N/P ratio did not induce a 
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difference in either the size, PDI or zeta potential of the system. Another study based on Ch 
systems with R8 investigated what effect increasing the R8 ratio would have on the 
characterization of the systems. They found that the increase in the ratio did not reflect a 
proportional increase in the zeta potential of the system (183). Considering these values, 
differences between the R8-mannose ratio 1.25 and 2.5 are not very disparate, so the ratio 1.25 
was defined as the ideal ratio and was applied in all subsequent assays. 

Table 15 - Size and zeta potential of Ch-TPP/R8-mannose nanoparticles formulated for various TPP ratios 
fixed R8-mannose ratio of 1.25. Values were calculated with the data obtained in three independent 
measurements (mean ± SD, n = 3). 

Chitosan 
Polymer 

Chitosan 
Concentration 

(mg/mL) 

TPP 
Concentration 

(mg/mL) 

R8-
mannose 

 ratio 
Size (nm) PDI 

Zeta 
Potential 

(mV) 

HWM 
Chitosan 0.51 

0.25 

1.25 

135.0 ± 
5.62 

0.306 ± 
0.02 

34.10 ± 
1.16 

0.50 135.80 ± 
0.25 

0.253 ± 
0.01 

41.00 ± 
2.29 

0.75 167.90 ± 
0.68 

0.243 ± 
0.01 

43.20 ± 
1.31 

5 kDa 
Chitosan 0.56 

0.25 

1.25 

112.60 ± 
3.17 

0.341 ± 
0.04 

30.10 ± 
0.60 

0.50 84.77 ± 
0.38 

0.253 ± 
0.01 

30.30 ± 
1.57 

0.75 85.43 ± 
2.77 

0.291 ± 
0.03 

31.20 ± 
0.57 

 

To verify that the changes in TPP concentration did not affect the encapsulation efficiency of the 
systems, an electrophoresis study was performed considering a 1% agarose gel. The results 
obtained in Figure 22 demonstrate that this variation did not alter the capacity of DNA 
encapsulation and condensation, since there are no PP bands in the 1 - 12 lanes.  
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Figure 22 - Agarose gel electrophoresis of the initial PP sample (A) and the supernatant of the different formulated 
systems. (A) Systems with R8-mannose 1.25 – lanes (1-3) HMW-TPP/R8-man/PP; lanes (4-6) 5 kDa-TPP/R8-man/PP. 
(B) Systems with R8-manno 2.5 – lanes (7-9) HM-TPP/R8-man/PP; lanes (10-12) 5 kDa-TPP/R8-man/PP. 

Analyzing the characterization results, it is possible to establish which are the most suitable 
systems to progress with the following tests. Thus, the system with HMW that exhibits the best 
potential to be applied in the following assays is the system conceived by using a concentration of 
0.50 of TPP and a ratio of R8 and R8/mannose of 1.25. For the 5 kDa, the best system is obtained 
when adding 0.75 TPP and a ratio of R8 and R8-mannose of 1.25. For the following tests, these 
were the systems studied. 

4.2.2. FTIR  
Aiming to verify the presence of all components of formulated NPs, the FTIR technique was 
applied on the individual components and after the systems formulation. The spectra of pDNA, 
HMW Ch, 5 kDa Ch, TPP, R8, R8-mannose, HMW-TPP/R8/PP, HMW-TPP/R8-man/PP, 5 kDa-
TPP/R8/PP and 5 kDa-TPP/R8-man/PP are shown in Figure 23. All spectra were analyzed 
between 4,000 and 600 cm-1. 

Regarding the pDNA spectrum, the peak in the region between 1700 – 1500 cm-1 corresponds to 
the nitrogenous bases, the peak near 1116 cm-1 is characteristic of the ribose vibration (C-C sugar) 
and at 944 cm-1 indicates the presence of pDNA (184). For HMW and 5 kDa Ch polymers, despite 
having different molecular weights, characteristic peaks are the same. Thus, the region between 
3584 - 3328 cm-1 is related to N-H and O-H stretching vibrations as well as intramolecular 
hydrogen bonds. The zone between 2911 - 2880 cm-1 corresponds to the symmetric and 
asymmetric stretching vibrations. Bands between 1581 and 1544 cm-1 are characteristic of the 
asymmetric stretching of the C–O–C bridge (185). Observing the spectrum of TPP, it shows peaks 
at 1214 cm-1 (P-O stretching vibration), 1084 cm-1 (symmetric and asymmetric stretching 
vibrations in the PO2 group), 973 cm-1 (symmetric and asymmetric stretching vibrations in the 
PO3 group) and 908 cm-1 (asymmetric stretching of the P-O-P bridge) (186,187). Considering the 
spectrum of R8, the characteristic peak of arginine is near 1463 cm-1. At 1678 cm-1 corresponds to 
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elongation of guanidine N=C and carbonyl C=O. Bands between 1353 and 1294 cm-1 are related 
to C(O)-O and N-C stretching, respectively (131). For R8-mannose, peaks are the same as in the 
R8 spectrum, with the addition of a peak at 1097 cm-1 of the C-O vibration of mannose (188,189).  
Spectra of conjugated systems, HMW-TPP/R8 and 5 kDa-TPP/R8 present peaks at 1709 cm-1 
corresponding to N=C guanidine stretching (proving the presence of R8), at 1413 cm-1 
demonstrating N-O-P stretching vibrations (evidencing the presence of TPP crosslinked with the 
Ch amines) (187,190). For HMW/TPP/R8-mannose and 5 kDa/TPP/R8-mannose, also present 
the same peaks as the previous systems and also observed at 1279 cm-1 reflecting the C(O)-O and 
N-C stretching and the peak near 1019 cm-1 corresponding to the presence of mannose. 
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Figure 23 - FTIR spectra (Absorbance versus Wavenumbers) of pDNA, HMW, 5 kDa, TPP, R8, R8-mannose, HMW-
TPP/R8/PP, 5 kDa-TPP/R8/PP, HMW-TPP/R8-man/PP, 5 kDa-TPP/R8-man/PP nanoparticles.  
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4.2.3.  SEM 
The morphology of Ch Nps was analysed by scanning electron microscopy. Figure 24 shows 
images of the developed carriers. It can be seen that the NPs formed exhibit a spherical shape, 
which makes them suitable for a cell internalization process. Previous studies had shown that 
ChNPs present a spherical shape (182). It has also been found that the spherical morphology 
of delivery systems favours their internalization by target cells as well as their transfection 
efficiency  (191). 

 

Figure 24 - Scanning electron micrographs of ChNPs with R8 and R8-mannose: (A) HMW-TPP/R8/PP, (B) HMW-
TPP/R8-man/PP, (C) 5 kDa-TPP/R8/PP, (D) 5 kDa-TPP/R8-man/PP.   

4.2.4. Stability assays 
Stability studies of NPs allow the evaluation of their capacity to condense and protect DNA during 
in vitro and in vivo applications. In this way, after formulation, the four systems selected were 
resuspended in 60 µL of trypsin, simple medium or medium supplemented with 10 % FBS and 1 
% penicillin-streptomycin. The stability of free PP was also evaluated under the same conditions 
as those indicated for evaluated systems. The media used were DMEM-F12 (for FibH) and MEM-
α (for JAWSii). Subsequently, samples were incubated at 37 °C for 0, 3 and 6h. At each set hour, 
20 µL were removed and their stability was assessed by 1% agarose gel electrophoresis.  
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As it can be seen in Figure 25, ChNPs remain stable over time, with no DNA presence in the 
agarose gel between 0 and 6 h. This behavior is observed when both trypsin, simple medium and 
supplemented medium were applied. Even in the presence of FBS, the systems are not 
destabilized, showing good resilience of the ChNPs. In the runs corresponding to the 
supplemented medium, in Figure 25 (A - lane C; lane 3; lane 6), (B - lane C; lane 3; lane 6), (C - 
lane 3; lane 5), the band observed is related to the supplementation of the medium with FBS, since 
when only medium is injected, the same band is observed. 

Thus, it can be stated that ChNPs have the ability to protect and condense DNA, which will allow 
and facilitate their delivery for in vitro and in vivo assays. Even in the presence of FBS, ChNPs 
remain resilient as no pDNA bands are identified on the electrophoresis gel. So, ChNPs are good 
systems to protect, condense, transport and deliver pDNA to target cells. The same results were 
described by Rodolfo et al. (182). 

 
Figure 25 – Analysis of nanoparticles’ stability in cellular simple medium by agarose gel electrophoresis. (A) assays 
performed with DMEM-F12 medium; (B) assays performed with MEM-α medium; (T) trypsin, (S) simple medium, (C) 
supplemented medium, this pattern being repeated all 3 lanes. (A) PP initial sample; lanes (1) to (3) HMW/ TPP/ R8-
mannose; lanes (4) to (6) 5 kDa/ TPP/ R8-mannose. (C) assays performed with free PP: Lane (1) - trypsin, Lane (2) – 
simple MEM-α medium, Lane (3) - supplemented MEM-α medium, Lane (4) – simples DMEM-F12 medium, Lane (5) - 
supplemented DMEM-F12 medium. 

 
4.3. In vitro transfection studies 

4.3.1. Viability assay 
Cellular cytotoxicity is an important parameter to be investigated when considering the 
application of a delivery system for gene transfection. If a system presents toxicity, it may 
compromise its use for cellular transfection.  
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To determine the biocompatibility of the studied ChNPs, an MTT assay was performed on FibH 
and JAWS II cells at 24 and 48 h. The results of the MTT assay on both cell lines are presented in 
Figure 26. 

 

Figure 26 – Cellular viability of human fibroblasts and JAWSII cells at 24 and 48 h after transfection with the different 
Ch/TPP/R8 and Ch/TPP/R8-mannose systems and naked PP. Cells treated with 70% ethanol were used as positive control 
(K+) and non-transfected cells were used as negative control (K−). The percent cell viability is expressed relative to the 
negative control. Data obtained from three in-dependent measurements (mean ± S.D., n = 2). Statistical analysis was 
performed using "one-way ANOVA" (** p < 0.01). 

 
Observing Figure 26, in FibH, HMW systems showed a cell viability between 93 and 94% 
and 5 kDa systems between 90 and 95%. In JAWS II cells, when HMW systems were applied 
viability was around 93% and in 5 kDa systems viability ranged between 87 and 92%. It is 
possible to observe that none of the nanoparticles are cytotoxic to the cells. Both HMW and 
5 kDa systems functionalized with R8 or R8-mannose showed a cell viability higher than 
80%, following the trend described in another assay with Ch systems (192). Considering 
naked PP, it reduced viability in both cell lines, with obtained values ranging between 72 and 
74%. Thus, it is possible to state that Ch-based systems allow delivery of PP, while protecting 
it and avoiding toxic effects to the cells. HMW-TPP/PP and 5 kDa-TPP/PP binary systems 
have been studied elsewhere, in which the biocompatibility of the systems compared to naked 
PP delivery was verified (182). 

4.3.2. Transfection efficiency 
The cellular uptake and internalization of HMW and 5 kDa systems after 4 h transfection was 
assessed by fluorescence confocal microscopy. The images are shown in Figure 27 and 
Figure 28. The nucleus was labeled with DAPI, showing blue staining, while the green 
represents FITC-labeled PP. The control presented in Figure 27 and Figure 28 
corresponds to untransfected cells and displays no green fluorescence signals.   

According to Figure 27 and Figure 28, it is possible to observe that formulations with R8 
and R8-mannose have a superior capacity to overcome the cell membrane and enter the 
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cytoplasm of the cells compared to the binary system. Cells transfected with ternary systems, 
both with R8 and R8-mannose, show evidence of the ability to overcome extracellular and 
intracellular barriers, since they reveal the ability to penetrate the cell membrane, to be 
internalized by the cell and to localize in the nucleus. Once inside the nucleus, transcription 
and expression of the target gene is expected to proceed. The entry of these systems into cells 
can be explained by the presence of R8 mannose, in particular CPP R8, which has been 
described as responsible for efficiently increasing cellular entry, internalization and 
accumulation of the target molecule in the nucleus (149,193). In addition to the presence of 
R8, systems with mannose exhibit greater internalization than systems with R8 alone, as 
there is a specific interaction of mannose and APCs receptors (194). 
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Figure 27 - Evaluation of the transfection capacity of HMW-TPP/PP, HMW-TPP/R8/PP and HMW-TPP/R8-man/PP. 
Nuclei were stained blue by DAPI and green represents FITC-stained PP. The control is untransfected JAWS II.  
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Figure 28 - Evaluation of the transfection capacity of 5 kDa-TPP/PP, 5 kDa-TPP/R8/PP and 5 kDa-TPP/R8-man/PP. 
Nuclei were stained blue by DAPI and green represents FITC-stained PP. The control is non-transfected JAWS II. 

To verify the confocal microscopy results, the evaluation of the fluorescence intensity inside 
JAWS II cells 4 h after internalization of Ch systems was performed (Figure 29). Non-
transfected cells (CT) had shown residual fluorescence that was removed from the 
fluorescence analysis of the systems. Observing Figure 29, for the HMW systems, the TPP-
only system did not show significant fluorescence, demonstrating that they are not very 
efficient systems for cellular transfection purposes. When functionalized with R8 or R8-
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mannose, the systems show an increase in fluorescence but not higher than the binary 
system. Compared with the 5 kDa systems, these present high fluorescence values. Focusing 
on the binary system, it shows a good internalization, and very similar to the systems with 
R8. But when compared with the mannose functionalized systems, they overcame in 
internalization efficiency, since they present the highest fluorescence intensity of all systems 
under study. Therefore, we can imply that the most promising system for gene transfection 
into target cells will be the 5 kDa-TPP/R8-man/PP system. 

 
Figure 29 - Fluorescence intensity of JAWS II cells after 4 h of internalization with the different delivery systems. 
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Chapter 5: Conclusion and Future Prospects 

Conclusion and Future Prospects 
The times we live in have shown the importance of research and the relevance of the development 
of new approaches to combat new adversities, such as the SARS-CoV-2 pandemic. With the 
approval of the first RNA vaccine against COVID-19, the world of nucleic acid vaccines has been 
greatly boosted, given the potential presented by this technology. DNA vaccines have been widely 
explored as they have the ability to stimulate both the cellular and humoral components of the 
immune system. However, the main challenge for their clinical application are the biological 
barriers that make it impossible to stimulate immune responses, thus reducing their therapeutic 
efficacy.  

In this work, a new PP vector for encoding the RBD gene as well as new delivery systems were 
developed with the aim of preventing and/or treating SARS-CoV-2 infections. After performing 
17 experimental conditions, it was possible to establish the most favorable condition and strategy 
for the recombination of PP into mcDNA, as well as the maximization of its obtaining through 
scale up to mini bioreactor. Thus, the optimal condition implies the use of 42 °C for fermentation 
and 30 °C for induction, for 1 h without antibiotic. It was also possible to realize that performing 
a centrifugation step between fermentation and induction allowed eliminating the fermentation 
TB medium that had negative effects on mcDNA yield. When these conditions were passed to the 
bioreactor, the pO2 that best favored PP yield was applying 60% for 5h and 30% pO2 for induction, 
applying 0.01% L-arabinose for 5h.  

The ternary systems, HMW-TPP/R8/PP, HMW-TPP/R8-man/PP, 5 kDa-TPP/R8/PP and 5 kDa-
TPP/R8-man/PP, were developed and compared with previously studied binary systems, HMW-
TPP/PP and 5 kDa-TPP/PP. These systems exhibit adequate characteristics concerning size, PDI, 
surface charge and morphology, that make them suitable for delivery systems as they have small 
sizes, positive surface charge, spherical morphology and the ability to encapsulate PP and 
mcDNA. Regarding stability studies, after incubation with simple medium, supplemented 
medium and trypsin, all systems under study were able to efficiently condense and protect DNA. 
When the biocompatibility of systems was evaluated, the cell viability rates were all higher than 
80% demonstrating that the systems are biocompatible. 

Upon evaluation of confocal microscopy assays, systems without and with R8 or R8-mannose 
were monitored to understand their influence on target cell recognition and internalization. It 
was possible to determine that the 5 kDa-TPP/R8-man/PP systems show a higher internalization 
capacity, being able to transport the DNA into the cells.  

The results obtained in this work are very promising and contribute to the evolution of DNA 
vaccines against possible pandemics. To improve the robustness of these results, it would be 
interesting to carry out a RT-PCR and real time PCR assays to assess the ability of the systems to 
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deliver and express the RBD gene, as well to perform Western Blot assays to compare the 
performance of the systems under study and the correct expression of antigen.  

Data from this study open perspectives for the continuation of the research on this topic, 
suggesting in vivo studies; for instance, vaccinating healthy mice to investigate the activation of 
the immune system by determining the levels of RBD-specific T and B cells to confirm the strong 
activation of both components of the immune system. 

The biotechnology area has contributed greatly to the development and research of new vaccines 
that are safe and effective. The use of new antigens, adjuvants, vectors, and delivery systems are 
some of the examples reported on the advancement of this technology. With therapeutic vaccines, 
new doors will be opened and new possibilities for cures can be implemented. Although the 
challenge is great, reality may be closer, and the impact will certainly be positive in the fight 
against new pandemics.  
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