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ABSTRACT 

Breast cancer is one of the most common cancers in the world, diagnosed 

in 2.3 million women last year, 15-20 % of which have been reported to be 

HER2 positive. This molecular subtype is caused by an overexpression of 

the human epidermal growth factor (HER2) receptors on breast cancer 

cells that cause rapid and uncontrolled cell growth leading to a more 

aggressive type of cancer.  

In this work, selective nanoparticles for the HER2 receptor were prepared. 

The vectors used were dendrons, novel peptides composed of 

hyperbranched poly-L-lysine dendrons or linear (K16) versions with or 

without a HER2 targeting sequence (LSYCCK) or a scrambled version 

(SGen3K) were synthesised and tested. Hyperbranched peptides 

electrostatically bind the negative charges of nucleic acids thus, are 

capable of carrying either DNA or small interfering RNA (siRNA) molecules.  

Different behaviours were identified based on the nature of the nucleic 

acid cargo when tested in MDA-MB-231 and SKBR3 cells. In the case of 

DNA delivery, experiments were conducted on cells overexpressing the 

target receptor (HER2). Both the selective peptide (TGen3K) and the 

branched and linear controls were found to be inadequate for efficient 

transfection. However, the addition of a small quantity of lipids 

(DOTMA:DOPE) was necessary to achieve high levels of transfection. In this 

case, the lipid helper (DOPE) likely facilitated endosomal-escape. 

Furthermore, TGen3K was shown to be selective for the receptor. 

However, the scramble control (SGen3K) proved to be even more 

effective (twice/three times more) than the reference peptide, possibly 

due to better DNA packaging resulting from the different arrangement of 

amino acids. 
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In the case of siRNA delivery, on the other hand, the presence of lipids was 

found to be unnecessary. Confocal microscopy has revealed how the 

structure itself has an anti-proliferative effect and how the target 

sequence (KCCYSL) is selective for the HER2 receptor. It has also shown 

that peptides, particularly RGen3K and TGen3K, are capable of 

internalising the siRNA. 

Finally, the nanocarriers were encapsulated in alginate microparticles 

following various studies that optimised the gelation of alginate 

microparticles. As a result, the chosen preparation for the encapsulation 

of the nanocarriers will be based on in-chip gelation. 

The encapsulation of the nanocarriers highlighted the ability of the 

microparticles to retain and protect the nanocarriers during the washing 

of the microparticles to remove the oily phase following emulsion rupture. 

The nanocarriers are subsequently released within 24 hours when placed 

in an environment simulating the extracellular environment. 
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INTRODUCTION AND LITERATURE REVIEW 

1.1 TARGETED MEDICINE 

Targeted medicine is a branch of medicine that aims to be achieve higher 

efficacy than traditional medicine through the development of drugs and 

carriers for the controlled release of therapeutics that considers 

heterogenicity in patients’ populations. Currently, many medicines, 

despite being extremely advanced, are inefficient on a high percentage 

of patients. It is estimated that the top ten best-selling drugs in America 

have the desired effect on only one in four patients, at worst one in twenty-

five. Some drugs are potentially harmful to certain ethnicities that are 

often not considered in clinical trials 1. 

In a society increasingly attentive to the needs of the individual, targeted 

medicine also changes direction and focuses on genetic variability, 

individual differences, allowing to sew ad hoc treatment for the individual. 

Targeted medicine is supported by the huge developments in genetics, 

genomics, transcriptomics, proteomics and metabolomics that allow to 

determine the heterogeneous nature of many diseases 2. 

Like many diseases, neoplasms have also shown a deep connection with 

genomic mutations that become the new targets of pharmacological 

treatments. Identifying new targeted therapies avoids exposing the 

patient to unnecessary side effects that can have long-term effects in 

terms of prognostic, safety, relapse and cost implications 3. 

To date, the “histological" model has prevailed in the field of oncology 

and thus the initial localisation and origin of the tumour as well as the 

subsequent choice of the drug have been based on the outcome of 

histological examinations. Recently, with the "mutational" model 
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becoming available, the key point is the identification of the molecular 

alterations that cause the development of the neoplasm, hence the drug 

therapy is chosen regardless of the location of the tumour, the sex of the 

patient or age 4. 

1.2 CARCINOGENESIS 

The process leading to the development of cancer, known as 

carcinogenesis, does not have a definite trend. On the contrary, it can be 

said that each cancer has its own history, which can take place in a short 

time or over the years or even decades. In general, cancer begins when 

the cells that make it up no longer respond to the normal restrictions that 

regulate, among other factors, proliferation and cell death. 

The growth of the tumour does not occur all at once, but it usually requires 

a prolonged period of time and complex genetic changes that cause the 

transformation first into a benign tumour and then into a malignant one 5. 

Three phases that characterise the development of the tumour and can 

be distinguished as it follows 6: 

• Initiation: when starting agents (physical, chemical or biological) 

alter the structure or expression of DNA. 

• Promotion: promoting agents reversibly affect proliferating activity, 

increasing or decreasing gene expression by binding to the 

membrane or nuclear receptors, or by modifying signal 

transduction by inducing micro-traumas or chronic inflammation. 

• Progression: infiltration of tissue metastases. 

 

1.2.1 Initiation 

The initiation phase represents the first stage of changes and chemical 

alterations of the genetic material in cells capable of proliferating and 
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surviving throughout the patient’s life. Cell’s genetic alteration, can be 

considered as mutations, amplifications and decreased efficiency of DNA 

repair mechanisms 7.  

Typically, initiating agents are cellular electrophilic compounds that alter 

the structure of DNA (nucleophile). Direct initiating agents are those that 

do not require chemical activation, indirect agents require metabolic 

activation in vivo that gives rise to electrophilic compounds with 

transforming abilities genomic structure 8. 

However, only 5%/10% of cancers are related to genetic heredity, it is 

estimated in fact the majority of tumours (about 95%) are caused by 

environmental factors 9. Indeed, "environmental factors" as tobacco use, 

alcohol, diet habits, daily work conditions and related stresses, sunlight 

irradiation and infections are also included. Many of these "environmental 

pitfalls" can act together increasing the risk of cancer 10, 11. 

 

1.2.2 Promotion 

The second phase in the development of a tumour is called promotion. 

This phase involves the multiplication of initialised cells, and the number of 

accumulated alterations will be proportional to the number of duplicates. 

The agents that cause promotion (promoters) can be substances spread 

in the environment or even some drugs and hormones 12,13. Unlike 

carcinogens, the promoters do not cause the tumour on their own, but 

rather allow initiation cells to become cancerous. Promotion does not 

affect cells that have not been subjected to initiation 14. Therefore, the 

tumour develops by the action of several factors, including, often, the 

association of a sensitive cell and a carcinogen 15. 
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1.2.3 Progression  

Progression is the malignant phenotypic expression of the tumour and 

acquires aggressive characteristics over time. Cells begin to compete with 

each other for survival leading to a further increase in the number of 

mutations that make them aggressive. As the tumour grows, so does the 

genetic heterogeneity between cells. Cancer can grow directly in the 

surrounding tissue or spread to tissues or organs, near or far, moving away 

from the primary tumour site. Fundamental for cellular mobility is the 

increased activity of the cytoskeleton and the matrix as a result of 

mutations, which allow the tumour cell to migrate. Another necessary 

factor for cancer cell is escape from apoptosis (programmed cell death) 

16, 17. Ultimately, during tumour growth, nutrients come from the blood 

stream. Local growth is fostered by enzymes (e.g., proteases) which 

degrade adjacent tissues. As the tumour mass increases, tumours produce 

angiogenic factors, such as the growth factors for the vascular 

endothelium (e.g. Vascular endothelial growth factor, VEGF), that 

promote the formation of new vessels, necessary for a further growth of 

the tumour. Although most circulating cancer cells die in the intravascular 

compartment, occasionally individual cells can adhere to the vascular 

endothelium and penetrate the surrounding tissues generating tumour 

masses independent of the primitive tumour (metastases). Metastases 

grow in the same way as primitive cancer and can later originate other 

metastases 18. 

 

1.2.4 Intracellular Control 

While the proliferation of youth cell is under strict control, abnormal cells 

are constantly being produced and could turn into malignant cells. It has 

been estimated that, to ignore control systems, the cell will have to 

undergo four to seven independent genetic or epigenetic events 19. 
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Cellular homeostasis, lost due to mutations in genes that control 

proliferation, causes an uncontrolled growth of the tumour. 

Uncontrolled growth can be a direct consequence of a mutation on 

genes which control proliferation or increased genetic instability that raise 

the mutation rate leading to a high probability of losing cell control 

proliferation. Cell proliferation control depends on two gene groups: some 

support cell division (oncogenes), while others inhibit the proliferation 

(onco-suppressor). 

 

1.2.5 Proto-Oncogenes 

Proto oncogenes are genes that regulate important events in cellular life 

such as growth and differentiation and, if mutated, can favour the 

appearance of tumours. Mutation of these genes can lead to changes in 

the activity of cell surface receptors for growth factors, intracellular signal 

transduction pathways and transcription factors, controlling cell division 

and growth, cellular metabolism, DNA failure duplication, angiogenesis, 

and other physiological processes. By losing cellular homeostasis and not 

controlling cell duplication, the chances of genetic errors on the DNA 

strand increase, especially on oncogenes 20 ,21. 

However, following the accumulated mutations, not all cells are suitable 

for survival and reproduction, only some will be able to adapt to the 

surrounding environmental conditions, but sufficient to initiate tumour 

growth 22.  

In the human body, approximately hundred oncogenes potentially 

capable of contributing to the neoplastic transformation process are 

known. For example, the RAS gene encodes RAS protein, which triggers 

signals from receptors anchored to the plasma membrane along the RAS-

MAP kinase pathway to the nucleus of the cell regulating cell division. For 
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example, an RAS effector is RAF that when activated, phosphorylates and 

activates proteins called proteins Mitogen Protein Kinases (MEK1 and 

MEK2) which, on their turn, phosphorylate Mitogen Activated Protein 

Kinases (MAPKs) and ERK1/ERK2 (Extracellular Signal Regulated Kinases) 

responsible for cell cycle progression and cell growth 23. The RAS protein is 

altered in about 25% of human neoplasms 24,25. 

 

1.2.6 Tumour Suppressors  

Onco-suppressors, are genes that constantly monitor the integrity of the 

genome and control onco-gene activity. A mutation on tumour 

suppressor genes causes tumour development. It can be divided into two 

classes: gate-keeper type and care-taker type. Care-takers are those 

genes that maintain the integrity of genetic information, constantly 

repairing the damage suffered by DNA by genotoxic agents. Therefore, 

care-takers avoid carcinogenesis in an "indirect" way, reducing the risk of 

the cell developing mutations in oncogenes and onco-suppressants 26. 

A malfunction of onco-suppressor genes resulting in inherited or acquired 

mutations, leads to an inefficiency of the genome integrity monitoring 

system, the persistence and proliferation of cells with spontaneous 

mutations and the formation of tumours. 

An example of a care-taker onco-suppressor gene is the important 

regulatory protein, p53 encoded by TP53 gene, prevents the replication 

of damaged DNA in normal cells and promotes programmed cell death 

(apoptosis) in cells with altered DNA and detects and corrects possible 

errors on the genetic strand following cell replication. Impaired or inactive 

p53 allows cells with damaged DNA to survive and divide, nonetheless 

TP53 is frequently inactivated in many human neoplasms, including 

lymphomas, sarcomas, brain tumour and colon, lung and breast 
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carcinomas. Furthermore, according to recent studies it has been shown 

that changes on a single allele cause similar outcomes in patients with no 

TP53 variations and have good response to drug treatment, slow 

progression and higher survival rates 27,28. 

Gate-keepers are tumour suppressor genes that have the ability to 

counteract directly the acquisition of the neoplastic phenotype by 

opposing the acquisition of fundamental characteristics such as: 

uncontrolled reproduction, insensitivity to anti-proliferative stimuli, 

resistance to apoptosis, resistance to senescence, metastasis and 

angiogenesis 29. Gatekeepers therefore perform an opposite action to 

that of oncogenes which instead promote the acquisition of cancer 

hallmarks. 

An example of cancer caused by malfunctioning tumour suppressor 

genes is Retinoblastoma (Rb), a malignant eye tumour that develops from 

retina cells and which can occur at any age, but onset is more common 

in childhood before age five. Hereditary retinoblastoma is due to the 

transmission of the diseased Rb1 gene from parent to child. Patients with 

the mutation will have a strong predisposition to the onset of the disease 

and risk developing the disease much more quickly. 

In the case of Sporadic Retinoblastoma, the disease begins when the cells 

of the retina operate a genomic deletion or a mutation occurs on both 

alleles of the tumour suppressor gene RB1, located on chromosome 13 

30,31. 

The Rb1 gene synthesises for a 110 kDa phosphoprotein, pRb1/p105, 

which regulates the cell cycle. To transform a normal retinal cell into 

neoplastic, it is necessary and sufficient that both homologous genes 

coding for the protein are altered. Mutations or deletion of the RB1 gene 

are responsible for the inactivation of the two alleles and are crucial 
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events in tumour development. Lack of the protein results in a lack of cell 

growth regulation and rapid and uncontrolled division 32. 

 

1.2.7 Organism Defence 

Genetic defects acquired by cancer DNA are also reflected on the 

extracellular environment. Surrounding tissue exerts strong control over 

new cancer cells and may cause cell death or metastasis 33. Genetic 

defects are not driven by only the inner cell environment, in fact the 

extracellular area can regulate the tumour growth. The micro-

environment constantly communicates and evolves according to the 

needs of adjacent cells thus, determining the fate of the tumour. 

The microenvironment changes based on the surrounding organs, but the 

key components are the extracellular matrix (ECM) which is rich in 

proteoglycans, hyaluronic acid, fibrous proteins and stromal cells. The 

latter include fibroblasts, adipocytes, vascular and immune system cells. 

Finally, small molecules such as growth factors and metabolites 34,35. 

A fundamental event in the formation and progression of the tumour is 

represented by the formation of a peculiar tumour microenvironment 

and, in particular, by the interaction of the cancer cells that are part of 

the invasive carcinoma and its stromal component. Cancer cells stimulate 

the de novo formation of connective tissue, in order to provide stromal 

support for the development of tumour 36.  

Nonetheless, crowding and lack of resources should help to contain (self-

limiting) clonal expansion. The state of latency (pre-malignant) would be 

characterised by the fact that the increased proliferative potential is 

counterbalanced by the limitation of resources. This is a well-known factor, 

which dictates a strong selective pressure within an ecosystem in which 

each population is affirmed, contracts or extinguishes in function of 
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energy availability. The situation of overcrowding establishes a toxic 

environment for normal cells (hypoxia, acidosis), while neoplastic cells can 

ensure greater absorption of nutrients, by amplifying the expression of 

glucose transporters on the surface of cancer cells, or by using anaerobic 

glycolysis (the Warburg effect) 37,38. 

In these conditions it is also favoured to get the degradation of the 

extracellular matrix and the cell junction’s relaxation is a key step in the 

acquisition of invasive capability, that enables cancer cells to encroach 

tissues escaping the high population density and causing further 

deterioration of the local conditions. Under the pressure of the various 

limiting factors and thanks to the relaxation of the tissue connections, 

some cells can enter the circulatory or lymphatic stream to colonise new 

healthy tissues (metastases). Moreover, the transition to the most 

malignant state is marked by necessity of acquiring nutrients and this can 

be achieved even through another expedient, i.e. stimulating the 

formation of new blood vessels (neo-angiogenesis)39,40. In fact, the supply 

of oxygen and nutrients is constantly assured by the network of the 

bloodstream in tumours like any growing tissue. However, after a certain 

point, tumour will have a critical mass that will no longer allows all cells to 

receive an adequate intake from existing vessels, nor to remove waste 

substances efficiently 41. This suffering situation represents an intrinsic 

limitation to growth: cells can neither multiply nor survive unless a new 

microcirculation is created. Thus, there would be a competition/selection 

phase with the expansion of some subpopulations and the contraction of 

others, at least until the tumour begins to produce angiogenin, a molecule 

that recruits healthy cells to form new vessels and support tumour growth 

42. 
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1.3 BREAST CANCER 

1.3.1 Mammary Gland Anatomy 

The mammary gland, Figure 0.1, is an even apocrine gland situated in the 

superficial fascia of the pectoral region, it is extremely variable and 

dynamic but characterised by some constant elements. The upper limit of 

the mammary gland is at the anterior arch of the 2nd -3rd rib, while the 

lower limit is at the anterior arch of the 6th/7th rib. The median limit is 

represented by the sternal margin line, the lateral coincides with the 

average axillary line. There is a great individual variability in shape and size 

also in relation to the different constitutional types: in the same woman, 

then, the mammary gland changes in the different stages of the menstrual 

cycle, in the different ages, in a possible pregnancy. 
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The anatomy of the gland can be divided in three tissues: the skin, the 

parenchyma and the stroma. The skin comprehends the nipple and the 

areola 43. The nipple usually conically protrudes for 6-10 millimetres but 

there is great individual variability sometimes it can be umbilicated or 

even introflexed. On the nipple are located 15/20 lactiferous orifices, 

which constitute the outlets of the lactiferous ducts. The nipple is rich of 

circular and longitudinal smooth muscles and nerves. The areolar region 

(differently pigmented than the surrounding skin varying from pink to 

brown) consists of skin, poor subcutaneous tissue and a layer of smooth 

muscle that allows the complex areola-nipple to contract, especially 

during lactation. On the areola there are small protrusions called tubercles 

of Montgomery, which represent the excretion pores of sebaceous glands 

located in the retro-areolar subcutaneous, to which are attributed 

Figure 0.1 Anatomy of female Breast. From: 

https://www.cancer.gov/publications/dictionaries/

cancer-terms/def/mammary-gland. 
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bactericidal and odoriferous functions, the latter to make the milk more 

pleasant for the new born 43. 

The parenchyma is a glandular tissue made up of branching ducts, called 

lactiferous ducts that drain all the terminal secretory lobules which varies 

from 15 to 20 lobes. The ducts expand to form the lactiferous sinus where 

the milk is collected and open individually into the nipple. 

Finally, the stroma is the supporting matrix surrounding the parenchyma. 

The fatty stroma is the main tissue in the mammary gland and the 

percentage varies individually while its weight may differ from 30 g to more 

than 1000 g. In the fibrous stroma there are septa called suspensory 

ligaments of Cooper, which suspend the gland from the pectoral fascia 

and separates lobes. The glandular tissue is supported by a massive 

arterial, venous and lymphatic system. 

• Arterial blood is derived from five arteries: internal thoracic artery, 

lateral thoracic artery, superior thoracic artery, acromion-thoracic 

artery and branches of posterior intercostal artery.  

• The venous system forms a circular system (anastomotic) around the 

nipple and is divided into: (i) internal thoracic veins and superficial 

veins of the lower neck (both superficial); (ii) internal thoracic vein, 

axillary and posterior intercostal veins (deep veins). 

• Lymphatic drainage can be divided in two subgroups of lymph 

nodes. The first is the axillary nodes and are made up of the: 

pectoral group, the subscapular group (posterior), lateral group, 

central and apical group. The second cluster, the parasternal 

nodes, which drains almost 20/25% of the lymph from the breast 

region through the internal thoracic mammary lymph nodes 

located along the edge of the sternum body, while the axillary 

group drains 75/80% of breast lymph 44. 
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1.3.2 Histology and Physiology  

The mammary gland is composed from the histological point of view of 

ducts and berries immersed in a stromal tissue that represents the majority 

of the parenchyma of the adult breast and is composed of a variable 

percentage of fibrous and adipose tissue. The glandular structure proper 

has instead a "tree in flower" structure, with the major galactophore ducts 

that branch from the nipple into ductal structures progressively smaller up 

to the ducts of the so-called TDLU, acronym for Terminal Ductal-Lobular 

Unit 45. The TDLU consists of: 

• Terminal ductuli or acini, the epithelium of which undergoes 

secretory changes during pregnancy and lactation, forming 

secretory berries or lactation glands; 

• intralobular collector duct; 

• specialised intra-lobular stroma  

 

Ducts, ductuli and acini are therefore tubular structures with an empty 

lumen and a wall composed of a double layer of cells: an internal layer 

composed of epithelial cells that stand towards the lumen of the tubules, 

called therefore "luminal cells", which have a cuboidal or low columnar 

shape; an outer layer composed of myoepithelial cells, which are 

therefore the "basal cells".  

These two types of tubule wall cells differ not only in their shape and 

position, but also because they express different markers, which can be 

identified with specific immuno-histochemical stains. TDLU is the functional 

unit of the mammary gland and represents the site from which most 

carcinomas originate (both in situ and invasive forms).  

If the ductal structures are characterised by a substantial stability, the TDLU 

are instead dynamic structures, which follow the phases of the menstrual 

cycle and under oestrogen hormonal stimulus undergo proliferation, while 
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in the progestin phase they undergo regression. For instance, the 

mammary gland in the post-pubertal period is extremely compact and, 

whether investigated with mammography, would appear very dense and 

it will be difficult to identify its components. Fertile women are prone to 

hormonal variations of the menstrual cycle, i.e., to the oestrogen 

stimulation in the first part of the cycle (1st-14th day), induces proliferation 

of the epithelium of the ducts. Afterwards, during the ovulation phase, the 

progestin causes hyperplasia and oedema of the stroma by the 

prevalence hydro-saline retention. While, with menopause the gland 

undergoes atrophy, with shrivelling of the stroma and disappearance of 

glandular tokens. On the contrary, during pregnancy circulating 

hormones induce hypertrophy of the gland, suitable for lactation. While 

during the late pregnancy stage, prolactin hormones induce the sinuses 

to be filled with milk that will shrink and decrease in number when lactation 

ends. Otherwise, there is an inversion of the gland-stromal ratio and the 

breast at the end of the pregnancy consists predominantly of glandular 

lobules and poor stroma 43.  

As for the stromal component of the mammary parenchyma, it is possible 

to identify a stroma rich in collagen between the lobules (the so-called 

"inter-lobular stroma") and a stroma that is instead located within the single 

lobule (the "intra-lobular stroma"). 

The intra-lobular stroma is loose and with a rich fibrovascular component, 

and is populated by lymphocytes, plasma cells, macrophages and mast 

cells; this stroma is reactive to hormonal changes and, for example, under 

the stimulus of oestradiol becomes very oedematous.  

Hormones also have effects on the glandular component of the 

parenchyma: oestrogen, progesterone and androgens promote 

differentiation and proliferation of luminal cells, while oxytocin causes 

contraction of myoepithelial cells. Hormone receptors, namely the 
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oestrogen receptor (ER) and the progesterone receptor (PgR) are 

expressed in the normal breast, but at low levels and in a heterogeneous 

way between one lobe and the other (in addition, in the ducts they are 

even less expressed than in the lobules). 

The glandular component produces milk and is active only during 

pregnancy and lactation, that is, when the development of the breast is 

complete. In this period of adult life the proliferation of epithelial cells starts 

again under the stimulus of ER, PgR, prolactin and growth hormone: as a 

result, we see an increase in the number of lobules at the expense of the 

stroma, both intra-lobular and inter-lobular. 

 

 

The mammary gland also undergoes secretory modifications: the luminal 

cells acquire a foamy cytoplasm (because it contains numerous fine lipid 

vacuoles) and a typical "hobnail" appearance, characterised by vesicular 

nuclei with prominent nucleoli: the secretion produced by these cells 

accumulates in the expanded lobules. The so-called "lactation 

modifications" may also be present outside pregnancy and may alarm 

Figure 0.2 Ductal carcinoma in situ. From: https://thoracickey.com/11-breast-anatomy./. 

https://thoracickey.com/11-breast-anatomy./
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because of the cytological atypic that characterises them: should not be 

confused with atypical proliferations and carcinoma, in particular with 

"clinging" ductal carcinoma in situ (CDIS), shown in Figure 0.2.  

With advancing age, following the decrease of hormonal stimulation by 

ER and PgR in the post-menopausal period, the gland undergoes 

regressive modifications with adipose involution. In more detail, the TDLU 

become atrophic losing also the intra-stroma specialised lobular and the 

ducts can become ecstatic. The nipple and areola are covered by a 

squamous epithelium type multi-layered keratinising that is introduced 

focal to the superficial outlets of the galactic ducts 43. 

 

1.3.3 Incidence 

Breast cancer is the most frequently diagnosed malignancy in the world 

accounting for 25.5% of all female diagnosed neoplasms in 2020. 

International Agency for Research on Cancer (IARC) 2020 stated that 

2,261 million new cases have been diagnosed worldwide in 2020 and 

53,889 in the United Kingdom making it the most common in the world 

female population. Breast cancer incidence remains higher in developed 

Countries thanks to a longer life expectancy, industrialisation and 

screening programmes. This difference is highlighted in the Figure 0.3. In 

2020 there were over 70 per 100,000 women in developed countries 

compared to below 40 per 100,000 women in developing nations 

diagnosed with breast cancer (International Agency for Research on 

Cancer (IARC) 2020). 

The mechanism can be attributed in part to the change in the prevalence 

and distribution of different reproductive and hormonal factors, including 

a tendency to first menstruation in more advanced ages as well as for 

early births. These changes can partly explain the rapid increases in breast 
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cancer incidence rates in several countries in Asia (e.g., India, Japan, 

Thailand and Turkey) and Latin America (e.g., Costa Rica and Ecuador). 

By contrast, in countries with high HDI (high development index) like 

Australia, Canada, the United Kingdom and the United States, incidence 

rates stabilised after a marked decline in initial incidence in about 2000. 

This according to some studies is due to the harmful effects of hormone 

replacement therapies in menopause. 

 

 

Dietary factors (including an increasing prevalence of alcohol 

consumption in women) obesity and physical inactivity cannot be 

excluded as potential emerging causes in countries with high HDI where 

there has been an increase in this regard also in women outside the 

screening age. 

 

Figure 0.3 Standardised Breast Cancer worldwide incidence in 2020 (IARC). 
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1.3.4 Mortality 

Breast cancer is the most common cause of death worldwide. Once the 

cancer is diagnosed, women in the world do not have the same chances 

of recovery. In high-income countries, mortality rates for premenopausal 

cancers are around 11% of diagnoses (Figure 0.4). 

 

 

 

 

In low-income countries, like Melanesia and Western Africa the mortality 

rate reach the 25%. Doubled since too many communities still do not have 

access to the changes that have improved life expectancy in Europe, 

such as early detection, screening and effective treatment. 

 

1.3.5 Molecular Classification 

Infiltrative ductal carcinoma (IDC), also known as infiltrative carcinoma or 

invasive breast carcinoma, is a very common type of breast cancer. It 

Figure 0.4 Standardised Breast Cancer worldwide deaths in 2020 (IARC). 
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begins proliferating in the milk ducts of mammary tissue and later invades 

the duct tubes and invades or infiltrates surrounding tissues. 

Unlike ductal carcinoma in situ (DCIS) which is a non-invasive tumour, IDC 

is not a well-contained cancer since it has the potential to invade lymph 

and blood systems, spreading cancer cells to other parts of your body 

(metastasis) 46. 

IDC is molecularly divided into five main intrinsic subtypes based on the 

receptors that tare overexpress on the breast cancer cell surface. the 

receptors considered for the classification are the oestrogen (ER), 

progesterone receptor (PR), human epidermal growth factor receptor 2 

(HER2), and a proliferation marker known as Ki67. The subgroups are the 

following (Table 0.1): 

• Triple-negative/basal-like breast cancer (TNBC) is characterised by 

total absence of oestrogen, progesterone and HER2. It is considered 

the most aggressive type of breast cancer and it is more common 

in younger patients and patients with BRCA1 mutations.  

• Luminal A breast cancer is oestrogen and/or progesterone, HER2 

negative, and has low levels of the protein Ki-67. This type grows 

slowly compared to other types, and luminal A shows good 

response to anti-oestrogen treatment and good prognosis.  

• Luminal B breast cancers are oestrogen and/or progesterone, and 

either HER2 positive or HER2 negative with high levels of Ki-67. 

Luminal B tend to grow slightly faster than luminal A cancers. 

Although can respond to hormonal treatments but have a 

prognosis worse than Luminal A. 

• HER2-enriched breast cancer is negative to oestrogen and 

progesterone receptors and HER2 positive. Although these cancers 

are often successfully treated with targeted therapies (anti-HER2), 

however, patients with this subtype can have a poorer prognosis 47.  
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• Normal-like breast cancer is similar to luminal A type of breast 

cancer: it is hormone-receptor positive (ER and/or PR positive), with 

low levels of Ki-67. Patients with Normal-like breast cancer tend to 

have a good prognosis. However, the prognosis is worse than 

luminal A. 

 

Table 0.1 Molecular classification of Breast Cancer subtypes. 

 

1.4 HER2 POSITIVE BREAST CANCER 

Approximately 20-25% of invasive breast cancers overexpress the 

HER2/neu protein and it is considered a particularly aggressive molecular 

subtype of breast cancer. It is characterised by the hyperexpression of 

HER2 protein on the surface and it is estimated that the survival rate is only 

82.7% after 4 years 48 49. 

Higher expression (20/30% more than usual) of the HER2 gene cluster and 

the proliferation genes are on the cell surface, while it has a low expression 
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of genes of the luminal and basal subtype. For this reason, these tumours 

are most often negative for ER (oestrogen receptor) and PgR 

(progesterone receptor) and positive for HER2 on immunohistochemical 

evaluation 50,51.  

The HER/ErbB family receptor (Human Epidermal growth factor Receptor) 

is a group of membrane proteins with tyrosine kinase activity composed 

of four members: EGFR (ErbB1), HER2 (ErbB2), ErbB3 and ErbB4 (Figure 0.5). 
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Figure 0.5 ERBB receptors family and their internal pathways. 
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They are expressed in numerous types of tissues, epithelial, mesenchymal, 

nervous, where they play a fundamental role in cell proliferation, growth, 

survival, differentiation and migration, and are involved in the 

development and progression of numerous types of tumours 52. ErbB family 

is a 185-kDa transmembrane tyrosine-Kinase oncoproteins and in each 

receptor there is an extracellular domain which interacts with a ligand, a 

hydrophobic trans-membrane portion and an intracellular tyrosine-kinase 

domain. All these receptors perform an important action of transducing 

signals between the extra- and intra-cellular environment. 

The ErbB1, ErbB3 and ErbB4 activation is ligand-dependent however, 

ErbB2/HER2 receptor is called “orphan receptor” considering that when 

overexpressed or mutated it is constitutively activated shape and thus its 

activation is ligand-independent 53,54. 

Combining the receptors with each other can form four homodimers (by 

coupling two receptors of the same type) or six heterodimers (by coupling 

two receptors of different types). Following the homo-/hetero-dimerisation 

of the receptor, many cytoplasmic proteins are activated and include 

Ras/MAPK, and PI3 kinase/Akt that trigger a series of downstream 

cascade reactions along the signal transduction pathways. 

For example, Ras/MAPK promotes the altered expression of many genes 

related cell proliferation, differentiation and survival leading to an 

increased cancer progression. In addition, PI3 Kinase/Atk triggers the 

activation of many transcription factors that regulate cell metabolism, 

apoptosis, protein synthesis, epithelial-mesenchymal transition (EMT) and 

angiogenesis (Figure 0.6). 
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1.5 HER2 BREAST CANCER TARGETING TREATMENTS 

1.5.1 Introduction  

The most successful therapy for the treatment of breast cancer subtypes 

has been targeted therapy of epitopes expressed on the surface of 

cancer cells, stressing the importance of molecular classification in 

addition to histology and the great heterogeneity of the tumour. 

 

Figure 0.6 Representation of the hetero-dimerisation on the 

left and its RAS/MAPK pathway activation. on the right, the 

omo-dimerisation and the phosphorylation of the PI3 Kinase 

protein and the Akt activation. Both Pathways enhance the 

cancer progression stimulating genes mutation and 

transcription factors 53. 
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1.5.2 Monoclonal Antibody 

The main treatment for HER2 is a humanised monoclonal antibody, 

Trastuzumab (Herceptin®) that presents complementary-determining 

region amino acids that bind the protein region of the fourth extracellular 

domain of the HER2 receptor. The Trastuzumab-HER2 complex causes a 

cytostatic effect due to the arrest of the G1 phase resulting in an 

upregulation of p27 cyclin inhibitor (CDK). In fact, the drug acts as a block 

of the intracellular signal of PI3K/Akt 55 that induces an increase of PTEN 

(homologous tensin phosphatase), a protein fundamental for its activity as 

onco-suppressor. In addition, the HER2 receptor may undergo a 

proteolytic cleavage that causes the shedding of the extracellular portion 

giving rise to a truncated and constitutionally active phosphorylated 

protein, p95HER2. However, Trastuzumab is able to inhibit the cleavage of 

HER2 and p95HER2 by blocking the cleavage site of the receptor 56,57. 

Moreover, the Fc portion is a potent mediator of the cell-mediated 

dependent antibody cytotoxicity (ADCC), the effector cells of the 

immune system such as natural killer cells, monocytes, macrophages, and 

mast cells then bind to the Fc portion and induce the release of molecules 

that cause cell lysis. 

However, the drug often encounters resistance mechanisms that 

undermine its effectiveness approximately nine months after the start of 

treatment 58. The most common mechanisms are: 

• Obstacles preventing binding to the HER2 receptor 

• Upregulation of signalling pathways downstream of HER2 

• insufficient immune activation that does not lead to cell death 

• Alternative routes 

 

An obstacle that reduces affinity with HER2 is the accumulation of the 

truncated receptor, p95HER2, which has kinase activity but lacks the 
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binding site of Trastuzumab due to the cleavage of the extracellular 

domain (Figure 0.7). 

The increased activity of the PI3K pathway that makes the protein 

constitutively active may be due to the loss of function of PTEN, that its 

activity falls up to 40% in breast cancer 59, or thanks to mutations that 

activate the catalytic subunit of PI3K 60. 

 

  

Figure 0.7 HER2 receptor cleavage in p95HER2 to avoid the blockade by Trastuzumab 61. 

 

Other pathways include an increased IGF-1 receptor (IGF-1R) that is 

amplified in positive HER2 tumours and increase their phosphorylation 

activity causing activation oh HER2 receptor so the PI3K pathway. Finally, 

there may be an increase in heterodimers HER2-HER3 that turns out to be 

the most active heterodimeric complex that induces a powerful 

downstream signalling. However, the heterodimer HER2-HER3 can be 

avoided by a new monoclonal body, called Pertuzumab, which is able to 

bind the second extracellular domain of HER2 by preventing 

heterodimerisation 62. 
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1.5.3 TDM-1 Antibody Drug Conjugate 

T-DM1 is an antibody-drug conjugate (ADC) studied for use in HER2 

positive metastatic breast cancer. It was developed to inhibit the HER2 

signalling pathway and deliver DM1 chemotherapy directly within HER2 

positive cancer cells. The Trastuzumab antibody binds to positive HER2 

cancer cells and blocks uncontrolled signals that contribute to tumour 

growth, while activating the body’s immune system against these cells 

(Figure 0.8) 63,64. 

 

 

Once inside the cancer cells, T-DM1 leads them to cell death by releasing 

DM1. T-DM1 combines Trastuzumab and DM1 via a stable linker that keeps 

the bond intact until the drug is internalised into HER2 positive cancer cells. 

T-DM1 works as a targeted anticancer therapy because it directly targets 

HER2-positive breast cancer cells, limiting the rest of the body’s exposure 

to chemotherapy. More specifically, Trastuzumab in T-DM1 binds first to the 

HER2 protein on the surface of breast cancer cells and DM1 then enters 

the cells and can cause them to die, preventing tumour growth 65. 

Figure 0.8 Structure of T-DM1. Taken from Hunter et al. 
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1.5.4 HER2 Tyrosine Kinase Inhibitors 

Lapatinib is a drug that inhibits the tyrosine kinase activity of the HER2 and 

HER1 receptor. Unlike monoclonal antibodies, Lapatinib is a small 

molecule capable of cross the cell membrane and binding the 

intracellular domain by competing for the ATP binding site (Figure 0.9 66). 

 

 

 

 

The drug is often used in combination with Trastuzumab since it blocks cell 

cycle 67. 

It is often used in combination with other drugs such as chemotherapy 

agents (capecitabine and gemcitabine) and agents associated with 

hormonal therapy (letrozole) when the risk of metastasis is very high and 

the patient has already shown a poor therapeutic response to 

Trastuzumab 67. 

Figure 0.9 Inhibition of proliferation and survival of cells in 

presence of Lapatinib. 
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1.6 CHEMOTHERAPY AND NEW STRATEGIES 

In HER2-positive tumours, treatment with combinations of anti-HER2 agents 

is well established as the first-choice treatment in combination with 

chemotherapy. Anti-HER2 agents are mainly biological drugs, that is, 

monoclonal antibodies that bind the HER2 receptor present on the 

surface of cancer cells, preventing the transduction of the signal inside 

them. Nonetheless, chemotherapy is often associated with targeted anti-

HER2 therapy, and thanks to new molecular discoveries and new drug 

delivery technologies, even RNA fragments can be used to control 

acquired mutations in cancer cells. 

 

1.6.1 Paclitaxel  

One of the most common chemotherapeutic drugs is Paclitaxel, part of 

the taxanes class, it is a first-line drug widely used in the pharmaceutical 

field for different types of cancer including breast cancer. Its mechanism 

of action promotes the assembly of microtubules and stabilises them, thus 

reducing the ability to reorganise cells especially in the phases of 

duplication and cell division. 

The hyper-stabilised structure due to the link between Paclitaxel and 

tubulin, preventing the mobility of cellular organelles, and from recent 

studies, it seems to interact with the Bcl2 protein, binding it to its chemical 

structure and zeroing its anti-apoptotic activity 68. The side effects of 

Paclitaxel, however, are manifold, such as: the most common side effects 

are the decrease of red and white blood cells with consequent exhaustion 

and risk of infection. 

Nausea, vomiting, diarrhoea and hair loss are other adverse reactions of 

the drug. Finally, neuropathy can occur with numbness of hands and feet 

69. 
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However, the use of nanoparticles has been shown to greatly reduce side 

effects, chemotherapy in combination with albumin nanoparticles allows 

to increase the concentration of Paclitaxel in the intra-neoplastic region 

by 33% compared to traditional administration. In addition, smallest 

percentages of side effects and the higher period of survival and tumour 

progression 70. 

1.6.2 Gene Therapy 

Through personalised medicine, traditional drugs currently found in 

pharmacies can be administered, in suitable dosages for the individual, 

but also more complex medicines such as nucleic acids that can 

intervene directly onto the mutated cell and be precisely and safely 

delivered. These highly personalised therapies are known as gene 

therapies are intended to: 

• Transfer small sequences of genetic material to correct or enhance 

the clinical condition. 

• Cellular targeting (only to specific cells). 

• Modify the expression of the therapeutic gene (maintenance of 

biological activity at high/reduced levels in the desired tissue). 

• Be absent of side effects (e.g., immune response) 

Since traditional medicine shows obvious limitations such as toxicity, loss of 

function or many side effects to healthy organs, it is well known that new 

highly personalised therapies based on the molecular biology of diseased 

tissues can be of great benefit to the success of selective treatment for 

the latter. The approaches for the treatment of breast cancer are multiple 

but can be summarised in four macro-categories:  

1. Regulation of onco-suppressor genes 

2. Proapoptotic gene therapy 

3. Potentiation of immune system  

4. Antiangiogenic gene therapy 
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The disease advancement is often caused by genes mutations that inhibit 

potential metastatic or invasive effects, or there are indirect mechanisms 

that interfere with their expression. Through gene therapy it is possible to 

promote the expression of onco-suppressors and to inhibit the activity of 

oncogenes, restoring normal cellular activity or inducing programmed 

death (apoptosis). Also, gene therapy has the potential to stimulate 

patient’s immune system by either administration of tumour antibodies 

and tumouricidal effector cells to directly kill cancer cells (passive 

immunotherapy) or activate immune system response to drive the 

anticancer immunity by tumour vaccines and immune-stimulatory 

cytokines 71. 

The development of the disease is often caused by mutations directed at 

onco-suppressor genes which controls either the metastatic potential and 

invasive effects, or there are indirect mechanisms that interfere with their 

expression. Through gene therapy it is possible to promote the onco-

suppressors expression and to inhibit the oncogenes activity, restoring 

normal cellular activity or inducing programmed death (apoptosis). In 

addition, gene therapy has the potential to stimulate patient’s immune 

system by either administration of tumour antibodies and tumoricidal 

effector cells to directly kill cancer cells (passive immunotherapy) or 

activate immune system response to drive the anticancer immunity 

through tumour vaccines and immune-stimulatory cytokines. 

Finally, it is well established the tumour proliferation is an angiogenesis-

dependent process (strengthening of new blood vessels). Therefore, 

blocking genes that transcribe to proteins that lead to uncontrolled blood 

vessels growth are a very common target for the cancer tissue treatment 

72. 
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Gene Therapy allows to treat genetic diseases and tumours through the 

introduction of molecules that completely or partially inhibit the activity of 

a gene such as: siRNA (Small interference RNA), miRNA (microRNA) or 

ASOs (inhibitory antisense oligonucleotides); or molecular structures that 

correct or increase gene expression such as: plasmid DNA, mRNA 

(messenger RNA), saRNA (small activating RNA) and CRISPR/Cas9 

(clustered regularly interspaced short palindromic repeats). 

1.6.3 SiRNA 

Short interference RNA (siRNA) was discovered by Fire and Mello in 1998 

when studying worm Caenorhabditis elegans 73. They understood that 

when RNA double strand was introduced in worms, they were able to 

silence some genes essential for worm movement. 

RNA interference is a natural protection mechanism from viral RNA or from 

gene elements which can destabilise cell DNA 74. This particular defence 

system can be found in various organisms and all the enzymes necessary 

for it are highly preserved, in eukaryotic organisms the system is more 

evolved and it is an important tool to regulate gene expression. 

SiRNAs are double stranded RNA of 21-23 non-coding nucleotides (Figure 

0.10 75). The siRNA precursor is a long double-stranded RNA (dsRNA) that 

contains 30 over 100 nucleotides and it is cut into a smaller RNA duplex 

with 3’ two-nucleotides overhangs by a ribonuclease (III RNase), called 

Dicer. Mature double stranded RNA interacts and activates Argonaute 

proteins (AGO2) to form the multiproteic complex RISC (RNA-induced 

silencing complex) that possesses endonuclease activity 76 which 

cleavage the sense strand. Subsequently, the guide strand that is still 

associated with RISC complex, will bind perfectly the target mRNA causing 

its degradation or cleavage 77. 
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Figure 0.10 SiRNA processing. Firstly, the double strand 

RNA is it cut by DICER into 21-23 nucleotides. the small 

RNA recognises and activate the Argonaute protein. 

Later, the AGO2 protein bind the RISC complex which 

cleavage one strand of the siRNA, while the guide strand 

will bind the mRNA causing its degradation (green 

segments). 
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Gene silencing is induced by repression of translation or by degradation 

of target molecules. The choice of the mechanism of action depends on 

the homology between the SiRNA and the target. In this context, the RISC 

complex has to degrade the target RNA when its complementarity with 

SiRNA is total. If complementarity is not perfect, however, the complex 

represses the translation. 

SiRNAs have key roles in regulating numerous processes and a single one 

is able to control the expression of the target genes. Their involvement in 

biological processes has led researchers to investigate molecular aspects, 

in fact whether the mRNA is overexpressed siRNA can reduce or zeroing 

the concentration of pathological messenger RNA. 

1.7 GENE TRANSFER 

1.7.1 Introduction  

Although this technique is widely recognised as a treatment with a clinical 

potential, it is applicable only to easily accessible tissues, resulting in poor 

efficacy because of the rapid degradation of the delivered gene that is 

caused by serum nucleases as well as by an ineffective cellular 

internalisation due to the high size of DNA chains and the electrostatic 

repulsion between negative charged on nucleic acids and cell 

membrane 71,78. For this reason, the main objective of gene therapy is the 

development of methods and vectors that can facilitate the entry of 

genetic material into the cell, thereby increasing the efficiency of 

transfection. In particular, there are two main approaches to promoting 

the transfer of genes to cells: physical methods and chemical vectors (viral 

or non-viral). 
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1.7.2 Physical Method 

In recent decades, several strategies have been developed for the 

transfer of genes to target cells, with the aim of modulating their expression 

for therapeutic purposes. The most intuitive method for transferring genes 

or fragments is the direct administration of nucleic acids to cells as 

“naked” DNA or RNA. Physical methods for the administration of genetic 

material in vitro and in vivo exploit physical forces to permeate the cell 

membrane, accentuating the size of the natural pores of the membrane 

itself, this makes it easier for the cell to internalise gene material (Figure 

0.11 79). 

Physical methods favour the entry of DNA or RNA fragments by putting 

them in close contact with the target cells and temporarily damaging the 

plasma barrier itself. 

 

 

 

Figure 0.11 Example of physical gene delivery. 
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An example of a physical method is the electrotransfer, initially used only 

for in vitro cells, today it is used for gene transfer in the skin, muscles and 

liver, but also for tissues such as heart, retina and lungs 80. The technique 

consists in applying electrical impulses to make the membrane permeable 

and thus allow the passage of large or charged molecules 81. 

A similar technique is the sonoporation that uses ultrasound to create 

micropores in the plasma membrane and promote the internalisation of 

nucleic acids 82. 

Vascular hydrodynamic injection instead exploits a local and transient 

increase in hydrostatic pressure significantly increasing the efficiency of 

internalisation of DNA fragments present in the blood 83. 

The technique called gene gun exploits the bombardment of cells with 

microparticles covered with nucleic acid 84,85. Often gold or tungsten 

particles are used that have adsorbed a plasmid on the surface, and can 

cross the cell and nuclear barrier by releasing plasmid directly into the 

nucleus of the target cell 86.  

 

1.7.3 Viral Vectors and Chemical Method 

Given that physical methods can only reach superficial or directly 

underlying tissues that are easily accessible, chemical methods have also 

been developed to expand the number of tissues and target cells. 

Currently, the main challenge of gene therapy in the clinic is to design and 

master an appropriate vector, capable of effectively delivering nucleic 

acids within the cell, maintaining biocompatibility without activating the 

immune system. For instance, research efforts are focusing on the design 

of carriers able to hide and protect the nucleic acid of interest from 

degradation by blood and interstitial nucleases, promote the 
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internalisation of genetic material in target cells and release the gene 

material, once inside the target cells 87,88.  

 

 

 

At first, research focused on the use of viral carriers, such as adenovirus, 

retrovirus, adeno-associated virus and lentivirus, for their ability to carry 

exogenous DNA/RNA in numerous line cells 89. When gene therapy uses 

these organisms as vectors, the transfer of genetic material is called 

transduction (Figure 0.12 90). Viruses are biological entities characterised 

by dimensions in the order of nanometres, since they are obligated 

Figure 0.12 Schematic representation of viral gene delivery. 
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parasites, they exploit all the biochemical and biosynthetic structures 

necessary for their replication which are present in the host. Some viruses 

can physically insert their genome into the host’s genome so that it is 

replicated along with it. It is possible to exploit the peculiarities of viral 

vectors by inserting in their genome the gene of interest and creating a 

recombinant vector. The viral vectors are therefore deprived of their 

genes potentially pathogenic to the cell, while those indispensable for the 

replication of the virus are maintained 91,92. Despite the advantages 

offered by viral vectors, among which the high efficiency of transduction, 

their application in vivo is hindered by the reaction of the human immune 

system, which recognises and removes viruses from the blood circulation, 

thus reducing the effectiveness of this type of carrier. In addition, these 

vectors are prone to mutagenesis and recombination.  

The delivery of genetic material by non-viral agents is termed transfection 

and the carrier, which is used, is called vectors. The latter can be 

produced on a large scale, with acceptable costs, high reproducibility, 

and with relatively stability upon storage. Although they have proved less 

efficient in gene transfer, they have been studied with great interest as 

they are less immunogenic, easy to prepare and more versatile 93. 

1.8 NANOPARTICLES 

1.8.1 Introduction  

The advantages of using nanoparticles as a drug delivery system are 

many:  

• Prolonged systemic circulation with improved biodistribution and 

pharmacokinetic profile.  

• Improved chemical stability of drugs;  
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• Drastic decrease in cytotoxic effects due to the use of 

biocompatible nanomaterials; 

• Use of poorly water-soluble drugs that are encapsulated in 

nanoparticle systems improving their solubility 94; 

• Controlled drug release at specific sites; 

• Possibility of simultaneous distribution of several active ingredients 

for combined synergistic therapy 95,96. 

These physical properties-unique chemicals of drug delivery systems with 

nanoparticles give them the advantage of significantly influencing the 

therapeutic approaches of various diseases, through their ability to 

provide a range of therapeutic agents to the desired sites in the body, at 

a predetermined speed and time 97. 

Nanoparticles or NPs are structures ranging in size from 10 to 250 nm and 

have been extensively studied for drug delivery and diagnostics in recent 

years. 

In the context of drug delivery, nanoparticles are divided into three main 

classes: inorganic, lipid-based and polymeric (Figure 0.13 98). 

Inorganic nanoparticles consist of inorganic materials such as gold, iron, 

and silica that are very often used for different drug delivery and imaging 

analysis 98. 
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Lipid-based nanoparticles are typically spherical structures with one or 

more double layers of lipid that have an aqueous compartment. These 

structures have the advantage of being simple, biocompatible, self-

assemble, have the ability to carry relatively high payloads and drugs of 

different physicochemical nature. This class includes liposomes and lipid 

nanoparticles (LNPs) 99. 

Polymer nanoparticles consist of one or several repeated units of natural 

or synthetic original, due to their variable composition they can carry 

different actives within their core or can trap the drug between the 

polymer matrix. Finally, it is possible to chemically bind the active 

substance to the nanoparticle 100. 

Polymer nanoparticles can be divided into two subclasses according to 

their shape. In fact, they are called nanocapsules if the core is delimited 

by the matrix or shell, or they are called nanospheres if the matrix is solid 

and the drug is evenly distributed in it. This class includes polymerosomes, 

micelles and dendrimers.  

 

Figure 0.13 classification of Nanoparticles. From Mitchell et all 2021. 
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1.8.2 Passive And Active Targeting 

Ideally, nanovectors should have low toxicity and avoid the removal by 

immune system and remain in the blood circulation for a prolonged time 

to ensure the accumulation in the desired tissue.  

In fact, it is a peculiarity of nanoparticles to accumulate in specific tissues 

of the human body, this can happen spontaneously in the case of passive 

targeting or it can be induced through active targeting. In the first case, 

passive targeting, takes advantage of the differences between normal 

and sick tissues to convey the drugs to the requested site. The physiology 

of sick tissues, in fact, is often altered leading to the EPR effect (enhanced 

permeability and retention)101. This occurs because the vascularisation of 

the cancer is significantly more developed than in healthy tissues and 

predominates on the lymphatic system, with increased oedema and 

accumulation of NPs in tumour tissues rather than in healthy tissues. The 

EPR effect has also been observed at sites of inflammation and infection 

due to the presence of bradykinin. The difference between the EPR effect 

caused by the tumour and that caused by inflammation in normal tissues 

is duration. In fact, in the first case, the retention time is considerably longer 

than that found in inflamed tissues due to the collapse of the lymphatic 

system, an event that does not occur in healthy/inflamed tissue and leads 

to a resorption of excess fluids after a few days. Active targeting, on the 

other hand, requires the conjugation of receptor-specific ligands that can 

promote site-specific targeting 102. The success of pharmacological 

targeting depends on a high affinity and specificity of ligands to the 

receptors of the target cell surface. Active targeting can be achieved 

through molecular recognition of surface proteins over-expressed at the 

sick site, either through ligand-receptor, antigen-antibody interactions, or 

through targeting by aptamers (single-stranded nucleic acids or peptides 

that specifically bind the target protein). Therefore, the ability to 
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conjugate different targeting ligands offers excellent opportunities to 

overcome physiological barriers and promote efficient cellular absorption 

103.  

 

1.8.3 Biological Barriers 

Physiological factors are important in influencing the fate and distribution 

of the delivery system. Indeed, when liposomes are injected in blood 

stream, they are recognised as non-self by immune system and become 

coated by proteins; a process called “opsonisation” or “protein corona”. 

One component of the coating proteins, which is named opsonin, can 

encourage the clearance by the RES (reticuloendothelial system). Many 

studies underlined the advantages of the protein corona absorption can 

reduce the NPs toxic effects and prevent undesired interactions with the 

immune system (Figure 0.14 104). For example, the protein corona can 

significantly affect the NPs cellular uptake avoiding the interactions with 

cell membrane; however, whether the binding site of NPs is driven by the 

protein corona itself, it may increase the targeting capability of the 

nanocarrier 105. 

 

 

Figure 0.14 Protein Corona recognise the NPs and active the immune 

system to digest and remove nanoparticles from blood circulation. From 

DiGiacomo et al, 2020. 
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It is also important to mention that the protein corona composition is 

patient-to-patient different like a fingerprint, considering that cancer 

antibodies start circulating in the plasma of patients and those are specific 

for each disease and patient. Moreover, protein corona are more 

attracted by larger NPs (100 nm) than on smaller-sized 106. 

Nevertheless, the opsonin proteins are part of the protein corona and 

have been shown to negatively affect the efficiency of the NPs targeting, 

due to causing rapid clearance of the nanocarrier by phagocytes 

immune system cells such as macrophages, monocytes and dendritic 

cells. One of the key techniques to increase blood circulation is the 

addition of different groups to the bilayer surface such as polyethylene 

glycol (PEG), which is one of the most common moieties added. Its long 

and flexible chain forms a barrier that arguably prevents or reduces 

opsonin adhesion, making it invisible to phagocytes 107 stabilising the 

colloid 108,109. 

One more obstacle for the NP intake is the reticuloendothelial system 

(RES), also called mononuclear phagocyte system (MPS) consisting of 

spleen and liver, which are capable of removing many particles from the 

blood circulation. In addition to clearance, MPS can induce toxicity by 

triggering the immune response to release interleukins, interferons and 

tumour necrosis factors. To reduce the clearance by the phagocyte 

system it is possible to reduce the interactions coating the NPs with PEG 

(poly ethylene glycol) or “self”-peptides. In particular, PEGylation is also 

used in passive targeting approaches to selectively promote the delivery 

into the diseased tissue rather than healthy tissue through the EPR effect 

(enhanced permeability and retention), proposed to be at play in solid 

tumours 110. Whereas the “self”-peptides mimic cell membranes derived 

from leukocytes or erythrocytes to enhance the anti-phagocytosis signals. 
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In addition, one more mechanism to clear the blood circulation from NPs 

is the renal ultrafiltration that regulates the NP pharmacokinetics. 

Blood is constantly filtered by the kidneys’ fundamental structures called 

“nephrons” that selectively remove macro and smaller molecules from 

blood circulation to secrete them into renal tubules and collecting ducts.  

Ultimately, whether NPs escape the blood vessels, they will face with 

another barrier in the extracellular environment space composed of 

elastic fibres (glycosaminoglycans and other protein), collagen that 

composes the extracellular matrix (ECM) and is rich of abnormal tumour-

associated metabolic and chemical gradients. The ECM, especially in 

neoplasia, is excessively rigid and the reduced drainage on interstitial fluid 

leads to a pressure gradient that further inhibits NP internalisation into 

cancer cells (EPR effect)98. In particular, positively charged NPs are hidden 

by the ECM since they adhere to the anionic proteins of the extracellular 

environment 98. Nonetheless, the tumour microenvironment can be 

exploited to increase the NP penetration, overtaking the higher ECM 

density and the interstitial pressure. For example, matrix 

metalloproteinases (MMPS) and other proteases located in the 

extracellular site can induce the NP deterioration and drug release. 

Exogenous triggers such as light, magnetic fields and radio frequencies 

can tightly control from the outside of the body the NPs concentration, 

sensitive to their impulses, and their drug release 111,112. In addition another 

method useful to enhance the NPs tumour penetration is to coat them 

with collagenase that degrades collagen overcoming the high ECM 

density or with anti-angiogenesis therapies to normalise the nanoparticles 

accessibility in the tumour tissue by restoring the blood flow and the 

regular pressure gradients 113. 
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1.8.4 Physicochemical Properties of Nanoparticles Affecting 

Biodistribution 

Once the NPs are assimilated, before reaching the targeted tissue at 

suitable concentrations, they can face many obstacles depending on 

their physicochemical properties such as size, shape, charge and 

modification on the surface. As previously mentioned, to minimise the non-

specific absorption by RES it is appropriate to coat the NPs surface with 

PEG which is able to generate a hydrating layer that limit the protein 

absorption or with zwitterionic ligands like glutathione or cysteine 114. 

Otherwise, it is also possible to mask the NP surface with antiphagocytic 

residues like CD47-SIRPα (signal-regulatory protein alpha) that hide them 

from the immune system 115. Not only do the surface modifications affect 

the nanocarrier stability, but also size is an important factor for its 

accumulation. It has been shown by Sonavane et al. 116 that the 

nanocarrier accumulation in the different tissue was size-dependent, i.e. 

NPs smaller than 15 nm were able to cross the BBB (blood brain barrier) 

and the renal clearance of the small particles was very quick, while spleen 

and liver (MPS) instantly accumulate NPs greater than 200 nm 117. In 

addition, cytotoxicity is also related to NP dimension, the smaller the size, 

the greater the toxicity 118. 

The charge of the NP is measured by zeta potential (ζ) and they are 

considered positive when the ζ ≥10 mV while they are negative when ζ ≤ 

-10 mV and neutral NPs with +10 mV ≤ ζ ≤ -10 mV. 

Positively-charged nanocarriers induce the serum protein aggregation 

and for that reason they tend to accumulate more in the lung tissue due 

to the electrostatic interactions with blood cells leading to consequent 

entrapment in the lungs capillaries. Nonetheless, positive charges have 

shown higher levels of internalisation by the cells rather than negative and 
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positive NPs, yet they cause more damages to the cell membrane leading 

to an increased toxicity 119. 

Negatively charged NPs are easily removed by RES and penetrate the skin 

tissue more rapidly than positive NPs 116. Moreover, NPs with high negative 

or positive charge, lower than -10 mV and higher than +10 mV, are 

successfully cleared by Kupffer cells (specialised macrophages localised 

in the liver).  

Neutral NPs surfaces show lower uptake rate by RES and the longer 

circulation time thanks to the low interactions with blood proteins 120. 

 

1.8.5 Cellular Barriers 

Another barrier of NPs is the cellular membrane which encloses the 

cytoplasm and marks the extracellular environment from the intracellular 

fluids. The cell membrane (CM) is made of phospholipid ordered into a 

bilayer, cholesterol and membrane proteins making the membrane 

extremely elastic, flexible and selective to substance passage. 

Cellular membrane permits the substances exchange employing two 

mechanisms: passive and active transport. 

Small molecules such as oxygen, water, carbon dioxide, benzene and 

hydrophobic molecules diffuse directly through the phospholipid 

membrane into cell from high to low concentration without involving 

energy, this kind of transport is defined as passive transport 121.  

In contrast, polar and charged biomolecules or molecules that move 

against the electrochemical gradient need energy provided by 

adenosine triphosphate (ATP), though active transport 122,123. 

Vesicular transport, a type of energy-driven transport specific for big 

molecules such as protein and nanoparticles, is mediated by endocytosis 
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that it may be described as an invagination of the membrane 

encompassing the extracellular material and forming a membrane-

bonding vesicle named endosome 124. Phagocytosis is a type of 

endocytosis, and it is defined as cells “eating” when specialised cells, such 

a phagocytes, monocytes, neutrophils and macrophages, internalise 

large size solute. Phagocytosis happened when opsonin, part of corona 

proteins, coat the exogenous materials and triggers phagocytosis to 

remove them from the blood circulation preventing any infections or 

toxicity. 

Once the phagocytes ingest the external materials, it is bordered within 

the phagosome that will fuse with the lysosome. The new phagolysosomes 

undergo a process of material digestion thanks to acidification and 

hydrolytic enzymes present in the lysosomal vesicles 125. 

Otherwise, all cells have the ability to internalise small particles, within the 

range of nanometres, by pinocytosis. Is it known as the “cellular drinking” 

and can be distinguished by two sub-categories called: clathrin-

mediated endocytosis and the caveolae-mediated endocytosis 126. 

Clathrin-mediated endocytosis (CME) is receptor-mediated transport that 

is highly selective due to in the extracellular fluid ligand binding with a 

specific receptor on the surface membrane forming a ligand-receptor 

complex. The ligand-receptors complex drives to a specialised zone of 

thee clathrin enriched. Clathrin molecules are activated and start the 

formation of a polyhedral lattice on the CM which helps to modify the 

membrane into a coated pit in Figure 0.15 (2 and 3) 127. 
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As the lattice formation progresses, the vesicles lose the clathrin-coat and 

become “naked vesicle” which fuse with the relatively acid environment 

of the early endosomes (Figure 0.15, 6 and 7). This new environment 

causes loss of receptors, that will be recycled as well as the formation of 

mature endosomes. Late endosomes will fuse with lysosome that, through 

their lower pH, cause the digestion of the contents of the endosome 128. 

Some nanocarriers can take advantage from the acidification from 

proton pump thus escaping from the endosome and releasing their 

cargoes into the cytoplasm. For example, the polyethyleneimine are able 

Figure 0.15 Clathrin-mediated endocytosis stages: (1)Target Recognition, (2-4)Clathrin 

Cage Formation and membrane Invagination, (5) Endocytic Vesicle Formation and 

scission, (6) Coat Removal and (7-8) fusion with the endosome. From: 

https://app.biorender.com/biorender-templates/t-5f1a013ed47ad400aa713245-

clathrin-mediated-endocytosis . 

https://app.biorender.com/biorender-templates/t-5f1a013ed47ad400aa713245-clathrin-mediated-endocytosis
https://app.biorender.com/biorender-templates/t-5f1a013ed47ad400aa713245-clathrin-mediated-endocytosis
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to protonate their amine groups consuming the endosomal protons which 

enhance the chloride anions leading to endosome osmotic swelling. 

In the case of some lipids, called "helper", like DOPE, their hexagonal 

structure and positive charge on the hydrophilic head allows interaction 

with and subsequently fusion of the liposome with the endosomal 

membrane thus promoting the release of genetic material 129,130. Lipid 

structures can be used in association with other vectors to increase their 

escaping ability. For example, dendrimeric nanoparticles, made of lysine 

monomers, bind DNA extremely easily but the amount reaching the 

cytoplasm is minimal. This is due to the protonation of the lysine side chains 

and poor buffering capacity under pH 8 that leads to the formation of a 

very stable peptide:DNA complex that is difficult to dissociate 130,131 

In addition to clathrin, other proteins such as caveolin are able to induce 

endocytosis. Caveolin is dimeric protein that make small flask-shaped 

membrane invagination in areas rich in cholesterol and sphingolipid 

(caveolin coated pits) such as endothelial cells, adipocytes, fibroblasts 

and muscle cells 132. The fission of the caveolae vesicle is guided by a 

GTPase dynamin which recognise the bottleneck of the caveolae 

generating the caveosome. 

In this case, vesicles formed are not combined with endosomes or 

lysosomes, but there are transported to Golgi or endoplasmic reticulum 

and therefore the inner material is protected from the hydrolytic enzyme 

and acidic degradation 133; hence it is the preferred entry route for viruses 

and bacteria.  

Macropinocytosis is another subtype of endocytosis which internalise via 

non-specifically manner and is a pathway required to microparticles like 

to internalise necrotic and apoptotic cells, viruses and bacteria. 
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1.8.6 Physicochemical Properties of Nanoparticles Affecting 

Cellular Uptake 

Many parameters are involved in non-viral uptake pathways such as size, 

surface charge of nanocarriers, particles shape and functionalisation, and 

hydrophobicity/hydrophilicity, all of them are crucial factors for NP 

internalisation. 

Size is one of the key parameters in determining the uptake pathway and 

the efficiency of cellular intake. Dimensions ranging from few to several 

hundred nanometres enter predominantly via pinocytosis. 

Nanoparticles sized from 120 to 150 nm are internalised via clathrin or 

caveolin-mediate internalisation. Many studies suggested that the 

optimum size is 50 nm at which NPs have higher intake and are internalised 

more efficiently 134. 

Moreover, filamentous nanocarriers have been reported to stay in the 

circulation up to ten times more than spherical counterparts and avoided 

phagocytosis when came in contact with macrophages. Otherwise, rod-

like NPs showed the highest internalisation rates compared to spheres 125. 

One more critical factor is the surface charge. It has been highlighted that 

cationic NPs effortlessly interact with the negative charges on the CM 

surface and the internalisation rate by clathrin-mediated pathway is 

higher than neutral and negatively charged nanocarriers. Nevertheless, it 

may disrupt the cellular membrane enhancing cytotoxicity because of 

the formation of pores 119. 

Finally, the surface modifications are useful to enhance the half-time 

circulation, stability and internalisation without compromising the 

membrane integrity. Surface modification comprises predominantly of 

PEG, -COOH (carboxyl group), -OH (hydroxyl group) and positive amine 

group as -NH2. The amine group increase the positive charge surface and 
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so the cellular intake, -COOH functional groups enhance the number of 

negative surface charges and so the cellular internalisation 135. In general, 

the NPs coating lead to a higher efficiency in internalisation which 

translate into and increased therapeutic effect 119. 

1.9 DENDRIMERS AND FAMILY 

1.9.1 Introduction  

Dendrimer’s name is derived from the Greek "dendron" (tree), and "meros" 

(branch) and refers to their tree-like structure. In fact, they can be defined 

as highly branched polymers; their growth occurs by the addition of 

subsequent branch points, each of which increases the "generation" of 

the dendrimers. The first inspiration for the constitution of a new class of 

polymers, similar to trees, was by Dr. D. A. Tomalia , but it was Fritz Vögtle 

in 1978, who carried out the first synthesis of this new class of 

macromolecules, a synthesis that consists of a "Michael reaction" which 

promotes the addition of acrylonitrile to primary amino groups 136.  

Since their discovery, the dendrimer chemistry has been evolving to 

present a wide choice of different structures of dendrimers, resulting from 

different processes of synthesis and functionalisation. 

Undefined hyperbranched polymers, Figure 0.16-a, resulting from the 

repetition of a branched unit by polymerisation, characterised by irregular 

structures and rich in defects. 

On the contrary, the so-called Dendrigrafts (Figure 0.16-b)137 have a well-

defined structure and develop linear chains (copolymers) along a 

polymeric linear chain, creating a hyper- branched polymer consisting of 

a fixed number of combined monomers. Considering that the dendrimers 
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recall the typical structure of a tree, dendrigrafts can simplistically be 

described as resembling the structure of palm trees.  

Dendrimers (Figure 0.16-d) have an extremely orderly, regular structure 

and they are relatively easy to synthesise. Dendrons (Figure 0.16-c) are 

defined as fragments of the dendrimer and they are not symmetrical, so 

they are suitable for the synthesis of the asymmetric compound. 

 

 

 

Thanks to their versatility it is possible to design and synthesise different 

types of dendrimers, changing their structure according to the needs. 

For example, Poly(propylene-imine) (PPI-dendrimers) are poly-alkylamines 

that have as tertiary core tris-propylene amine and terminates with 

primary amines (surface group). PPIs have a poor transfection ability, 

Figure 0.16 Dendrimer Family. a) the undefined 

hyperbranched polymer, polydispersed and not 

suitable as drug carrier. b) dendrigraft structures which 

are based on a central linear structure. c) dendrons 

are a small, therefore not symmetrical, part of the 

dendrimer. d) symmetric and well-defined structure. 
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which is why they are often modified to increase the concentration of 

nucleic acid in cytoplasm 138. PEI-dendrimers [Poly(ethylene imine)] is a 

derivative of this class that has a nucleus of propane diamine, also 

modified to reduce the toxicity of positive charges 139.  

The most biologically innovative dendrimers and already used for 

biomedical purposes are the so-called MAP-dendrimers (multiple antigen 

peptide) which consist of a skeleton of poly-lysine; lysine serves as a 

monomer from which to branch numerous ramifications; they are widely 

used as vaccines and in imaging techniques 140. 

The Frèchet-dendrimers are named after the scientist who designed them. 

The first of this class were characterised by a skeleton of poly-benzyl ether, 

they develop by condensing several dendrons that can be different from 

each other, giving rise to dendrimers that can be either symmetric or 

asymmetric according to the branching generation and the motif of the 

dendron. The surface of this type of dendrimers is distinguished by -COOH 

groups that allow to decorate the carrier and to make the hydrophilic 

compound since the central structure is hydrophobic 137. 

PAMAM-dendrimers [Poly(amide amide)] are another class of dendrimers 

widely studied because they are easy to prepare and thanks to the 

numerous primary amines can mimic the properties of proteins and 

therefore useful for biological applications 141. 

Finally, ε-poly-L-lysine (PLL) is a class of dendrimer peptide characterised 

by primary amines that act as surface groups easily functionalised and 

consisting entirely of repeated amines. Because of their structure they 

have the advantage of being able to host at their molecular core 

chemotherapeutic drugs, which very often have a lipophilic nature. While 

on the outside, because of the ionisable amines, can have electrostatic 

interactions with negative charges, i.e. nucleic acids 142. 
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1.9.2 Dendrimer characteristics  

Dendrimers are molecules that contain a series of ramifications that 

extend from a central nucleus that generally has several copies of the 

same monomer. Within a dendrimer there are several distinct parts: a 

multifunctional nucleus (core), branching units and surface functional 

groups.  

The nucleus has a fundamental importance in characterising the final 

structure, in particular it affects the shape, size and multiplicity of the 

dendrimer. It can consist of a single atom or a molecule, however 

multifunctional; it can be homogeneous with the other components or 

heterogeneous and can accommodate special compounds such as 

metal atoms fulfilling specific functions 136.  

The "intermediate zone", called the inner region, is characterised by a 

symmetrical system of ramifications. This area gives the molecule both 

specific physical and chemical properties, characterises the flexibility of 

the entire molecule and influences the presence of free internal volumes 

available to accommodate other compounds. The typical structure 

develops radially around the initial 'core' causing an increase in the 

number of terminal groups and a thickening of branches. The concept of 

dendritic branching explains how the molecule develops around a 

reference point, occupying three-dimensional space with its atoms and its 

repetitive units 143. 

The "surface region" consists of terminal units that can be left as such or 

functionalised with other molecules that enable nanoparticles to target 

tissues or to protect them from the immune system. In fact, the surface of 

the dendrimers not only performs the function of protection of the internal 

groups, but can also react, because of its active sites, with external 

reagents and solvents 144. 
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The smaller dimensions of dendrimers, are characterised by a lower 

density of the surface groups, thus, have a more open structure, with 

rather spaced chains, which makes the inner part of the dendrimers more 

accessible to a solvent. On the contrary, dendrimeric later generations are 

of greater size and spherical shape, highlight a compact external structure 

with high density of surface groups and rich of internal cavities able to bind 

sites for the "host" molecules. Such internal niches may have either an 

essentially hydrophilic character, which allows access to positively 

charged ions; or low polarity sites that can interact with hydrophobic 

species. In fact, an important characteristic of these molecules is precisely 

the possibility of trapping other molecules of various types and sizes in such 

internal cavities 145,146,147.  

1.10 MICROPARTICLES 

1.10.1 Introduction  

Microparticles (MPs) ranging in size from 1 μm to 1000 μm have become 

highly functional materials with extensive applications in biomedicine, 

including drug delivery, tissue engineering, biosensing, and cellular life 

science. The properties of these microparticles, such as size, structure, 

composition, and configuration, play a crucial role in determining their 

application suitability. Therefore, it is essential to develop precise 

fabrication methods to enhance the pharmaceutical capabilities and 

reliability of microparticles for biological studies 148. 

The importance of controlled drug release systems in the field of 

therapeutics is well-known and established. The early studies in this area, 

dating back to the ‘60s, highlighted the significance of achieving a 

consistent release of drugs, particularly in anaesthesia 149. Researchers 

such as Langer and Folkman were pioneers in demonstrating the 
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controlled release of anticancer macromolecules and showcasing their 

advantages in cancer therapy 150. In the 1980s, there was a rapid 

expansion of research on microparticulate therapeutic systems for 

controlled drug release, with a primary focus on developing systems that 

could facilitate constant zero-order release kinetics. These studies paved 

the way for the development of therapeutic systems and pharmaceutical 

products with micrometre-scale dimensions, which gained significant 

momentum from the 1990s onwards. 

The preferred preparation for new medicines or those already on the 

market is microparticles or MPs as they have had a significant impact on 

the drug delivery industry and are a good solution in clinical and 

pharmaceutical fields 151. MPs are larger than nanoparticles (around 30 to 

100 m in diameter), consisting of an active ingredient embedded by a 

matrix.  

The active ingredient, thanks to the controlled delivery of MPS, can be 

made more suitable to the final application by the improvement of its 

physicochemical characteristics, leading to a better solubility and 

avoiding its aggregation or precipitation in biological fluids. The typical 

matrices of microparticles are made of polymers, such as PLGA and PLA, 

alginate and chitosan (approved by FDA); these are polymers of a 

relatively high molecular weight consisting of simple and repetitive units 

(monomers). The basic characteristics that polymers must have for the 

controlled release system are: 

• Biocompatibility with fluids and tissues of the receiving organism. 

• Biodegradability, which is the tendency to physically erode and is a 

direct consequence of chemical reactivity to hydrolysis, to the 

attack of free radicals or by enzymes.  

• Lack of immunogenic response 152. 
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Biodegradability is the tendency to physical erosion in a physiological or 

biological environment. Physical erodibility is a direct consequence of the 

chemical reactivity to hydrolysis, to the attack of free radicals, or to the 

breakdown mediated by enzymes. The term ‘Biodegradable’ does not 

always infer biocompatibility: it is when the degradation products are 

even biocompatible. A material can be defined as biocompatible when 

the adverse reactions triggered in the organism are reduced to a 

minimum so that the host organism can adapt to all levels (cell, tissue, 

organ) 153. 

Often, the materials used are referred to as superhydrophobic and have 

surfaces coated with non-polar materials such as methyl groups (-

CH2/CH3) or fluorinated groups (-CF2/CH3). Non-polar surfaces share the 

ability to not interact with proteins, preventing protein adsorption and 

subsequent denaturation. However, this approach is temporary due to the 

inherent nature of proteins. For this reason, researchers are diligently 

exploring a solution. Superhydrophobic surfaces are also employed to 

prevent the adsorption of cells and bacteria, reducing interactions, 

proliferation, and coagulation of red blood cells 154. As of today, there are 

no FDA-approved medical devices, but products with superhydrophobic 

surfaces are marketed for self-cleaning or anti-icing purposes. Moreover, 

the liberation of carbon dioxide encourages the development of a gel 

matrix that is more porous and less compact in comparison to matrices 

generated through external gelation methods. These attributes offer 

benefits for entrapping cargo that necessitates effective exchange of 

solutes with the surrounding environment, examples of which include living 

cells and enzymes employed in tissue engineering or biocatalytic 

applications 155. 

A biodegradable polymer must have functional groups that easily 

degrade as esters, anhydrides, amines, peptides and glucosides. The 
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corresponding materials can be divided into natural compounds, such as 

proteins (albumin, collagen, fibrin, gelatine), polysaccharides (alginate, 

cellulose, chitosan, dextran, hyaluronic acid and corn), or lipids; or 

synthetic substances such as polyamide and polyesters 

(polycaprolactones, polycarbonates, polyglycolides) 156. 

 

 

Through the protection given by the matrix, it is possible to protect drug 

from in vivo degradation or increase its half-life time. For example, nucleic 

acids have the potential to treat a range of diseases, but their relatively 

complex structure and susceptibility to enzymatic degradation limit their 

ability to reach the target tissue at therapeutically efficacious 

concentrations 157.  

Figure 0.17 On the left there is the representation of microsphere where drug (orange 

spheres) is absorbed in a matrix (blue). While on the right microcapsule with polymer 

surrounding drug, respectively in blue and orange. 
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In general, depending on the matrix distribution, MPs can be categorised 

into two large families (Figure 0.17):  

• “Microspheres” that are those MPs consisting of an orderly matrix in 

which the active component is evenly distributed in it, while its release 

into biological fluids depends on the disintegration and dissolution of 

the matrix in the fluid 158.  

• “Microcapsules” which are a reservoir system in which the matrix 

delimits the inner core consisting of the drug solution. In this case, it is a 

prerogative that the matrix is not soluble to the medium used to dissolve 

the drug, thus avoiding the burst release of the bioactive component. 

Rather, the drug must permeate the matrix and then dissolve in the 

biological fluids 159,160. 

 

1.10.2 Controlled release 

Controlled release refers to a deliberate and regulated release of a 

substance, such as a drug or active ingredient, from a carrier system or 

formulation over a specified period of time. The release is typically 

designed to achieve a desired therapeutic or functional effect by 

maintaining appropriate drug concentrations or controlled delivery 

kinetics. The goal of controlled release systems is to optimise drug efficacy, 

minimise side effects, and improve patient compliance by providing a 

sustained and controlled release profile that meets specific therapeutic 

requirements. This can be achieved through various mechanisms, 

including diffusion, dissolution, degradation, or a combination of these 

factors, depending on the specific formulation and desired release 

characteristics 161. 

Controlled release systems that use polymeric substances are classified 

according to the mechanism that controls the release of the drug. Most 
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commonly used by the pharmaceutical industry are diffusional control 

systems, in which release rate is determined by the simple diffusion of the 

active substance, likewise can be distinguished in reservoir systems and 

matrix systems. As for reservoir systems, the drug is present as a core 

covered by a diffusional barrier that must be: uniform and of constant 

thickness over time; made of a polymer material (homogenous or 

heterogeneous, amorphous or semicrystalline, non-porous, microporous or 

semi-permeable); and insoluble in aqueous biological fluids. The drug may 

be present in the reservoir in the form of solid particles suspended in a 

liquid medium or as a concentrated solution in a solid or liquid dispersing 

medium. The kinetics are zero, at least for some time 162. 

Matrix systems are those in which actives principles are uniformly dispersed 

in the polymer matrix, such as methyl acrylate-methyl methacrylate 

insoluble plastics, polyvinyl chloride, polyethylene, and are ceded to the 

aqueous medium in which it first dissolves and then spreads until the 

solvent/drug interface moves inwards 163,164. Since the diffusion distance 

of the solute does not remain constant over time, but increases 

continuously following the removal of the active substance, an elution 

zone is generated whose thickness increases progressively and the release 

takes place under non-stationary diffusion regime, mathematically 

described by Fick’s second law. Release kinetics, which are influenced by 

these variables, follow non-zero kinetics 165. The release of the active 

substance depends on the type of polymer matrix used, the glass 

transition temperature of the polymer and its molecular weight. 

Homogeneous, or granular matrix systems are distinguished in relation to 

the matrix structure 166. 
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Figure 0.18 Different release of drugs. It can be by Diffusion, Degradation or by Swelling 

(li et al. 2020). 

 

The first are non-porous polymer systems formed by a continuous phase in 

which the solute spreads only if it is soluble in it (diffusion mechanism by 

solubilisation) 167; the latter consist of porous materials in which the release 

of the drug takes place by diffusion in the medium that wets the pores. 

Generally, monolithic systems are simple to prepare and safe, given the 

impossibility of accidentally releasing the entire dose of medication and 

equipped with good mechanical strength 168. 

These materials, however, have the disadvantage of not being able to 

release the active substance at a constant rate. A different approach 

from the previous one is the use of erodible systems, in which the drug is 

ideally distributed evenly over the entire polymer matrix and its release is 

generally governed by a combined effect of polymer degradation and 

diffusion. This results in first-order release kinetics, although more 

complicated kinetics have frequently been observed, as drug diffusion is 

affected even by matrix degradation 169.  
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Systems with controlled swelling or hydrogel, on the other hand, the 

polymer matrix is affected by complex diffusional processes involving the 

substances present in the external dissolution medium. The controlled 

release of drugs by swelling can be achieved by exploiting the 

glass/amorphous transition of polymers, in presence of swelling agents 

and macromolecular relaxation associated with this transition. Hydrogels 

are able to increase their volume even five times and active release is 

controlled by the swelling produced by the water and the subsequent 

spread of the drug through the significantly polymer lattice network 170. 

Erodible systems have in their constitution a non-toxic erodible polymer 

matrix that can also be used as implant systems. The release kinetics will 

rely not only on the diffusion or dissolution phenomena of the active 

substance in the medium but also on those affecting the matrix (Figure 

1.18 B 171). 

 

1.10.3 Microparticles’ material: Alginate 

Alginate is a commonly used biomaterial in drug delivery and tissue 

engineering due to several factors, including its biocompatibility, low 

toxicity, affordability, and its ability to easily form gels when exposed to 

divalent cations such as Ca2+ and Mg2+ 172. 

Most commercially available alginates are derived from different types of 

brown algae: Laminaria hyperbola, Laminaria Digitata, Laminaria 

japonica, Ascophyllum nodosum, and Macrocystis pyrifera. In their natural 

form, alginates exist as mixed salts containing various cations found in 

seawater, such as Mg2+ and Na+ 173. 
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Alginate has found applications in various fields, including injectable cell 

delivery, wound dressings, dental impressions, and diabetes treatment 

174,175. 

However, while alginate gels offer advantages, the native form of alginate 

may not be the optimal material choice due to its degradation caused 

by the loss of divalent ions into the surrounding medium. This degradation 

process is typically unpredictable and uncontrollable. To address this, 

many approaches involve covalently cross-linking alginate with different 

molecules to control the swelling and mechanical properties of alginate 

gels 176. 

Another drawback of using alginate is its high molecular weight, which 

exceeds the kidney's clearance threshold. Nevertheless, extensive efforts 

have been made over the years to enhance the utilisation of alginate 

beads for biological and medical applications 177,178.  

Alginates are composed of a linear arrangement of consecutive α-l-

guluronic (G-blocks) and β-d-mannuronic (M-blocks) acid residues (Figure 

1.19) 179. 

 

  

Figure 0.19 Different configuration of Alginate: M-blocks and G-blocks. 
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The sequence and structure of alginate can vary from one molecule to 

another, depending on the composition of α and β block regions they 

contain 180.  

Consequently, the physical properties of alginates are influenced by their 

composition and the length of the sequences 176,181. 

 

1.10.4 Gelation mechanism 

The gelation of alginate droplets typically involves cross-linking the 

alginate polymer chains using divalent cations. These cations bind to the 

guluronate blocks of the alginate polymer chains, forming a structure 

known as an "egg-box." Alginate exhibits different affinities for various 

cations, with the decreasing affinity order: Pb > Cu > Cd > Ba > Sr > Ca > 

Co, Ni, Zn > Mn 182. However, calcium (Ca2+) is the most commonly used 

cation for ionotropic gelation of alginate due to its non-toxic nature 

compared to other cations. 

Calcium chloride (CaCl2) is the frequently employed calcium source for 

gelation. It readily dissolves in water, allowing the Ca2+ ions in solution to 

instantly cross-link with alginate droplets, resulting in the formation of 

hydrogel particles. Insoluble calcium salts, such as calcium carbonate 

(CaCO3), can also be used when gradual or controlled cross-linking is 

desired 183. 

 

1.10.5 External gelation 

External gelation is a widely employed and traditional method of 

ionotropic gelation for creating alginate hydrogels. This process involves 

introducing Ca2+ ions from an external source into separate alginate 

droplets, which can be formed using liquid-air or liquid-liquid techniques. 
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The Ca2+ ions diffuse into the spaces between the alginate polymer 

chains, initiating crosslinking 184. As an example, an alginate solution 

containing cargo is extruded and deposited into a gelling bath that 

contains Ca2+ ions. Upon contact, the Ca2+ ions begin to crosslink with the 

alginate polymer chains on the outer edge of the droplet, forming an 

initial semi-solid membrane that encases the droplet with a liquid centre 

185. The droplets are further immersed in the gelling bath, allowing for the 

diffusion of Ca2+ ions through the membrane via a concentration gradient. 

This process leads to the solidification of the droplet core 186. 

Consequently, an alginate bead is produced, with the cargo randomly 

entangled within the crosslinked matrix. In the case of capsule formation, 

the cargo (such as an aqueous or oil core) is co-extruded with the alginate 

solution and deposited into a gelling bath. The alginate solution 

surrounding the liquid core undergoes gelation, resulting in a capsule with 

an insoluble shell 187. 

Cross-linking in external gelation starts at the outer edge of the alginate 

droplet, which leads to the polymer chains being pulled towards the 

periphery to facilitate the process 188. As cross-linking progresses, the 

concentration of alginate chains within the core of the droplet gradually 

decreases. Once cross-linking is complete, there will be a higher number 

of Ca-alginate networks formed at the periphery compared to the centre 

of the bead. This non-uniform gel structure results in a higher elastic 

modulus for the bead and restricts the penetration of small hydrophilic 

cargo molecules, thereby enhancing encapsulation efficiency 184. 

 

1.10.6 Internal gelation 

In the late 1980s, efforts were made to reduce bead size and increase the 

efficiency of the industrial process. Researchers explored the 

emulsification method, where an alginate solution is dispersed into micro-
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droplets and then gelled through external gelation by adding a calcium 

solution to the emulsion. While this method increased bead productivity, it 

resulted in the coagulation of beads into large masses due to challenges 

in controlling the gelling conditions in the emulsion. To overcome this issue, 

the gelation mechanism was modified by controlling the release of 

calcium ions for gelation 189. In this technique, an alginate solution 

containing insoluble calcium carbonate particles was first emulsified into 

an oil phase. Acetic acid was then added to the emulsion to lower the 

pH, causing the dissolution of calcium carbonate into Ca2+, carbon 

dioxide, and water. The released Ca2+ ions subsequently cross-linked with 

the alginate polymer chains internally. Since cross-linking and gelation 

occurred inside the alginate droplet, this mechanism was termed internal 

gelation. This gelling mechanism is employed only when the alginate 

solution is dispersed using an immiscible liquid 190. 

In contrast to particles formed via external gelation, the gel structure 

produced by internal gelation is more homogeneous 191. The insoluble 

calcium salt is uniformly dispersed within the alginate droplet, and the 

dissolution of this salt inside the droplet leads to a more even distribution 

of polymer across the dispersed droplet when acid is introduced. 

Consequently, cross-linking between the alginate polymer chains and 

Ca2+ ions occurs uniformly within the dispersed droplets. Furthermore, the 

release of carbon dioxide promotes the formation of a more porous and 

less dense gel matrix compared to those obtained via external gelation. 

These characteristics are advantageous for encapsulating cargo that 

requires efficient solute exchange with the external environment, such as 

living cells and enzymes used in tissue engineering or biocatalytic 

applications. 
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1.10.7 Interfacial gelation 

A recent study by Leong et al. 192 introduced a novel gelation mechanism 

known as interfacial gelation. In this process, an oil cargo was emulsified 

into an aqueous dispersion containing insoluble CaCO3 nanoparticles. 

These nanoparticles self-assembled at the interface, resulting in an oil in 

water (O/W) Pickering emulsion. After phase separation, the top layer, 

enriched with oil droplets, was collected and dispersed into an alginate 

solution. Subsequently, acetic acid was added to induce the dissolution 

of the CaCO3 nanoparticles at the O/W interface. As a result, Ca2+ ions 

were released and cross-linked with alginate polymers at the O/W 

interface, forming a continuous membrane that encapsulated the oil 

core. Unlike previous gelation mechanisms, the cross-linking of alginate 

with Ca2+ ions occurred in situ at the interface, leading to the term 

"interfacial gelation." 

Interfacial gelation offers notable advantages for the formation of 

alginate capsules with oil cores compared to other gelation mechanisms. 

It eliminates the need for a physical nozzle to pre-template the alginate 

solution into compound drops for capsule formation. Instead, the capsule 

morphology is achieved through the self-assembly of CaCO3 

nanoparticles at the oil-water interface. Any emulsification tool can be 

employed to create the O/W Pickering emulsion template 193. The size of 

the alginate capsules is no longer restricted by the nozzle diameter, as in 

the co-extrusion method. Instead, capsule size is inversely proportional to 

the energy input during the emulsification step. Using various 

emulsification methods, alginate capsules ranging from a few 

micrometres to several hundred micrometres in diameter can be 

produced. Additionally, the productivity of the process is not limited by the 

physical nozzle since oil droplets are not formed on a drop-by-drop basis 

194. 
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1.10.8 Microparticle fabrication 

Conventional methods like emulsion polymerisation, dispersion 

polymerisation, and spray drying have limitations in producing 

microparticles with desired properties, including high polydispersity, poor 

reproducibility, limited functionality, and limited control over morphology 

195. To overcome these limitations, researchers have explored various 

technologies, such as droplet microfluidics, flow lithography microfluidics, 

electrohydrodynamic co-jetting, photolithography, and soft lithography-

based imprinting and micro-moulding, for tailored fabrication of 

microparticles 196. 

Several techniques for the preparation of MPs have been proposed in 

recent decades. The traditional techniques for the production of 

microparticles are multiple. Most methods of emulsification are 

mechanical, based on the principle of extrusion or agitation and they 

need high energy. In particular, emulsification based on the extrusion 

process (with the use of microchannels or membranes) provides that the 

dispersed phase is forced to cross a microfiltration device with a defined 

size 197. The formation of emulsions through the use of ultrasound, based 

on the cavitation mechanism, requires less surfactant and ensures smaller 

sizes than conventional agitation methods. Also, the spontaneous 

emulsification process (i.e., a physicochemical process) is classified as a 

low-energy method. The second stage of particle formation from the 

emulsion can be achieved by evaporation or solvent extraction 198. 

Another physicochemical technique such as coacervation, is 

characterised by the separation of a polymer solution into two miscible 

liquid phases, a dense phase and a diluted phase, after the change of 

certain parameters, such as pH or ion force 199. Finally, spray-drying in 

which particles are obtained by drying (under a flow of a gas, usually air) 

of atomised liquid currents in droplet 200. Traditional methods are widely 
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used for the preparation but do not fully meet the parameters for process 

control or product reproducibility, since it is not possible to achieve perfect 

mixing conditions resulting in variations in particle characteristics. For this 

reason, traditional methods are associated with heterogeneous and 

poorly controlled chemical and mechanical conditions forming vesicles 

of uneven size; hence MPs have to endure post-processing to obtain 

homogeneous suspensions 201.  

The development of new methods for fabricating microparticles has led 

to significant advancements in biomedical applications. To overcome 

traditional method limitations, researchers have explored several 

innovative techniques for tailored microparticle fabrication. 

One such method is droplet microfluidics, which utilises microfluidic 

devices to precisely generate and manipulate droplets. By controlling the 

flow rates and parameters, uniform microparticles can be produced with 

high reproducibility and desired characteristics. This technology enables 

control over size, composition, and encapsulation of materials within the 

droplets 202. 

Flow lithography microfluidics combines microfluidics with lithographic 

principles to create microparticles with well-defined shapes and 

structures. By flowing a pre-polymer solution through microchannels 

containing patterned moulds or templates, microparticles with controlled 

features can be fabricated 203. 

Electrohydrodynamic co-jetting is another technique that employs an 

electric field to control microparticle formation. Multiple fluid streams 

containing different materials are ejected through separate nozzles and 

subjected to an electric field, resulting in the formation of core-shell or 

multi-component microparticles 204. 
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Photolithography relies on photomasks to define patterns on a substrate 

coated with a photosensitive material. The exposed areas undergo 

polymerisation, allowing for the precise formation of microparticles with 

defined geometries. This method is particularly useful for creating 

microparticles with complex structures or surface patterns 205. 

Soft lithography-based imprinting and micro-moulding techniques, such 

as replica moulding and microcontact printing, enable the replication of 

patterns from a master mould onto a substrate. These methods can be 

utilised to fabricate microparticles with specific shapes and surface 

features 206. 

These advanced fabrication technologies offer enhanced control over 

the size, shape, composition, and functionality of microparticles. They 

have the potential to significantly improve drug delivery systems, tissue 

engineering scaffolds, biosensing platforms, and other biomedical 

applications that require precise control of microparticle properties. 

1.11 OBJECTIVES OF THE PROJECT 

The present project has the final aim to produce a personalised drug 

delivery system in a reproducible manner that will be pursued through the 

following steps: 

1.  Develop materials, methods and technologies suitable for the 

nanoparticle production, and determine which amino acids result in a 

better encapsulation and release of chemotherapeutic drugs and 

nucleic acids. 

2. Determine if the targeting sequence (KCCYSL) achieves targeted 

drug delivery to HER2 breast cancer cells in vitro. 

3. Understand the cytotoxicity of the drugs and the NPs 
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4. Study the physical phenomena behind the production of 

microparticles and how to achieve monodispersed droplets 

encapsulating the drug components. 

5. Explore the combination of adding small amount of stable chemical 

compound mixtures in order to expand the possibilities of personalised. 

6. Provide a proof of concept in vitro of modulated cell response using 

different dosage of the therapeutic agent. This will be pursued by 

clinically reflective in vitro models. 
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 SYNTHESIS AND CHARACTERISATION OF 

HYPERBRANCHED PEPTIDES 

1.1 INTRODUCTION 

HER2 positive breast cancer is recognised to be a very aggressive 

molecular subtype, characterised by an increase in the expression of the 

HER2 membrane receptor that is implicated in multiple stages of cell life. 

It has been hypothesised that lipid-peptides based nanovectors can give 

numerous benefits for treating this subtype of breast cancer by exploiting 

the high number of HER2 receptors of cancer cells 207. 

In recent years, dendrimers and dendrons have found great interest in the 

development of new drug delivery systems thanks to their great flexibility 

and countless potential. Dendrons, consisting of repeated lysine 

monomeric sequences, have a flexible structure and characteristics 

similar to biological proteins and so biocompatible, soluble in aqueous 

solvents and resistant to proteolytic activity 208,209. The core, the internal 

and external functionalities give rise to countless molecules with different 

physio-chemical properties, and easily functionalised for targeted delivery 

to reduce the toxicity of many cancer drugs 210,211. Therefore, they can be 

used as carrier for gene therapy by exploiting the positive charges on the 

outside of their structure that interact with the negative charges of the 

phosphate groups present in the nucleic acid chain 212,213. Nevertheless, 

they can increase the retention time of many molecules because thanks 

to the increased solubility in plasma, they increase the passive targeting 

effect (EPR effect) in solid tumours 214. 

Here, the hyperbranched structure of poly-lysine dendrons designed to 

improve the delivery of nucleic acids and chemotherapy drugs, in 



74 

 

association with a targeting sequence that recognises the HER2 receptor, 

necessary to concentrate the nanocarriers in the tumoural area and 

reduce the toxicity of the anticancer drug. 

 

1.1.1 Synthesis of dendrons 

Dendrimers can be synthesised through two different approaches: 

convergent and divergent synthesis. The first begins with what will become 

the outer part of the molecule. The functional points of the monomers are 

activated in order to react with each other and form the desired 

generations (Figure 0.1). At the end of the process the dendritic or 

dendron segments (Figure 0.1) are reacted together to obtain the 

dendrimer 215,216). This type of reaction was devised in the ‘90s by Hawker 

and Fréchet for the Fréchet-dendrimers synthesis. The convergent 

approach allows to obtain dendrimers highly monodispersed. Unlike 

divergent synthesis, this strategy has limited reactive sites and is more easily 

controllable, therefore only small excesses of reagents are needed 217. 

However the final number of generations will be pre-determined but it is 

possible to add different types of dendrons depending on the physical-

chemical characteristics desired 136. 
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Figure 0.1 a)divergent synthesis and b) convergent synthesis 218. 

 

Another advantage of the convergent methodology is that the difference 

between the molecular weight of a perfect dendron and an irregular 

dendron is high enough to allow relatively easy purification of products 

and thus obtain dendrimers with high purity 217. The limits of convergent 

synthesis derive, instead, from the steric encumbrance that is created 

around the focal point as the dendron grows and might prevents the 

coupling with the core 219. 

Contrariwise, in the divergent synthesis, the reaction starts from the centre 

and continues outward through the repetition of coupling and activation 

of the reaction sites. Monomers are designed in such a way that they do 

not react with each other and, after activation, they react with the 

substrate or growing core 137. Repetition of the coupling and activation 

reaction leads to the formation of subsequent generations. Once the 

desired generation has been reached, the peripheral groups are properly 

functionalised according to the desired application of the dendrimers. The 

divergent methodology is ideal to synthesise large dendrimers that at 

each step of coupling/ activation double at every generation increment. 
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However, one of the weaknesses of divergent synthesis is the exponential 

increase in the number of peripheral sites of reaction when increase in the 

generation number as well 220. Due to the high number of reaction sites it 

is difficult to obtain dendrimers of high generations with a good 

dendrimeric purity because an imperfect macromolecule cannot be 

separated from the others because it is too similar in shape, weight and 

chemical-physical properties (coupling step) 217. 

 

1.1.2 Solid Phase Synthesis 

The “solid phase synthesis” (SPPS) it is a variation of the two main 

synthesising strategies technique, divergent and convergent, is used to 

obtain an half-dendrimer 216, called dendron consisting of repeated 

amino-acids sequence (Figure 0.2). 

 

 

Figure 0.2 On the right a complete dendrimer. On the left a section of a branched 

dendrimer, called dendron. Modified from “International Journal of Peptide Research 

and Therapeutics” by N. Hegde et al., 2019. 
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This synthetic technique is based on the idea of using an insoluble solid 

support on which to increase the peptide chain from the terminal carboxyl 

group to the terminal amino group (strategy C→N), contrary to what 

happens in the biosynthesis of peptides in ribosomes. The synthesis is 

carried out through a series of steps, cyclically repeated, which involve 

the coupling of partially protected amino acids and preliminarily 

activated on the carboxyl groups, and ends with the elimination of the 

protective groups during the detachment of the peptide from the resin 

(Cleavage) 221. 

Resin used in SPPS shall be insoluble in all solvents used during synthesis, 

chemically inert and physically stable to mechanical stress. Despite the 

impossibility of isolating the intermediates, the yield in the coupling of the 

amino acids is very high thanks to the possibility of using a large excess of 

reagents. In addition, the sub-group of products that form can be 

removed by simply washing the resin with a suitable solvent 222. The resin 

shall allow the anchoring of the first amino acid by a covalent bond, which 

is stable enough to remain unchanged during peptide elongation, but 

which can be easily removed throughout the cleavage. For this purpose 

linkers are usually exploited and interposed between the solid support and 

the first amino acid 223. 

Peptide synthesis is a very complex operation as the amino acids have 

several reactive zones that could lead to a very large number of waste 

products, thus greatly lowering the yield of the process. To overcome this 

problem, specific protective groups are adopted to temporarily 

deactivate the functional groups not directly involved in the formation of 

the amide bond. Many amino acids in fact contain reactive groups in the 

side chain such as carboxylic acids, alcohols, thiols and amines, which 

could react with subsequent building blocks 224. A fundamental 

characteristic of the protective groups is their orthogonality, that is, the 
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possibility of being removed in specific reaction conditions and especially 

independently of each other. There are two main orthogonal protection 

strategies for solid-phase peptide synthesis: the Boc/Bzl strategy in which 

the α-amino group is protected as terbutyloxycarbonyl (t-Boc), removable 

with trifluoroacetic acid (TFA), and Bzl by strong acids. The other is the 

Fmoc/TBU strategy where the α-amino function is temporarily protected 

with the Fmoc group, which is easily removed with a 20% piperidine 

solution in DMF through a β-elimination, while TBU is removed by TFA 

acidification (Figure 0.3)225.  

 

 

Figure 0.3 Elimination of the protecting group FMOC. 

In order for the formation of the peptide bond to occur rapidly and 

completely, the carboxyl group of the amino acid to be introduced must 

be activated. To achieve such activation, various methods are available, 

which are based on the use of different types of "coupling reagents". To 

facilitate the formation of the amide bond between two amino acids it is 

necessary to activate the carboxyl group of the incoming amino acid. This 

procedure is carried out in order to be able to work at room temperature, 

thus avoiding degradation of the peptide. The activator reacts with the 

free carboxylic function generating a very reactive ester thanks to the 

formation of a good outgoing group. The activation reaction is catalysed 

by uronium salts such as HBTU (O-(1H-benzotriazole-1-yl)-N,N,N0,N0-

tetramethyluronium hexafluorophosphate), is able to activate the 
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carboxyl group and thus react with the free amine of the growing peptide 

221. 

Peptide cleavage from resin, along with simultaneous deprotection of the 

side chains of amino acids, is carried out by acidolysis by trifluoroacetic 

acid (TFA). During this process, highly reactive cationic species are 

released, which can interact with those amino acid residues that contain 

functional nucleophilic groups (for example, Trp). To avoid this, TFA is used 

in the presence of various types of nucleophilic reagents, which act as 

scavengers against these electrophilic species in association with water 

and tri-isopropyl silane (95:2.5:2.5 v/v) 226,227,228.  

 

1.1.3 General characterisation 

Once the synthesis is complete, the peptides must be analysed to 

determine if their structure is correct. The instruments used are: infrared, 

dynamic light scattering, mass spectrometry and column 

chromatography. 

1.1.3.1 Fourier Transform Infrared 

Fourier transform Infrared spectroscopy (FTIR) or IR spectroscopy is an 

absorption spectroscopic technique used in the material characterisation 

field for the study of chemical bonds. The technique foresees that an 

infrared photon is absorbed by a molecule, passing from its fundamental 

vibrational state to an excited vibrational state. 

 

1.1.3.2 Dynamic Light Scattering  

Dynamic Light Scattering (DLS) was performed using the Zetasizer Nano 

series (Malvern Instruments) to measure the size of the peptide or peptide 

aggregates. In this technique, peptides or particles are illuminated with a 
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laser and the intensity fluctuations in the scattered light is analysed. The 

intensity of the fluctuations is then used to calculate the size and the 

polydispersity of the particles based on their movement in water. Mass 

spectrometry  

 

1.1.3.3 Mass Spectrometry  

is a method that allows the identification and quantitative analysis of a 

molecule from its mass exploiting two phenomena related to mass and 

charge:  

o the trajectory of an ion or a charged particle in motion can be 

modified by the action of a magnetic or electric field and at the same 

charge, particles of lesser mass will suffer greater deviation.  

o charged ions or particles that, when accelerated by an electric field, 

assume different speeds depending on their mass: with the same 

charge, particles of higher mass assume lower speeds.  

 

1.1.3.4 High Performance Liquid Chromatography 

High Performance Liquid Chromatography (HPLC) is an analytical 

chemistry technique used to separate and purify components in a 

mixture, to identify each component and to quantify each component. It 

is based on pumps in which a pressurised liquid solvent containing the 

sample mixture passes through a column filled with a solid adsorbent 

material. Each component in the sample interacts differently with the 

adsorbent material, causing different retention times for the components 

and leads to separation of the each of them as they flow on the 

chromatographic column in which they are held.  
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1.2 AIMS OF THE CHAPTER 

In this chapter, the purpose of this chapter is to illustrate the synthesis of 

various peptide structures through solid-phase synthesis. A range of 

hyperbranched poly-lysine dendrons have been obtained using solid 

phase synthesis and characterised to confirm the desired structures shown 

in Figure 0.4. 

 The synthesised poly-lysine dendrons were: 

• RGen3K 

• LSYCCK(Gen3K) also called TGen3K 

• CSCLYK(Gen3K) or SGen3K 

• K16 

• LSYCCK(K16) or TK16 

RGen3K was used as control peptide to assess the effectiveness of the 

polymer structure in the absorption of nanoparticles within the target cell. 
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Figure 0.4 a) RGen3K; b) LSYCCK(Gen3K); c) CSCLYK(Gen3K); d) K16; e) LSYCCK(K16). 

 

The more complex structure presents a hexapeptide sequence (LSYCCK) 

that recognises some sequences of the HER2 receptor and therefore 

selectively targets the HER2 positive cells. The scrambled, CSCLYK(Gen3K), 

or SGen3K has the same the same hexapeptides in a different order to 

define the selectivity of the targeting sequence towards HER2 receptors. 
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Linear peptides (K16 and TK16) were used as controls to compare the 

efficiency of the branched structures. Controls also included the relative 

linear sequences. 

The peptide structures were characterised to confirm their chemical 

structure and subsequent use in in-vitro experiments. 

1.3 MATERIALS AND METHODS 

1.3.1 Solid Phase Peptide Synthesis 

The hyperbranched peptide dendrons were synthesised by solid phase 

peptide synthesis with the manual method. Amino acids: Fmoc-L-Arg(pbf)-

OH, Fmoc-Lys(boc)-OH, Cysteine Fmoc-Cys(Trt)-OH, Fmoc-Tyr(tBu)-OH, 

Fmoc-Leu-OH were purchased from Novabiochem. Amino acid Fmoc-

Ser-OH (purity 97%) was purchased from Aldrich and branched Lysine, 

Fmoc-L-Lys(Fmoc)-OH, was purchased from Iris Biotech GMBH. Organic 

solvents by Fisher Scientific were HPLC grade. Coupling powder O-(1H-

benzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium hexafluorophosphate 

(HBTU) and solvent diisopropylethylamine (DIPEA) were purchased from 

Alfa Aesar and AGTC Bioproducts. 

The structure of the functionalised dendron and the scrambled sequence 

show a linear hexapeptide linked directly to a three generation (Gen3) 

branched poly-Ɛ-Lysine (K). Whereas RGen3K root is a molecule of arginine 

bonded to a three-generation branched poly-Ɛ-Lysine (K). Moreover, K16 

an T(K16) are linear peptides composed by sixteen residues of lysine, 

without and with the targeting sequence, respectively. The solid phase 

peptide synthesis of both functionalised dendrons (TGen3K and SGen3K), 

RGen3K and linear peptides (K16 and TK16) started with 0.5 g of Tenta Gel 

NH2 resin (Novabiochem and Iris Biotech GmbH) that was swollen in 3 mL 

of dimethylformamide (DMF) for 15 min in a fritted syringe. DMF was 
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removed and the resin was washed three times with DMF. The C-terminal 

0.4 mmol of Rink Amide Linker (Iris Biotech GMBH) and 0.151 g of HBTU were 

dissolved in 3 mL of DMF and 0.141 mL of DIPEA. The coupling reaction 

between Tenta Gel and Rink Amide Linker took 30 minutes at room 

temperature, then the solvents were removed, and the resin was washed 

three times with 3 mL of DMF. Fmoc protecting groups were removed to 

expose the amine group and allow the bond with the new amino acid 

and the formation of the amide group. Therefore, the resin was blended 

with 5 mL of piperidine (Sigma-Aldrich Co, Ltd., 99%) for 2 minutes and was 

washed three times with DMF, the deprotection reaction and the washing 

was repeated three times. The reactions were repeated until the 

complete synthesis of the functionalised dendron. Finally, the resin was 

deprotected again with 3 mL of piperidine for 4 minutes, was washed with 

DMF three times, still was incubated with 3 mL of piperidine per 30 minutes 

and was washed with DMF three times. 

The resin was washed with 40 mL of dichloromethane (DCM), followed by 

many washes with 40 mL of methanol and, in the end, with 40 mL of 

diethyl-ether. The resin was left to dry and weighted. The resin was 

relocated in a round flask and mixed over three hours with 900 µl of 

trifluoracetic acid (TFA), 50 µl of water and 50 µl of trisopropyl silane (TIPS). 

After the cleavage the peptides were precipitated in 5 mL of cooled 

diethyl ether, centrifuged for 5 minutes at 3500 rpm and resuspended in 

10 mL of cooled diethyl ether. The sedimentation step was repeated 6 

times in total, and the peptides were characterised by Fourier Transformed 

Infrared (FTIR), mass spectrometer (MS) and High Performance Liquid 

Chromatography (HPLC). 
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1.3.2 Fourier Transform Infrared 

The analysis was performed using a Perkin Elmer Spectrum 65 

spectrometer. Each sample was analysed using 1 mg of dried peptide 

compacted onto the diamond probe and measured in the spectrum 

range 4000-600 cm-1 at resolution of 4 cm-1 and collected from 16 scans. 

 

1.3.3 Dynamic Light Scattering  

Particle size measurement using Zetasizer nano S (Malvern instruments UK), 

each sample was dissolved in filtered water at a concentration of 10 

mg/mL and measured three times at 25° C and the average size 

calculated. Prior the analysis the sample was vortexed for 10 seconds. The 

polydispersity index (PDI) indicates the homogeneity of the population 

which are in the sample. The runs measurement duration is 30, for a total 

of 10 runs. 

 

1.3.4 Mass Spectrometry  

For the mass spectrometry analysis, the sample was dissolved in ethanol 

at the final concentration of 1 mg/mL, and ionised, the charges were 

accelerated by entry into an electric field, consequently the separation 

of ions with different mass takes place; finally, the ions formed were 

detected and all of them were represented by a range of peaks. 

 

1.3.5 High Performance Liquid Chromatography (HPLC) 

For the analysis each sample was dissolved in methanol (6 mg/mL) and 

filtered prior HPLC the analysis. Two solvents were prepared: Solvent A 

(0.1% v/v TFA in water) and solvent B (0.1% v/v TFA in acetonitrile). Both 

solvents were degassed by helium for 5 minutes. HPLC (Agilent 
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Technologies, 1260 Infinity) was equipped with column Jupiter 5 µ C18 

300A 250x4.6 mm (Phenomenex). 

The characterisation of the samples was performed on a hydrophobic C18 

column (Jupiter® 5 µm C18 300 Å, LC Column 250 x 4.6 mm, Phenomenex, 

UK) at 25° C. Table 0.1 summarises the conditions used for the reversed 

phase analysis. 

 

Table 0.1 HPLC conditions for the analysis of samples. 

Eluents 
Solvent A: deionised water plus 0.1% v /v TFA 

Solvent B: acetonitrile plus 0.1 % v /v TFA 

Gradient 

Time (min) Solvent A [%] Solvent B [%] 

0 100 0 

15 50 50 

30 0 100 

Flow rate 1 mL/minute 

UV wavelength 230 nm/ 280 nm 

Sample 

concentration 
6 mg/mL 

1.4 RESULTS AND DISCUSSION 

Poly-lysine dendrons were synthesised by SPPS technique (solid phase 

peptides synthesis). This technique allows to obtain hyperbranched 

peptide with characteristics, at some extent, able to mimic the tertiary 

structures of proteins (the so-called molecular scaffolds) and therefore 

non-toxic, biocompatible and soluble in water 226. The advantage of the 

solid phase synthesis through the use of the Fmoc Protection Group is, in 

fact, the ease of purification of the molecule by simple washing of the 
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resin before cleavage of the product as well as to avoid the use of strong 

acids thus avoiding an additional neutralisation step before coupling. 

Moreover, avoiding to expose the carriers to corrosive substances, 

potential modifications or degradation to the body of the nanovector are 

minimised 229. 

Four dendrons have been analysed: RGen3K as a control; LSYCCK(Gen3K) 

even called TGen3K the effective molecule for the drug delivery; 

CSCLSY(Gen3K) or SGen3K as a branched control; K16 and LSYCCK(K16) 

or TK16 as linear controls. 

 

1.4.1 Fourier Transform Infrared 

Figure 0.5 shows the FTIR spectra of the dendrons: RGen3K (blue line), 

(KCCYSL)Gen3K (red line) and TGen3K (black line) respectively. Between 

the 600 cm-1 and the 1450 cm-1 are the fingerprints of the three substances 

showing very similar peaks as: 721 cm-1, 798 cm-1, 836 cm-1,1126 cm-1, 1430 

cm-1, e 1461 cm-1. 
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In common all spectra have: peaks around 3000 cm-1 signal of amine 

groups; a strong peak around 1665 cm-1 which is a strong signal of 

stretching carbonyl group of secondary amide; a second strong peak of 

1560 cm-1 which is an in plane and out of plane bending vibration of 

amino group; and a 1200 cm-1 signal representing the C-N stretching of 

ammine groups 230. 

TGen3K has three more peaks in the spectra: 878 cm-1 C-H bending of 

Leucine (L) isopropyl group; 1085 cm-1 and 1045 cm-1 C-O stretching of 

Tyrosine (Y) phenol group and Serine (S) hydroxyl group respectively; 3400 

cm-1 broad and strong signal of O-H stretching of Tyrosine and Serine 

amino acids.  

 

Figure 0.5 FTIR spectrum of RGen3K in blue, KCCYSL(Gen3K) in red and T(Gen3K) in black. 

One milligram (1 mg) per each dry sample were analysed (n=1).  
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TK16 in blue (Figure 0.6), was analysed with RGen3K and TGen3K to 

compare the spectrum. It revealed that the fingerprints at 600 cm-1 and 

the 1450 cm-1 are comparable to the other molecules of the three 

substances showing very similar peaks as: 721 cm-1, 798 cm-1, 836 cm-1,1126 

cm-1 and 1430 cm-1. 

In common all spectra have: peaks around 3000 cm-1 signal of amine 

groups; a strong peak around 1665 cm-1 which is a strong signal of 

stretching carbonyl group of secondary amide; a second strong peak of 

1540 cm-1 which is an in plane and out of plane bending vibration of 

amino group; and a 1200 cm-1 signal representing the C-N stretching of 

amine groups. 

 

Figure 0.6 FTIR spectrum of RGen3K in black, KCCYSL(Gen3K) in red and T(K16) in blue. 

One milligram (1 mg) per each dry sample were analysed (n=1). 
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1.4.2 Dynamic Light Scattering 

The analysis of dynamic light scattering can be influenced by several 

factors such as the shape of the nanoparticle and its uniformity of shape 

and population size. It has also been shown that different sizing methods, 

solvent type and pH can alter the results. 

The average size of RGen3K was 482.5± 51.43 nm, and TGen3K was 146.9± 

15.41 nm all the data are an average of three measurements per each 

sample shown in Figure 0.7.  

 

 

 

The measured hydrodynamic size of these macromolecules appears in 

both cases too large to represent that of a single macromolecule. Indeed, 

the DLS results suggested that the presence of the targeting sequence 

reduces particle size, suggesting that they can reduce the aggregation 

between particles. Likewise, the presence in the HER2 receptor targeting 

sequence of Leucine (L) and Tyrosine (Y) may favour a high degree of 
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Figure 0.7 Graph showing the average intensity size distribution of the 

peptides RGen3K (blue), TGen3K (grey) at the concentration of 10 

mg/mL in water (n=3 readings). PDI, not shown in the Figure, was 482.5± 

51.43 nm, and 146.9± 15.41 nm respectively (n=3). 
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folding of the dendrimer. In fact, these amino acids present the 

hydrophobic moieties isopropyl and a phenol group, respectively. This 

could induce the formation of van der Waals intramolecular bonding 

forcing the dendrimer in a more compact, and smaller, structure. High 

polydispersity index (PDI) was found with RGen3K and TGen3K, 0.417 and 

0.465 respectively. However, high PDI values can be influenced by several 

factors, such as the presence of residual impurities formed during synthesis 

or introduced during the sample preparation. In addition, inadequate 

sonication of the sample shortly before analysis does not properly dissolve 

the peptide molecule in the dilution solvent, and therefore large 

aggregates remain in solution. 

Moreover, 10 mg/mL gave a high count rate (>500) at low attenuation 

(<7) means it is too concentrated and results would not be very accurate 

due to concentration effects. 

 

1.4.3 Mass Spectrometry 

RGen3K, TGen3K, SGen3K and TK16 were analysed. The exact mass of 

RGen3K is 2095.54 Da, while the synthesised MW (mass weight) appeared 

in mass spectroscopy as 2097.63 (+1) Da, which confirms the structure 

assumed during the synthesis. Other peaks reveals either the noise of the 

instruments or secondary product during the dendron synthesis (Figure 

0.8). 

The spectra of TGen3K, shown in Figure 0.9, demonstrate that the structure 

of the molecule is correct after the synthesis. The exact mass of TGen3K 

was 2636.73 Da and the spectra reveals that the MW was 2637.11 (+1) Da. 
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The dendrimers tethered to the scrambled peptide sequence (SGen3K) 

have the same mass of the TGen3K, as the targeting sequence consists of 

the same amino acids, yet arranged in different position. The exact MW 

was 2636.73 Da and the MW appeared on the spectra was 2639,35 (+1) 

Figure 0.8 RGen3K spectrum. The vector has a concentration of 1  

mg/mL dissolved in ethanol. The circle indicates the value of the 

RGen3K mass which is 2097.63 (+1) Da (n=1). 
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as the TGen3K, shown in Figure 0.9. Finally, the targeting linear control 

(TK16) was analysed, and the calculated MW was 2764.82 Da (Figure 0.11). 

 

 

Figure 0.9 LSYCCK(Gen3K), TGen3K, spectrum. The vector has a concentration of 1 

mg/mL dissolved in ethanol. The circle indicates the value of the TGen3K mass which is 

2639,35 (+1) Da (n=1). 
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Figure 0.10 CSCLYK(Gen3K), SGen3K, spectrum. The vector has a concentration of 1 

mg/mL dissolved in ethanol (n=1). 

 

The total mass value was not detected and was not present on the 

spectra. However, Table 0.2, shows that smaller fragments of the linear 

dendron appeared on the spectra. 
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Table 0.2 T(K16) theoretical molecular weight and experimental molecular weight. 

 Theoretical Molecular 

Weight  

Experimental Molecular 

Weight 

T(K16) 2764.82 X 

T(K15) 2636.73 X 

T(K14) 2508.63 X 

T(K13) 2380.54 X 

T(K12) 2252.44 2253.52 

T(K11) 2124.35 2126.88 

T(K10) 1996.25 1997.74 

T(K9) 1868.16 1869.59 

T(K8) 1740.06 1741.19 

T(K7) 1611.97 1613.34 

Figure 0.11 T(K16) spectrum. The vector has a concentration of 1  

mg/mL dissolved in ethanol. All the circles represent the fragment 

of TK16 (n=1). 
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T(K6) 1483 1485.23 

T(K5) 1325 1326.36 

T(K4) 1227.68 1228.78 

 

Fragments containing the linear sequence and the linear lysins are given 

in Table 0.2. It can be noted that all dendron peaks containing 4 to 12 

lysines are present, however the signals above this molecular weight are 

not detected. This may mean that the total structure is present and that 

the instrument is not sufficiently sensitive to detect molecules of high 

molecular weight or the readings are weak and therefore not 

distinguishable from the background noise of the instrument. 

 

1.4.4 High Performance Liquid Chromatography (HPLC) 

RGen3K, T(Gen3K), SGen3K and T(K16) were analysed. The HPLC 

chromatogram shows in the y-axis the intensity of the peaks, while in the 

x-axis the retention time and therefore the affinity towards the 

chromatographic column are determined. HPLC analyses shows peaks 

with different retention times depending on the structure of the dendron. 

 

 

Figure 0.12 RGen3K chromatogram. The vector has a concentration of 6  mg/mL 

dissolved in ethanol and analysed with UV light at 230 nm (n=1). 
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The RGen3K dendron, has the smallest size and a retention time of 6.314 

minutes with a high intensity of 250 mAU. The chromatogram is shown in 

Figure 0.12. 

In Figure 0.13, the T-Gen3K vector has a relatively higher retention time 

(7.48 min). 

 

 

Probably the increased size given by the presence of the targeting 

sequence tends to slow the path of the molecule inside the 

chromatographic column. Indeed, it has been observed above that the 

targeting sequence includes hydrophobic amino acids that can establish 

stronger interactions with the surface of the HPLC column that is meant to 

separate molecules on the basis of their hydrophobicity. The intensity of 

the peak, compared to that of the previous Figure (Figure 0.12), seems to 

be very different, in reality the scale has a different resolution and 

therefore the peaks have a similar mAU value. 

 

Figure 0.13 TGen3K chromatogram. The vector has a concentration of 6  mg/mL 

dissolved in ethanol and analysed with UV light at 230 nm (n=1). 
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Finally, SGen3K, shown In Figure 0.14, has a different retention time of 

10.195 nm, the shift to the right shows a greater affinity for the hydrophobic 

chromatographic column. This means that the exa-peptide sequence 

further increases hydrophobic interactions with the column, delaying its 

elution from the column to a higher percentage of non-polar mobile 

phase. The sec-butyl substitution present in leucine and the benzyl 

presence in tyrosine acquires a conformation able to maximise the 

interactions of Van der Waals forces with the hydrophobic column, then 

the path to the detector is further slowed compared to RGen3K and its 

similar TGen3K. 

The linear control, T(K16), shown in Figure 0.15 has a retention time at 9.003 

minutes. The shift to the right on the spectra determine the greater affinity 

for the hydrophobic chromatographic column, like T(Gen3K), influenced 

by the sec-butyl substitution present in leucine and the benzyl presence in 

tyrosine. It can be speculated that the more flexible linear structure can 

expose these hydrophobic moieties to the HPLC solid phase thus 

enhancing the interactions and extending the retention time. 

 

Figure 0.14 CSCLYK(Gen3K), SGen3K, chromatogram. The vector has a concentration of 

6  mg/mL dissolved in ethanol and analysed with UV light at 230 nm (n=1). 
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In general, all three syntheses yielded very clean chromatogram 

indicating the ability of solid phase synthesis to give a product with high 

percentages of purity.  

1.5 CONCLUSION 

In this chapter it has been shown that the SPPS technique has made it 

possible to successfully obtain dendrons of interest, this is demonstrated by 

the characterisation techniques used. In addition, this method allows to 

synthesise a great variety of good purity dendrons in a relatively short time 

despite the relative complexity of the structure. Finally, the solid phase 

synthesis has allowed to obtain products with high percentages of purity, 

however, from the results of mass spectrometry, it is possible to observe the 

presence of many secondary structures that could be eliminated through 

further purification. The high purity of the compounds and the desired 

structure allow them to be used as nucleic acid vectors in in vitro cell tests 

and thus determine their potential in gene delivery through new molecular 

designs enabling to increase the cargoes internalisation and release of 

the cargo within the target cell. These studies are presented in the 

following chapters. 

 

Figure 0.15 T(K16). chromatogram. The vector has a concentration of 6  mg/mL 

dissolved in ethanol and analysed with UV light at 230 nm (n=1). 
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 IN VITRO COMPARISON OF PEPTIDE ACTIVITY 

AND TRASTUZUMAB 

1.1 INTRODUCTION 

Breast cancer stands as one of the most frequently detected and fatal 

cancer forms among women. As indicated by the American Cancer 

Society, breast cancer accounts for 15% of all cancer-related female 

fatalities 48. Thus, approximately 1 out of every 8 women receiving a breast 

cancer diagnosis at some point in their lives 231,232. Breast cancers subtypes 

are determined by the presence or absence of specific receptors. The 

typical subtypes include breast cancers that express oestrogen receptor 

(ER) and/or progesterone receptor (PR), those expressing the human 

epidermal growth factor 2 receptor (HER2), or triple negative breast 

cancer (TNBC), characterised by the absence of these receptors 231. 

In particular, HER2 receptor belongs to the Human Epidermal Growth 

Factor (ERBB) family and possesses tyrosine kinase activity. This receptor is 

involved in the regulation of growth, proliferation, and cell migration, and 

its overexpression in cancer cells is associated to a poor prognosis. HER2 is 

considered an orphan receptor, meaning it lacks ligands that directly 

activate it, but it can form homodimers or heterodimers with other 

receptors from the HER family 233. 

In cancer cells, it is estimated that there are between 25 and 100 copies 

of the HER2 gene, resulting in approximately 2 million receptor proteins on 

the cell surface 234. Hence, the elevated expression of this receptor renders 

it useful both as a diagnostic indicator and as a promising candidate for 

therapeutic targeting. For patients diagnosed with early-stage HER2-

positive breast cancer or following surgical removal of the tumour, 
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targeted therapy is selected. The monoclonal antibody Trastuzumab 

(Figure 0.1 235) is the preferred treatment for this subtype of tumour as it 

specifically targets regions of the HER2 receptor, giving protection to 

healthy cells from anticancer effects and reducing the side effects 

commonly associated with traditional chemotherapy drugs 62,63,236 . 

 

 

An antibody has a Y-shaped structure consisting of constant regions and 

variable regions. The variable regions are responsible for antigen 

recognition and triggering the necessary inflammatory response to 

neutralise the pathogen. Unlike polyclonal antibodies, which can 

recognise multiple antigens, monoclonal antibodies exhibit a high affinity 

for specific antigens 237. Trastuzumab is a highly selective monoclonal 

antibody designed to target the HER2 receptor. It is classified as 

humanised, primarily derived from human cells except for the variable 

region 238.  

Monoclonal antibodies possess distinct advantages as targeting ligands 

over small molecules, proteins, and aptamers due to their uniformity, 

Figure 0.1 Structure of the Humanised monoclonal antibody Trastuzumab. 
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affinity, and specificity. Nevertheless, despite the considerable success in 

achieving an anti-tumour effect, immunotherapy employing monoclonal 

antibodies demands continual administration over a prolonged period, 

and the half-life of monoclonal antibodies restricts the duration of therapy, 

resulting in only temporary disease control, particularly once the tumour 

has metastasised 239–241. Furthermore, the development of resistance to 

treatments with monoclonal antibodies 242, immune-related adverse 

events, hypersensitivity (which may be as a result of the monoclonal 

antibodies administered doses to ensure their immediate bioavailability 

and potency) and cardiotoxicity, are some of the monoclonal antibodies’ 

side effects 243–245.  

Unlike larger molecules like antibodies, peptides are recognised for their 

reduced toxicity and improved pharmacokinetic attributes, including 

higher target-to-background ratios and more rapid blood clearance 

246,247. Various regulatory peptide analogues that bind to receptors found 

on tumours, such as somatostatin and α-melanocortin-1, are actively 

being explored in both imaging and therapeutic research 248,249. 

One of the extensively researched peptides specifically designed for HER2 

is the KCCYSL peptide, or peptides that incorporate the KCCYSL sequence 

250,251. This peptide was identified through screening a random 6-amino 

acid peptide bacteriophage display library, and it exhibited the highest 

occurrence in phages that bound to biotinylated extracellular domain 

ERBB-2 (HER2). Karasseva et al. 250 observed the presence of the KCCYSL 

sequence in more than 75% of their clones, indicating a robust affinity for 

HER2. The conjecture is that the oxidised state of the CCY motif within this 

peptide closely resembles the structural configuration of the EGF-like 

domain present in common ERBB ligands 250.

The use of peptides as targeting moieties offers a solution to these 

challenges due to their substantially reduced molecular weight and 
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diminished immunogenicity. Furthermore, employing peptides as 

targeting agents presents additional benefits, such as enhanced 

effectiveness in penetrating tumour masses, stability, and reduced 

production expenses and extensive adjustability 252. 

Poly-L-lysine (PLL) possesses distinct biological attributes, including early 

indications of limited activity against murine tumours. PLL's cationic nature 

facilitates the penetration of active compounds through the cell 

membrane of cancer cells 253. In HeLa and L1210 murine leukaemia cells, 

PLL demonstrates cytotoxic effects 254. As reported by Debnath et al. 255, 

PLL has been confirmed to inhibit tumour cell growth through the 

downregulation of the oncogenes Bcl-2 and CD3, leading to increased 

p53 protein levels and cell-cycle stasis. Additionally, PLL has been 

demonstrated to reduce peritoneal angiogenesis and micro-vessel 

density. Apoptosis, or programmed cell death, is a crucial cellular 

mechanism for rejuvenation, proliferation maintenance, growth inhibition, 

and death 256. Apoptosis can be induced intrinsically, via the 

mitochondrial pathway, or extrinsically, triggered by a protease cascade 

257. Bcl-2 is pivotal in regulating this process 258 and induces mutations in 

caspase-3 protein expression, an effector of the apoptotic process 259. 

Another mechanism that PLL can modulate is angiogenesis. This process is 

decisive for solid tumour growth by fostering the formation of new blood 

vessels to supply nutrients to growing tumours 260. The most potent 

angiogenic factor influencing angiogenesis is Vascular Endothelial 

Growth factor (VEGF), which drives tumour progression, invasion, and 

metastasis 261,262. Suppressing VEGF expression can halt solid tumour 

growth 263. Furthermore, Ki-67, a non-histone nuclear protein, is another 

factor positively influenced by the presence of PLL. This factor is closely 

linked to cell proliferation and the cell cycle, expressed during the G1 

phase and peaking during the G2 phase, before inhibition during the M 
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phase. Lastly, c-Myc, a transcription regulatory oncoprotein, plays a role 

in controlling proliferation, apoptosis, and protein synthesis 264,265. The 

activation and inactivation of c-Myc, as well as tumour suppressor gene 

alterations, impact DNA repair systems and apoptosis regulation. 

Modulating c-Myc in proliferating cells offers a potential target for cancer 

therapy 266. 

1.2 AIM OF THE CHAPTER 

In this chapter, the action of the antibody Trastuzumab is compared with 

laboratory-synthesised branched poly-lysine peptides (Chapter 2). The 

branched peptide of interest, TGen3K, is composed of two segments. 

Firstly, the hyperbranched peptide structure is composed of lysine 

molecules that, due to the exposure of amino groups at the uppermost 

branching generation, easily interact with the negative charges of nucleic 

acids. Additionally, the small internal molecular core, containing a small 

aliphatic sequence, can be utilised to protect and deliver small 

hydrophobic molecules such as many chemotherapeutic drugs. 

Secondly, a linear peptide sequence, added at the molecular root of the 

branched peptide, consists of six amino acids: Leucine (L), Serine (S), 

Tyrosine (Y), two molecules of Cysteine I, and Lysine (K). As mentioned 

above this sequence is known for its selectivity towards the HER2 receptor, 

and it has been demonstrated to accumulate in breast carcinomas with 

a high concentration of the receptor on the surface, as reported in the 

study by Kumar et al. 267. 

The following experiments allowed the comparative study of the 

selectivity of the hexapeptide sequence of the dendrimer with the 

antiproliferative and antimetastatic activity of the monoclonal antibody 

Trastuzumab as well as with the linear peptide sequence when not 
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integrated in the branched peptide structure. This selectivity was assessed 

indirectly by analysing the effect on HER over expressing breast cancer 

cells. 

1.3 MATERIALS AND METHODS  

1.3.1 Cell culture 

1.3.1.1 Cell culture method 

The safety and therapeutic potential of the dendrimers synthesised in 

Chapter 2 of this thesis were studied by in vitro cell models using two cell 

types: SKBR3 and MDA-MB-231. 

The SKBR3 cell line was isolated from pleural effusion cells of a 43-year old 

Caucasian female patient. The patient had been treated previously with 

radiation, steroids and 5-fluorouracil. This cell line is known to over-

expresses the HER2 receptor, to grow in grape-like clusters with an invasive 

phenotype resembling that of the cells in vivo 268.  

MDA-MB-231 cells are a highly aggressive human breast adenocarcinoma 

line characterised by lack of expression of ER, PR and HER-2 receptors, 

over-expression of the EGF receptor (EGFR) and the presence of a 

mutated form of p53, showing amino acid substitution (G/A) in codon 280 

of the corresponding gene. MDA-MB-231 cells have a mesenchymal-like 

or stromal-like phenotype 269; in fact, they have many characteristics 

common to mesenchymal cells: They have a high ability to invade and 

cross basal membranes and do not express epithelial markers but in 

contrast show a high level of vimentin. 
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1.3.1.2 Cell Lines and Culture Conditions 

MDA-MB-231 were cultured in 75 cm2 flasks in the presence of Advanced-

DMEM/F12 (Gibco) culture medium, mixed with 10% v/v Foetal Bovine 

Serum (FBS) and 1% w/v of glutamine. SKBR3 cells grown in McCoy 5 

Medium culture medium (Gibco) to which 10% v/v FBS. 

 

1.3.1.3 Routine Cell Culture 

The cells were kept in the incubator at a temperature of 37° C with 

humidified air constituted by 95% of air and 5% of CO2, while medium was 

changed every two days. Cells were split when the confluence was 

around 80%. Before being split, the medium was removed and replaced 

with sterile PBS to remove any trace of the old media. Subsequently, to 

detach the cells from the flask surface, 4 mL of Trypsin-EDTA (Gibco) was 

added and incubated for 5 minutes at 37 C under 5% CO2. The effect of 

Trypsin was finally neutralised by the addition of 8 mL of media. Cells were 

mixed and centrifuged for 5 minutes at 30 G to obtain a pellet that was 

resuspended in 1 mL of fresh media. An aliquot, selected according to the 

needs of the experiments, was transferred to a sterile T75 flask where 13 mL 

of medium were previously transferred. 

 

1.3.1.4 Cell Counting  

To determine the seeding density, after the addition of the Trypsin and 

centrifugation, the pellet of cells was resuspended in 5 mL of fresh media. 

An aliquot of 100 µl was diluted with 400 µl of fresh medium and 500 µl of 

Trypan blue (Gibco Life Technologies, UK), a dye that is excluded from 

viable cells. Only cells with a permeabilised membrane (and therefore 

dead) will be blue coloured. The final dilution is 1:10 and should be 
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agitated before taking any volume to maintain a uniform cell 

concentration. 

A drop of the solution was loaded into the haemocytometer and the cells 

in each of its chambers were counted according to Equation 3.1: 

Equation 3.1 Equation used to determine cell concentration. The mean of the cells 

counted in the four chambers of the blood cytometer are multiplied by 104, that is the 

dilution with the mean and the Trypan blue, and by 104 which determines the final 

concentration of the cells per millilitre of solution (cell/mL). 

∑ 𝑋1𝑛
𝑖=1

𝑛
∙ 10 ∙ 104 

The cells were then diluted according to dilution Equation 3.2: 

Equation 3.2 Equation for dilution of solutions. The initial concentrations, C(i), and the 

initial volumes, V(i), are diluted to obtain the final concentrations, C(f), in determined 

volume, V(f). 

𝐶(𝑖) ∙ 𝑉(𝑖) = 𝐶(𝑓) ∙ 𝑉(𝑓) 

 

1.3.2 Proliferation assay 

Cells that were examined for the proliferation experiment included both 

SKBR3 cells, which overexpress the HER2 receptor, and MDA-MB-231 cells, 

which lack hormone receptors and the HER2 receptor. 

Both cell types were cultured in 24-well plates at a concentration of 50,000 

cells per well in 500 l of fresh media. After 24 hours, the peptides: RGen3K, 

TGen3K, and SGen3K were diluted in 100 µl of Opti-Mem in three 

concentrations: 5 µg/mL, 10 µg/mL, and 15 µg/mL. 

The controls used were Trastuzumab (10 µg/mL), from Merck, in Opti-Mem. 

Among the samples, the hexapeptide sequence (KCCYSL) was tested at 

three concentrations: 5 µg/mL, 10 µg/mL, and 15 µg/mL . 
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After sample preparation, and prior adding the samples onto the cells, the 

medium was removed from the 24-well plates and the cells were washed 

with 200 µl of sterile phosphate buffered saline pH=7.4 (PBS), followed by 

the dispensing of additional 400 µl of OptiMem. Finally, the samples, in a 

total volume of 100 µl, were added into the wells. Cells were incubated for 

48 hours at 37° C and 5% CO2. Afterwards the supernatant was removed 

and the cells were washed twice with 200 µL sterile PBS and fixed with 100 

µL paraformaldehyde (PFA). After 20 minutes, the fixation agent was 

removed and cells were stored in the fridge and kept hydrated in 100 µL 

of PBS.  

The count of the adhering cells was performed by the ImageJ software. 

Parameters were set to count single cells by first processing all the 

microscopy images using the "sharpen" option, followed by "find maxima." 

Subsequently, the photo under examination was converted to 8-bit, and 

using the "threshold" option, the best black and white resolution was 

achieved. Finally, by clicking the "watershed" button, the system was able 

to separate closely located cells from each other and treat them as 

separate entities. Ultimately, particle counting was performed. 

A typical processing of microscopy images by ImageJ software is shown 

in the Figure below (Figure 0.2). The experiment was conducted in 

duplicate and the error bars indicate the standard deviation calculated 

from two distinct measurements within a single experiment. Data were 

statistically analysed by a two-tail T Test and data considered significant 

different at p<0.05. 
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Figure 0.2 Before and after image software rendition using ImageJ. 
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1.3.3 LDH Cytotoxicity Assay 

LDH serves as a commonly employed indicator in studies focusing on 

cytotoxicity. Lactate dehydrogenase (LDH) represents a stable, soluble 

cytosolic enzyme found in numerous cell types. and it serves as a well-

defined and dependable indicator of cytotoxicity. When the plasma 

membrane is compromised, LDH is released into the cell culture medium. 

The LDH present extracellularly in the medium can be quantified through 

an enzymatic process, wherein LDH facilitates the conversion of lactate to 

pyruvate by reducing NAD+ to NADH. The oxidation of NADH by 

diaphorase subsequently reduces a tetrazolium salt (INT), resulting in the 

production of a red formazan product that can be quantitatively 

measured via spectrophotometry at 490 nm. 

The toxicity test (CyQUANT™ LDH Cytotoxicity Assay, Invitrogen) was 

applied to the supernatant obtained at specific time intervals after 

transfection. Some wells were designated for total cell lysis to release all 

the proteins into the growth medium, serving as positive controls of 

maximum cytotoxicity. Cell lysis was accomplished by adding 60 µl of a 5X 

lysis buffer (part of the CyQUANT™ LDH Cytotoxicity Assay, Invitrogen) to 

the control wells, followed by incubating the well plate for 45 minutes in a 

CO2 incubator at 37° C. Subsequently, 50 μL from each well was 

transferred to a 96-well plate. Next, 50 µl of the Reaction Mixture (prepared 

by combining 11.40 mL of dH2O with 600 μL of Assay Buffer Stock) was 

added, and the samples were allowed to react for 30 minutes at room 

temperature. Finally, 50 μL of the Stock Solution was added. After 60 

minutes, or a maximum of 2 hours, the absorbance at 490 nm and 680 nm 

was measured to assess LDH activity. The measurements were conducted 

in duplicate, and the error bars indicate the standard deviation 

calculated from two distinct measurements within a single experiment. 
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Data were statistically analysed by a two-tail T Test and data considered 

significant different at p<0.05. 

1.4 RESULTS AND DISCUSSION 

1.4.1 Proliferation Assay 

The experiment was performed to determine the peptides' ability to 

interfere on cell proliferation and cytotoxic effect either as such or through 

the HER2 receptor. As previously demonstrated, peptides, due to their 

multiple positive charges, can be toxic to cells, increasing their toxicity 253. 

Furthermore, the chosen target sequence has a structure that enables 

binding to the overexpressed receptor in HER2+ tumour cells. The 

sequence LSYCCK shows similarities with the monoclonal antibody 

Trastuzumab (Herceptin), which is defined as the frontline drug for early 

HER2+ tumour treatment. 

For this experiment, three hyperbranched peptides were analysed: 

RGen3K, TGen3K, and SGen3K (scrambled hexapeptide sequence of the 

studied aptamer). The peptides were synthesised following the method 

described in Chapter 2.3.1 and diluted to three different concentrations: 

5 µg/mL, 10 µg/mL, and 15 µg/mL. Along with the peptides, the linear 

sequence (L) was tested at the same concentrations as the other 

peptides. The monoclonal antibody Herceptin (H) was used for 

comparative analysis by testing it at a concentration of 10 µg/mL that is 

the most commonly used concentration in literature 270–272. The whole 

experimental matrix was carried out on both MDA-MB-231 cells (triple 

negative cells, TNBC) and SKBR3 cells (HER2+). 
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Figure 0.3 illustrates the activity of the different peptides on the triple-

negative cells (MDA-MB-231). As shown, the proliferation of this cell type 

did not seem to be affect by hyperbranched structures, to the linear 

hexapeptide sequence and to Herceptin. Although not statistically 

significant, most of the branched and linear lysine sequences appear to 

show reduced cell counts. 

As expected, the presence of the HER2 receptor-specific hexapeptide 

sequence did not have any effect since these cells do not express this 

receptor. According to the work by Debnath et al. 255, it has been 

established that poly-L-Lysine peptides alone have a potent antitumour 

effect on Ehrlich ascites carcinoma (EAC), Sarcoma-180, DAL, HeLa, and 

Lewis lung carcinoma cells, both in vitro and in vivo. This activity is 

attributed to the induction of apoptosis through the modification of 
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Figure 0.3 MDA-MB-231 Cells treated with: Herceptin (10 µg/ml); RGen3K, TGen3K and 

SGen3K at three different concentrations (5 µg/ml, 10 µg/ml and 15 µg/ml); and 

KCCYSL, the linear hexapeptide at 5 µg/ml, 10 µg/ml and 15 µg/ml. Analysis were 

performed with ImageJ after 48 H from the seeding. *****P<0.00001, ****P<0.0001, 

***P<0.001, **P<0.01, *P<0.05, (n=3). 
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Caspase-3 expression, an essential protein in the cell cycle. Furthermore, 

PLL (poly-L-Lysine) peptides lead to an in vivo deceleration of proliferation. 

In MDA-MB-231 cells, it seems that other pathways come into play, 

downregulating VEGF and c-Myc, resulting in an antiproliferative and 

antiangiogenic effect by reducing the concentration of Ki67 and CD34. 

 

  

 

This effect is dose-dependent and concentrations led to significant 

decreases in cell number and expression of Caspase-3 (apoptosis 

regulator) and Ki67 ranged in the range 10 µg/mL to 40 µg/mL. As no 

statistically significant difference was observed, the results shown in Figure 

0.3 only partially reflect the conclusions drawn by Debnath et al. However, 

some differences such as the number of charges of the PLL and the 

Figure 0.4 Description of the many pathways of poly-L-Lysine. Image taken from 

Debnath et al. 
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concentration could have influenced the final outcomes in the two 

studies.  

Moreover, In the same study published by Debnath et al., it is highlighted 

that the 3D cell culture of MDA-MB-231 cells, which better mimics the in 

vivo environment, could be another factor favouring the effects of PLL. 

Peptides seem to have a significant impact on the collagenases present 

in the tumour's extracellular environment. Therefore, results display in 

Figure 0.3 might be amplified when replicated in vivo. Figure 0.5 presents 

cell count values in SKBR3 cells, which overexpress the HER2 receptor. In 

contrast to the previous results, reductions in the number of treated cells 

can be observed compared to negative controls cells (Figure 0.5 Control). 

The positive control (Herceptin) notably affected cell proliferation. The 

number of cells after 48 hours in contact with the monoclonal antibody is 

threefold lower than the negative control. Trastuzumab's behaviour stems 

from its selectivity towards the overexpressed HER2 receptor in HER2+ 

breast cancer. However, the hexapeptide sequence (LSYCCK) had no 

effect on cell number, despite being designed to resemble the 

monoclonal antibody. This behaviour might be attributed to the peptide's 

reduced length, as reported by Biri-Kovács, B. et al 273. It's indeed 

necessary to increase the peptide sequence to achieve better affinity for 

the HER2 receptor. It seems that the peptide's alpha-helical folding could 

be crucial for the recognition and binding to the target receptor. 
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RGen3K peptide (the dendrimer not bearing any HER target sequence) 

reduced the cell count by about half, indicating that the poly-lysine 

structure has an effect over the proliferative capacity of the cells. 

However, it does not appear to be dose-dependent, as increasing the 

concentration of the sample does not lead to a decrease in cell number. 

In contrast, TGen3K seems to effectively reduce the number of cells in a 

concentration-dependent manner. Moreover, possibly due to the 
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Figure 0.5 SKBR3 Cells treated with: Herceptin (10 µg/ml); RGen3K, TGen3K and 

SGen3K in three different concentrations (5 µg/ml, 10 µg/ml and 15 µg/ml); and 

KCCYSL, the linear hexapeptide at 5 µg/ml, 10 µg/ml and 15 µg/ml. Analysis 

were performed with ImageJ after 48 H from the seeding. *****P<0.00001, 

****P<0.0001, ***P<0.001, **P<0.01, *P<0.05, (n=3). 
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presence of the target sequence, at the 15 µg/mL concentration, the cell 

count approaches a value slightly higher than that achieved with 

Herceptin (10 µg/mL). These results seem to support the findings of Biri-

Kovács et al. 273, where the addition of amino acids to the hexapeptide 

sequence increases affinity to the receptor, consequently reducing the 

HER2 receptor-induced cell hyper-proliferation. The ability of the 

dendrimers to act as molecular scaffolds mimicking the tertiary structure 

of proteins was here shown to improve the effect of the hexapeptide 

aptamer to reach an inhibitory effect comparable to that of the 

monoclonal antibody. Noticeably, when the target sequence was 

conjugated with the linear polylysine, there was no significant effect on 

the cells as their counts were not significantly different from the negative 

control. These findings highlight that the simple addition of amino acid 

postulated by Biri-Kovacs et al is not sufficient and that the role of the more 

rigid branching structure of the dendrimer, as molecular scaffold, plays a 

key role. 

Another optimal result was unexpectedly observed at the lowest 

concentration of the scrambled peptide (SGen3K, 5 µg/mL). However, the 

antiproliferative capacity diminishes with increasing concentration to 

return to that observed for the non-functionalised dendrimer, the RGen3K. 

The positive effect observed at the lowest concentration tested could be 

due to the structure of the scrambled targeting sequence, which, through 

the formation of intermolecular disulfide bonding between different 

dendrimers, might induce the dimerisation of the HER receptors on the cell 

membrane leading to an inhibition similar to that of the monoclonal 

antibody and of the highest concentration of TGen3K. At higher 

concentrations this effect would be loss through steric hindrance that 

would reduce the binding to the HER2 receptor and decreases the 

polycation's ability to interfere with c-Myc. 
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In summary, RGen3K and TGen3K show distinct effects on cell proliferation, 

potentially linked to their structure and concentration. Especially TGen3K 

demonstrates its selectivity towards the HER2 receptor. Additionally, the 

presence of the target sequence and the impact of disulfide bonds in the 

scrambled peptide seem to play significant roles in modulating the 

interaction with the HER2 receptor and downstream cell signalling 

pathways. 

 

1.4.2 LDH Cytotoxicity Assay 

The cytotoxicity experiment was conducted by collecting supernatant 

from the wells designated for the previous proliferation experiment (Figure 

0.6). Thus, all medium related to the hyperbranched peptides, the linear 

sequence (L), and Herceptin (H) were tested. The positive control is 

represented by the total cell lysate from the dedicated wells, indicated as 

"maximum" in the Figures below. Samples were collected after 24 and 48 

hours from adding the samples to the cells. Figure 0.6 and Figure 0.7 show 

values related to cells not overexpressing the HER2 receptor (MDA-MB-

231). In this case, the samples used do not induce toxicity to the cells, as 

the Absorbance values remain similar to the negative control's value 

(Control).  
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Figure 0.6 LDH Cytotoxicity Assay on MDA-MB-231 cells after 24 h cells are 

treated with Herceptin (10 µg/ml); RGen3K, TGen3K and SGen3K at three 

different concentrations (5 µg/ml, 10 µg/ml and 15 µg/ml); and KCCYSL, the 

linear hexapeptide at 5 µg/ml, 10 µg/ml and 15 µg/ml. Analysis were performed 

with ImageJ after 48 H from the seeding. *****P<0.00001, ****P<0.0001, 

***P<0.001, **P<0.01, *P<0.05, (n=3). 
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However, a substantial difference can be observed in the positive control 

of “maximum” LDH activity when the supernatants deriving from the cells 

deliberately lysed between 24 hours and 48 hours were analysed. The 

values refer to the total lysate at the predetermined time points, and its 

increase over time indicates that the cells continued to duplicate within 

the 24-hour interval. In relation to the previous experiment (described in 

Chapter 3.4.1), it can be confirmed that all the synthesised nanocarriers 

under examination did not induce any significant toxicity in the cells. 

Figure 0.7 LDH Cytotoxicity Assay on MDA-MB-231 cells after 48 h. are treated with 

Herceptin (10 µg/ml); RGen3K, TGen3K and SGen3K at three different concentrations 

(5 µg/ml, 10 µg/ml and 15 µg/ml); and KCCYSL, the linear hexapeptide at 5 µg/ml, 10 

µg/ml and 15 µg/ml. Analysis were performed with ImageJ after 48 H from the seeding. 

*****P<0.00001, ****P<0.0001, ***P<0.001, **P<0.01, *P<0.05, (n=3). 
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Therefore, the data of cell counts in Figures 3.3 and 3.5 suggest a specific 

effect of the dendrimers on the cell cycle. 

In Figure 0.8 and Figure 0.9, values are presented in reference to cells that 

overexpress the HER2 receptor. In this case as well, the toxicity induced by  

the peptides was not significantly different from the negative control both 

after 24 hours and 48 hours. 

 

 

Figure 0.8 LDH Cytotoxicity Assay on SKBR3 cells after 24 h. Cells are treated with Herceptin 

(10 µg/mL); RGen3K, TGen3K and SGen3K at three different concentrations (5 µg/mL, 10 

µg/mL and 15 µg/mL); and L, the linear hexapeptide at 5 µg/mL, 10 µg/mL and 15 µg/mL. 

Analysis were performed with ImageJ after 48 H from the seeding. *****P<0.00001, 

****P<0.0001, ***P<0.001, **P<0.01, *P<0.05, (n=3). 
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Figure 0.9 LDH Cytotoxicity Assay on SKBR3 cells after 48 h. Cells are treated with Herceptin 

(10 µg/mL); RGen3K, TGen3K and SGen3K at three different concentrations (5 µg/mL, 10 

µg/mL and 15 µg/mL); and L, the linear hexapeptide at 5 µg/mL, 10 µg/mL and 15 µg/m. 

Analysis were performed with ImageJ after 48 H from the seeding. *****P<0.00001, 

****P<0.0001, ***P<0.001, **P<0.01, *P<0.05, (n=3). 

 

However, it can be stated that cells have the capacity to proliferate and 

grow as emphasised by the increasing absorbance between sampling at 

different time points, albeit at a slower rate compared to MDA-MB-231 

cells. Regarding the experiment mentioned in the previous section 

(Chapter 3.4.1), it can be speculated that samples exhibit a strong anti-

proliferative activity rather than a cytotoxic or apoptotic activity. The latter 
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was not tested by specific kits such as Annexin V or Hoersch Propidium 

Iodide staining. 

As indicated in the research by Debnath et al. 265, PLLs are capable of 

inducing proliferation arrest, apoptosis, and reducing the formation of 

new blood vessels to sustain tumour mass. However, in the case of anti-

apoptotic activity, there would have been much higher absorbance 

values, or at least higher than the negative control, which is not the case 

here. In this instance, the values are around the range of the negative 

control value. 

1.5 CONCLUSION 

In conclusion, the experiments performed during this phase of the work 

have provided insights into the intrinsic activity of hyperbranched 

peptides on cancer cells when administered into the extracellular 

environment. The samples have yielded different responses based on their 

phenotype. The non-overexpressing cells (MDA-MB-231) were not 

influenced by the presence of peptides in the extracellular environment, 

and their proliferative capacity remained unchanged. SKBR3 cells 

exhibited a different reaction to the peptides. As anticipated, Herceptin 

drastically reduced the proliferative capacity of these cells, as did the 

TGen3K and SGen3K peptides. In particular, TGen3K influenced 

proliferation in a dose-dependent manner, while SGen3K was effective 

only at the lowest concentration tested possibly due to the different 

arrangement of the hexapeptide sequence, resulting in spatial 

modifications that interfered with binding to the HER2 receptor. 

The proliferative capacity of SKBR3 cells remained intact, as shown in 

Figure 0.6 and Figure 0.7, and toxicity in the presence of peptides 

remained very low, if not absent. This, in combination with the proliferation 
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results (Chapter 3.4.1), highlights the peptide's ability to inhibit cell 

proliferation without apparently interfering with the apoptosis pathway, 

which differs from what was reported by Debnath et al. who tested linear 

PLL 265. Additionally, it has been possible to demonstrate the targeting 

sequence's selectivity towards the HER2 receptor and its improved binding 

to the receptor when non-linear but branched peptides are added to the 

sequence. 

These encouraging results prompted the next phase of research that was 

to consider the potential of the dendrimer systems to be used as carriers 

for the delivery of therapeutic agents. This was the focus of Chapter 4 

where the potential of the dendrimers, as such or when functionalised with 

the HER-recognising peptides, to deliver DNA or pDNA. The added 

negative charges, flexibility, and molecular weight of the nucleic acid 

could enable the binding to the positively-charged carrier and become 

and effective delivery system or alter the characteristics of the peptide 

vector leading to a loss of the inhibitory activity shown in this chapter. This 

was the aim of the next chapter. 
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DNA DELIVERY FORMULATION, 

CHARACTERISATION AND BIOLOGICAL TESTING 

1.1 INTRODUCTION 

Dendrimers play a crucial role in various fields of science and technology 

due to their highly branched structure and customisable chemical 

properties. Their applications range from medicine to nanotechnology, 

diagnostics, gene therapy, and beyond 274. 

A "dendrimer" is a three-dimensional, branched molecule with a highly 

ordered structure. It's a macromolecule that features a central core from 

which multiple layers of molecular groups radiate, resembling the 

branches of a tree (Figure 0.2- Chapter 1.13) . Dendrimers can serve as 

platforms for transporting and facilitating controlled drug release and 

thanks to a customisable branching structure, they can encapsulate drug 

molecules within their branches, offering protection during transport within 

the body and gradual release at the intended location 275. Furthermore, 

they can be tailored with diverse molecules as per requirements, aiming 

to mitigate toxicity or facilitate vital mechanisms such as internalisation, 

endosomal escape, and cargo release within the cytoplasmic or nuclear 

milieu 276,277. 

In essence, dendrimers represent a versatile class of materials that are 

reshaping various sectors, spanning from medicine to nanotechnology, by 

virtue of their distinctive attributes and the myriad possibilities for 

customisation, such as: they can be employed in the production of highly 

sensitive sensors, advanced composite materials, and nanomaterials for 

electronic applications; they also find applications in nanotechnology for 
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creating materials and devices at the nanoscale level; they are utilised 

the efficient delivery of drugs or biological molecules 278. 

In the pharmaceutical field, gene therapy holds great promise for treating 

or preventing diseases by either silencing or expressing specific genes. 

Some of the most effective delivery agents for this purpose are 

polycationic dendrimers, which are highly branched structures containing 

numerous positively charged groups. 

Two of the most effective dendrimers in this context are polyethyleneimine 

(PEI) and poly(amidoamine) (PAMAM), which exhibit high proficiency in 

overcoming barriers to delivering oligonucleotides. However, due to their 

high positive charge density, they are associated with significant toxicity 

279. Dendrons made of poly-L-Lysine (PLL) can also be toxic as polycations. 

However, similar to other dendrimeric structures, their toxicity increases 

with the number of generations 280. Therefore, dendrons considered in this 

study have a lower number of positive charges compared to traditional 

dendrimeric structures. Additionally, PLL is preferred over PAMAM 

because, when degraded into L-lysine monomers, it can be recycled by 

the cell, and the reduced number of positive charges results in a faster 

release of nucleic acids once they reach the cytoplasm 281.  

Dendron-based transfection is a dynamic area of research focused on 

developing new delivery vectors that enhance DNA internalisation and 

address associated challenges. Polycationic molecules like PAMAM and 

PEI are extremely efficient carriers for the delivery of nucleic acids, as they 

possess tertiary amines in their backbone that can be protonated. As the 

endosome acidifies, to prevent the buildup of a charge gradient resulting 

from proton influx, an influx of Cl- ions also takes place. This simultaneous 

influx of protons and Cl- ions raises the endosome's osmolarity and triggers 

water absorption (Figure 0.1 282). The combination of polymer swelling and 

osmotic endosome swelling leads to endosome destabilisation and 
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content release into the cytoplasm. This mechanism, described by 

Freeman et al. 283, highlights the "proton sponge" effect induced by certain 

polycationic molecules, which, however, is lacking in PLL molecules 284. 

Nonetheless, recent studies have raised questions about the "proton 

sponge" effect, and the process of endosomal escape is not yet entirely 

clear 278.  

 

 

 

However, PLLs are not capable of releasing the cargo inside the cell due 

to the absence of tertiary amines and thus the inability to induce the 

proton sponge effect. Consequently, helper molecules are necessary to 

Figure 0.1 Endosomal escape pathway. On the left the endosome goes through the lysis 

because of the enter of water molecule. while on the right, the endosomal escape of 

the nanoparticles. 
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trigger endosome disruption and thereby enhance the release of nucleic 

acids within the tumour cell 285. 

Therefore, it has been demonstrated that the lipid:peptide:DNA complex 

is necessary. to further enhance cellular uptake and accumulation in the 

cell cytoplasm 284. 

 As reported by Kwok et al. 286 it has been shown that the presence of lipids 

does not increase the toxicity of the complex, but greatly aids in 

endosome disruption, promoting the amount of DNA that reaches the cell 

nucleus. Lipid molecules, due to their amphiphilic nature, destabilise the 

endosomal membrane, leading to the release of peptide nanocarriers 

into the nucleus and cytoplasm of the cancer cell 287. The most recognised 

mechanism of endosomal disruption involves the exchange of individual 

lipids with the endosomal membrane, a process known as "flip-flop." This 

mechanism induces membrane destabilisation and subsequent rupture, 

resulting in the release of materials into the cytoplasm.  

One of the most commonly used helper lipids is DOPE (1,2-dioleoyl-sn-

glycero-3-phosphoethanolamine), which is a neutral lipid that, as reported 

by Du et al. 129 The utilisation of the neutral lipid DOPE within cationic 

lipoplex formulations enhances transfection efficiencies by virtue of the 

conical nature of this lipid, which stimulates the creation of inverted 

hexagonal structures. These structures readily merge with the endosomal 

lipid bilayer in a charge-independent manner, thereby facilitating the 

liberation of DNA into the cytoplasm. Another lipid frequently associated 

with DOPE is DOTMA (Figure 0.2 288), or N-[1-(2,3-dioleyloxy)propyl]-N,N,N-

trimethylammonium chloride. This lipid has given rise to various derivatives 

such as DOTAP (1,2-dioleoyl-3-trimethylammonium-propane (chloride 

salt)), DORI (N-(2-hydroxyethyl)-N,N-dimethyl-2,3-bis(oleoyloxy)propan-1-

aminium bromide), DORIE (N-(2-hydroxyethyl)-N,N-dimethyl-2,3-bis(((Z)-

octadec-9-en-1-yl)oxy)propan-1-aminium bromide), and DMRIE (N-(2-
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hydroxyethyl)-N,N-dimethyl-2,3-bis(tetradecyloxy)propan-1-aminium 

bromide). DOTMA's positively charged portion efficiently complexes with 

negatively charged DNA, leading to its condensation. The complex 

formed between cationic lipid and DNA is referred to as a lipoplex. These 

co-lipids, when incorporated into the cationic lipid-DNA complex, 

function to facilitate the fusion or destabilisation of cellular membranes, 

thereby aiding transfection. In fact, the DOTMA/DOPE mixture is one of the 

commercially successful lipid formulations still widely used for gene transfer 

into cells. After interacting with the plasma membrane, the lipoplex can 

be internalised through two different pathways: direct fusion with the 

membrane followed by the release of DNA into the cytoplasm, or through 

clathrin-coated vesicle-mediated endocytosis. Most studies indicate that 

the second process is primarily responsible for DNA internalisation 289–292.  

 

 

 

Figure 0.2 DOTMA and DOPE chemical structure. 
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Although lipoplexes (combinations of polynucleotide molecules with 

cationic liposomes) are extensively employed for delivering nucleic acids, 

certain limitations like their considerable size, cytotoxicity at elevated 

concentrations, and modest transfection efficiency have hindered their 

effectiveness as gene carriers 293,294. Meanwhile, polyplexes (combinations 

of polynucleotide molecules with polycations) have been extensively 

investigated as nucleic acid delivery tools. Despite their heightened 

cytotoxicity compared to lipoplexes, polyplexes offer numerous 

advantageous qualities as gene carriers 295. A synergistic approach 

involving these systems has led to the creation of lipopolyplexes, 

engineered to possess heightened biocompatibility and efficacy. 

Lipopolyplexes mix the strengths of lipoplexes (notable stability, 

acceptable cellular uptake, low cytotoxicity) and polyplexes (robust 

transfection activity and uniform and small particle size). Moreover, 

Lipopolyplexes exhibit structural merits, including reduced size (nano-

scale) and improved nucleic acid condensation when compared to 

lipoplexes 296,297,298. In general, dendrons exhibit a pronounced propensity 

to form highly stable complexes with nucleic acids due to the oppositely 

charged interactions between the amines of the dendron's backbone 

and the negative charges on the DNA 299,300. However, it is crucial to 

acknowledge that the efficiency and reliability of DNA internalisation 

depend on several factors, including the design of the peptide, the nature 

of the DNA, and the characteristics of the target cell 301. Lastly, the amount 

of lipid is also an important factor for the formulation. In fact, a small 

quantity is necessary to facilitate the formation of the lipopolyplex; 

otherwise, it encourages the formation of only lipoplexes, excluding the 

peptides from the complex. Often, the appropriate concentration is lower 

than a 1:1 lipid:DNA charge ratio 302. 
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1.2 AIM OF THE CHAPTER 

The purpose of the chapter is to formulate and aggregate the dendrons 

synthesised in Chapter 2 with lipids and DNA, and to compare these 

complexes with the polyplexes (peptide:DNA). Both complexes are 

characterised by determining: 

• their size; 

• their ability to bind DNA using gel electrophoresis; 

• their ability to pack the DNA using the PicoGreen fluorescence; 

• their in-vitro transfection efficiency and cellular toxicity was tested 

in two cell lines expressing and devoid of HER2 receptors.  

The peptide:DNA complexes will be compared to those containing 

lipid:peptide:DNA to ascertain whether the presence of lipid can 

enhance transfection capacity. Furthermore, the purpose of conducting 

in vitro experiments is to determine if a successful transfection is achieved, 

identify factors that could enhance it, and assess the selectivity towards 

target sequences. The underlying hypothesis is that in SKBR3 cells, which 

overexpress the HER2 receptor, any therapeutic impact of TGen3K on the 

cells should be significantly greater than that of the control dendron. In 

this context, it is anticipated that the control dendron will still retain some 

level of internalisation ability, regardless of any specific bio-recognition 

process. 

Regarding the control cells, MDA-MB-231 cells that lack the HER2 target 

receptor, it is expected that the internalisation of peptide vectors will 

occur independently of the presence of a specific hexapeptide target 

sequence capable of interacting with the receptor in the branched 

TGen3K structure, as well as its absence in the control vector (RGen3K). In 

this case, internalisation is likely to be driven by non-selective mechanisms. 
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1.3 MATERIALS AND METHODS 

1.3.1 Lipid vesicles preparation 

The lipid component used in lipopolyplex formulation was a mixture of two 

lipids, DOTMA and DOPE (Avanti Polar), which were formulated into 

vesicles (also called liposomes). The two lipids were weighed and 

dissolved in chloroform at 1 mg/mL in a glass vial to facilitate the 

withdrawal of the appropriate lipid quantity. The two lipids were then 

mixed in a 1:1 molar ratio, by mixing 1 mg (DOTMA) with 1.1 mg (DOPE). 

The chloroform was subsequently removed by flowing nitrogen gas over 

the solution for several minutes until a lipid film was formed. Once the lipid 

film was completely dry, the correct amount of distilled water was added 

to achieve a final concentration of 1 mg/mL of DOTMA content. The 

resulting preparation appeared turbid due to the large size of the vesicles. 

To reduce the vesicle size, the preparation was sonicated for 3 minutes 

using a probe sonicator (Vibra Cells, Sonics & Materials) operating at 80% 

if its maximal capacity. 

 

1.3.2 Polyplexes preparation 

The polyplexes (PDs) were complex structures formed by mixing equal 

volumes of dendrons (synthesised according to the method described in 

Chapter 2.3.2) and nucleic acid through a self-assembly process. Each 

sample consisted of DNA diluted in sterile water, prepared in stock 

according to the number of samples. The dendrons used to prepare the 

PDs were RGen3K, TGen3K, SGen3K, as well as linear controls without a 

specific sequence (K16) and with a targeting sequence (TK16) (Figure 0.4). 

The DNA concentration per sample varies depending on the experiment 

to be conducted; consequently, the quantity of peptide also varies. 

Furthermore, peptides are mixed with nucleic acid considering the charge 
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ratio, so the peptide-DNA complexes were prepared in ratios ranging from 

4:1 to 12:1. The charge ratios used were selected based on previous 

studies by Kudsiova et al., in which polyplex and lipopolyplex formulations 

containing similar- linear and hyperbranched peptides, were shown to be 

most effective at 6:1 and 12:1 charge ratios 302. Intermediate 

concentrations were also tested to detect any changes in transfection 

and condensation behaviour of polyplexes prepared using these novel 

peptides.  

The preparation of PRs always followed a specific order of mixing to obtain 

the optimal physicochemical properties. For each sample, equal volumes 

of DNA and peptide were mixed and DNA was always added to already 

diluted peptide solution in water to maintain consistency, as 

demonstrated by Welser et al. 303. 

 

1.3.3 Lipopolyplexes Preparation 

The lipopolyplexes (LPDs) were complex formations obtained via a self-

assembly process, involving the lipids DOTMA:DOPE, dendrons, and 

nucleic acids (DNA either gWIZ-Luc, from Aldevron; or calf thymus, from 

Invitrogen). Each sample consisted of a constant amount of DNA diluted 

in sterile water, prepared as a stock solution based on the number of 

samples. Similarly, the DOTMA:DOPE vesicles also had a constant 

concentration (prepared according to the method described in Chapter 

4.3.1), however the peptide concentration varied to produce charge 

ratios ranging from 0.5:4:1 to 0.5:12:1 lipid:peptide:DNA. The dendrons 

used to prepare the LPDs were RGen3K, TGen3K, SGen3K, and the control 

peptides without a specific sequence (K16) and with the targeting 

sequence (TK16). As in the case of PDs, the LPDs that have previously been 

shown to produce the best efficiency were those prepared at 0.5:6:1 and 

0.5:12:1, which justifies the range of concentrations chosen in this study 302. 
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Similarly to PDs, the preparation of the LPDs followed a specific method 

and order to achieve optimal activity, since previous studies by Kudsiova 

et al showed that the order of mixing, particularly in the LPDs affected 

both the structure of the complexes formed, their physicochemical 

properties and consequently their biological activity. LPDs were therefore 

prepared by mixing the lipid and peptide first at equal volumes. Followed 

by addition of the DNA at an equal volume to the PD mixture 303. 

 

1.3.4 Dynamic Light Scattering 

LPD complexes were generated using RGen3K, and TGen3K, K16 and 

TK16, varying charge ratios, specifically, 0.5:4:1, 0.5:6:1, 0.5:8:1, 0.5:10:1, 

and 0.5:12:1, respectively. Each sample was prepared with a final volume 

of 50 µL with 0.75 µg of calf thymus DNA. The LPDs were prepared as 

previously described in Section 4.3.3, resulting in a total sample volume of 

50 µL, composed of 12.5 µL of lipid stock solution, 12.5 µL of the total 

peptide solution, and 25 µL of DNA stock solution. Each sample was 

measured three times at 25° C and the average size calculated. The 

polydispersity index (PDI) indicates the homogeneity of the population 

which are in the sample. The experiments was repeated twice. Data were 

statistically analysed by a two-tail T Test and data considered significant 

different at p<0.05 and considering only the charge ratio x=10. 

 

1.3.5 Gel Electrophoresis 

Electrophoresis was conducted in 1% w/v agarose gel prepared by 

dissolving 0.7 g of agarose in 70 mL of Tris-Acetate-EDTA, TAE buffer, (Fisher 

Scientific). The agarose gel was heated until the agarose was completely 

dissolved, then, 2 µL of gel red nucleic acid stain (Merck Life Science) was 
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added and left to cool at room temperature. The solidified gel was then 

immersed in TAE buffer (1X) in the electrophoresis tray.  

The analysed samples included polyplexes and lipopolyplexes containing 

RGen3K, TGen3K, SGen3K, and the linear controls K16 and T(K16). The 

polyplexes were prepared as described in the Section 4.3.2, by preparing 

10 µL samples containing equal volume of calf thymus DNA and peptides 

necessary to achieve charge ratios of 4:1, 6:1, 8:1, 10:1, and 12:1. In all 

samples, including the DNA controls, the DNA content was 0.25 µl/well. For 

example, to achieve a total volume of 10 µl, 5 µl containing 0.25 µg of DNA 

was mixed with 5 µl of the adjusted concentration of peptide. Table 0.1 

shows the volumes of peptide and water used in each sample. 
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Charge ratio 

(0.5: x : 1)

amount 

of 

peptides 

(µl)

Sterile 

water 

Volume 

(µl)

Charge ratio 

(0.5: x : 1)

amount 

of 

peptides 

(µl)

Sterile 

water 

Volume 

(µl)

4 0.40 4.60 4 0.40 4.60

6 0.60 4.40 6 0.60 4.40

8 0.81 4.19 8 0.80 4.20

10 1.01 3.99 10 1.00 4.01

12 1.21 3.79 12 1.19 3.81

Charge ratio 

(0.5: x : 1)

amount 

of 

peptides 

(µl)

Sterile 

water 

Volume 

(µl)

Charge ratio 

(0.5: x : 1)

amount 

of 

peptides 

(µl)

Sterile 

water 

Volume 

(µl)

4 0.51 4.49 4 0.50 4.50

6 0.76 4.24 6 0.75 4.25

8 1.01 3.99 8 1.00 4.00

10 1.27 3.73 10 1.25 3.75

12 1.52 3.48 12 1.50 3.50

Charge ratio 

(0.5: x : 1)

amount 

of 

peptides 

(µl)

Sterile 

water 

Volume 

(µl)

4 0.51 4.49

6 0.76 4.24

8 1.01 3.99

10 1.27 3.73

12 1.52 3.48

LINEAR PEPTIDES

TK16

BRANCHED PEPTIDES

K16

TGen3K

RGen3K

SGen3K 

Table 0.1 Calculation of branched and linear peptides and their dilution in water to reach 

a final volume of 5 µl, mixed later with 5 µl diluted DNA. The ratio 0.5:x:1 equals the charge 

ratio, with the lipid and DNA amount fixed. 
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Charge ratio 

(0.5: x : 1)

amount 

of 

peptides 

(µl)

Sterile 

water 

Volume 

(µl)

Charge ratio 

(0.5: x : 1)

amount 

of 

peptides 

(µl)

Sterile 

water 

Volume 

(µl)

4 0.40 2.10 4 0.40 2.10

6 0.60 1.90 6 0.60 1.90

8 0.81 1.69 8 0.81 1.69

10 1.01 1.49 10 1.01 1.49

12 1.21 1.29 12 1.21 1.29

Charge ratio 

(0.5: x : 1)

amount 

of 

peptides 

(µl)

Sterile 

water 

Volume 

(µl)

Charge ratio 

(0.5: x : 1)

amount 

of 

peptides 

(µl)

Sterile 

water 

Volume 

(µl)

4 0.51 1.99 4 0.50 2.00

6 0.76 1.74 6 0.75 1.75

8 1.01 1.49 8 1.00 1.50

10 1.27 1.23 10 1.25 1.25

12 1.52 0.98 12 1.50 1.00

Charge ratio 

(0.5: x : 1)

amount 

of 

peptides 

(µl)

Sterile 

water 

Volume 

(µl)

4 0.51 1.99

6 0.76 1.74

8 1.01 1.49

10 1.27 1.23

12 1.52 0.98

SGen3K 

BRANCHED PEPTIDES LINEAR PEPTIDES

RGen3K K16

TGen3K TK16

Table 0.2 Amount of peptide per well considering the charge ratio with DNA. The ratio 

0.5:x:1 equals the charge ratio, with the lipid and DNA amount fixed. 
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Similarly, the lipopolyplexes were prepared at a final DNA concentration 

of 0.25 µg per 10 µL per well, and at lipid:peptides:DNA ratios of 0.5:4:1, 

0.5:6:1, 0.5:8:1, 0.5:10:1, and 0.5:12:1. 

For each ratio, the lipids (DOTMA:DOPE 1 mg/mL stock) and DNA values 

were kept constant, in contrast, the amount of peptides increased. 

Therefore, for a total volume of 10 µL, 2.5 µL of peptide was added to an 

equal volume of lipid suspension. To these, 5 µL of diluted DNA (0.25 µg in 

a total of 5 µl of sterile water) were then added. Table 0.2 reports the 

dilutions performed to achieve the precise peptide concentrations. 

The PDs and LPDs were prepared in two ways: some samples were loaded 

onto the agarose gel without the addition of loading buffer; while others 

were prepared by adding 2 µL of loading buffer (composed of 

bromophenol blue and sucrose 4% in water) to each sample. The purpose 

of removing the loading buffer was to determine whether the loading 

buffer interferes with the DNA binding within the formulation, as the 

loading buffer molecule, being negatively charged, could act as a 

competitor in the complex formation, thereby potentially reducing the 

amount of DNA bound to the lipid-peptide complex. 

Since loading the complexes into the gel wells was challenging due to 

their colourlessness (Bromophenol blue, on the other hand, ensured the 

physical visualisation of product loading), it is not possible to ensure that 

all DNA/RNA was effectively loaded onto the agarose gel. To achieve the 

best possible outcome, few precautions were followed: 

1. Ensuring precise placement of the pipette within the well. 

2. Allowing a few seconds after releasing the sample. 

3. Conducting duplicate experiments, which produced highly similar 

gel results. 
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4. Additionally, there are faintly illuminated wells when the complex 

does not migrate. 

After loading the samples onto the gel, electrophoresis was performed in 

1x TAE buffer (Tris Acetate EDTA) at 80 V, 400 A for 30 minutes using a Biorad 

Powerpac 300 power supply and analysed with BioDoc-it2 Gel Imaging 

System at 302 nm. The measurements were conducted in triplicate per 

each sample and the experiments was repeated twice. 

 

1.3.6 Picogreen Assay 

The Picogreen analysis was conducted by preparing the polyplexes and 

lipopolyplexes complexes in a 96-well plate. For the polyplexes, 50 μL of 

nucleic acid was added to 50 μL of peptides, while for the lipopolyplexes, 

25 μL of peptides was added to an equal volume of lipids, followed by the 

addition of 50 μL of DNA calf thymus, resulting in a total volume of 100 μL. 

The concentrations of DNA (0.25 µg/well) and (DOTMA:DOPE 1 mg/mL 

stock) were kept constant, while the amount of peptides increased. The 

peptides used were RGen3K, TGen3K, SGen3K, as well as the linear 

controls K16 and TK16. For both preparations, dendrons charge ratios of 4, 

6, 8, 10, and 12 were used as reported in Table 0.3. The experiment was 

also repeated in the absence of lipids, and in this case, the peptides were 

diluted in 50 μL of the appropriate buffer or solvent.  
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Charge ratio 

(0.5: x : 1)

amount 

of 

peptides 

(µl)

Sterile 

water 

Volume 

(µl)

Charge ratio 

(0.5: x : 1)

amount 

of 

peptides 

(µl)

Sterile 

water 

Volume 

(µl)

4 0.40 24.60 4 0.40 24.60

6 0.60 24.40 6 0.60 24.40

8 0.81 24.19 8 0.80 24.20

10 1.01 23.99 10 1.00 24.01

12 1.21 23.79 12 1.19 23.81

Charge ratio 

(0.5: x : 1)

amount 

of 

peptides 

(µl)

Sterile 

water 

Volume 

(µl)

Charge ratio 

(0.5: x : 1)

amount 

of 

peptides 

(µl)

Sterile 

water 

Volume 

(µl)

4 0.51 24.49 4 0.50 24.50

6 0.76 24.24 6 0.75 24.25

8 1.01 23.99 8 1.00 24.00

10 1.27 23.73 10 1.25 23.75

12 1.52 23.48 12 1.50 23.50

Charge ratio 

(0.5: x : 1)

amount 

of 

peptides 

(µl)

Sterile 

water 

Volume 

(µl)

4 0.51 24.49

6 0.76 24.24

8 1.01 23.99

10 1.27 23.73

12 1.52 23.48

SGen3K 

TK16

LINEAR PEPTIDES

K16

BRANCHED PEPTIDES

RGen3K

TGen3K

Table 0.3 Calculation of branched and linear peptides and their dilution in water to 

reach a final volume of 5 µl, mixed later with 5 µl diluted DNA. The ratio 0.5:x:1 equals the 

charge ratio, with the lipid and DNA amount fixed. 
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Subsequently, 50 μL of Picogreen reagent, diluted 1:150 v/v in Tris-EDTA (TE 

buffer), was added to each sample. The fluorescence emitted by the 

Picogreen reagent was analysed using a Biotek fluorescent plate 

spectrophotometer, with fluorescence measured at λex/λem = 480/520 

nm.  

All obtained values were normalised by comparing them with the analysis 

of naked DNA, which reacted with only the Picogreen reagent in the 

absence of peptides. The measurements were conducted in triplicate, 

and the error bars indicate the standard deviation calculated from three 

distinct measurements within a single experiment. The experiments was 

repeated in duplicate. Data were statistically analysed by a two-tail T Test 

and data considered significant different at p<0.05 and considering only 

the charge ratio x=10. 

 

1.3.7 DNA Transfection Assay 

Cells were passaged, counted and plated into 24 well plates at a 

concentration of 8 ∙ 104 cell/mL per well. The cells were then incubated 

overnight at 37° C, and 5% CO2. After 24 hours and sample preparation, 

the medium in the 24-well plates was removed and the cells washed with 

200 µl of sterile PBS, followed by the addition of 200 µl of Opti-MEM. Finally, 

samples containing either polyplexes (peptide:DNA) or lipopolyplexes 

(lipid:peptide:DNA) were tested.  

For the polyplex or PDs samples (peptide:DNA) each well one charge ratio 

was calculated with a fixed amount of DNA (6:1) Chosen based on the 

previous study by Kudsiova et al. 302. Accordingly, 100 µL of diluted 

peptide, to which 0.75 µg of DNA diluted in 100 µL of OptiMEM (serum-free 

media) was added. Then, the total amount of PDs (200 µl) in Opti-MEM 

added to 200 µL OptimMEM that was previously added in the well. The 



142 

 

peptides tested were: RGen3K, TGen3K and the linear controls K16 and 

T(K16).  

For LPDs samples (lipid:peptides:DNA) were first added 50 µL diluted lipid, 

then 50 µL of diluted peptide, to which 100 µL of DNA gWIZ-Luc was 

added. For each ratio the lipids (DOTMA:DOPE 1 mg/mL stock) and DNA 

values were kept constant (0.75 µg per well), in contrast, the amount of 

peptides increased. Then, the total amount of LPDs (200 µl) in Opti-MEM 

(serum-free media) added to 200 µL OptimMEM that will already be in the 

well.  
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The analysed samples were: RGen3K, TGen3K and linear controls K16 and 

T(K16) and lipid:peptides:DNA ratios prepared were: 0.5:4:1, 0.5:6:1, 0.5:8:1,  

0.5:10:1, and 0.5:12:1. Calculations are reported in Table 0.4. 

After 4 hours of incubation, the samples were removed, and the medium 

replaced with 1 mL of growth media. Cells were incubated for 48 hours at 

37°C and 5% CO2. Afterwards the medium was removed and the cells 

DNA 

per 

well

volume 

optiMEM 

per well 

(0.5: x : 1)

amount 

of 

peptides 

(µl)

Sterile 

water 

Volume 

(µl)

(0.5: x : 1)

amount 

of 

peptides 

(µl)

Sterile 

water 

Volume 

(µl)

0.75 99.25 4 1.209 48.79 4 1.194 48.81

6 1.8135 48.19 6 1.791 48.21

8 2.418 47.58 8 2.388 47.61

10 3.0225 46.98 10 2.985 47.02

12 3.627 46.37 12 3.582 46.42

LIPID 

per 

well

volume 

optiMEM 

per well 

(0.5: x : 1)

amount 

of 

peptides 

(µl)

Sterile 

water 

Volume 

(µl)

(0.5: x : 1)

amount 

of 

peptides 

(µl)

Sterile 

water 

Volume 

(µl)

0.75 49.25 4 1.521 48.48 4 1.5 48.50

6 2.282 47.72 6 2.25 47.75

8 3.042 46.96 8 3 47.00

10 3.803 46.20 10 3.75 46.25

12 4.563 45.44 12 4.5 45.50

(0.5: x : 1)

amount 

of 

peptides 

(µl)

Sterile 

water 

Volume 

(µl)

4 1.521 48.48

6 2.282 47.72

8 3.042 46.96

10 3.803 46.20

12 4.563 45.44

TGen3K TK16

SGen3K 

BRANCHED PEPTIDES

RGen3K

LINEAR PEPTIDES

K16

Table 0.4 Example of peptides calculations. The ratio 0.5:x:1 equals the charge ratio, with 

the lipid and DNA amount fixed. 
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were washed once with 200 µL sterile PBS. Immediately after aspirating the 

PBS, 200 µL of 1x strength lysis buffer (supplied with the luciferase assay kit, 

Promega) was added to each well. The 24-well plate was then placed in 

a -80° C freezer, until the cells were completely frozen to help the lysis 

process. Cells were then placed in an orbital incubator at ~38⁰ C to thaw. 

50 µL from each well of the lysed cells were transferred into a white, 

opaque disposable ninety-six well plate. The luminescence was then 

measured using a FLUOstar OPTIMA microplate reader (B MG LabTech). 

The injector channel was cleaned with ultrapure water to remove any kind 

of residue and dust, then purged by the Luciferase assay solution, which 

was prepared by mixing the Luciferase assay buffer with the Luciferase 

assay substrate (provided in the luciferase assay kit, Promega). Once the 

microplate reader was set, results were displayed in by MARS data 

program. The final transfection was then calculated by dividing the 

luminescence (relative light units (RLU) by mg of protein measured by the 

protein assay as reported below. Luciferase activity was quantified in 

terms of relative light units (RLU) per milligram of protein (RLU/mg protein). 

The measurements were conducted in quadruplicate, and the error bars 

show the standard deviation calculated from four distinct measurements 

within a single experiment. Data were statistically analysed by a two-tail T 

Test and data considered significant different at p<0.05 and considering 

only the charge ratio x=10. 

1.3.8 Protein Assay 

Firstly, a calibration graph was prepared for the protein assay, using a 

series of dilutions of bovine serum albumin 2 mg/mL (BSA) from the BCA 

Protein Assay Kit (ThermoFisher). The volumes used are shown in Table 0.5. 
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Table 0.5 Dilutions for the standard protein assay calibration graph. From the BCA kit 

were mixed BSA with sterile water. 

 BSA Concentration 

(mg/mL) 

Quantity of 

BSA 2 mg/mL 

(µL) 

Quantity of 

Purified Water 

(µL) 

0 0 100 

0.125 6.25 93.75 

0.25 12.5 87.5 

0.5 25 75 

0.75 37.5 62.5 

1 50 50 

1.5 75 25 

 

Twenty microlitres of each BSA concentration samples were pipetted in 

quadruplicate into a clear, disposable ninety-six well plate. Subsequently, 

20 µL of the lysed cells were pipetted into a clear ninety-six well plate in 

the same layout they were configured in the twenty-four well plate. Into 

each well having the calibration graphs and cells samples, 200 µL of the 

reagent from BCA Protein assay was then added. The reagent was made 

up by mixing Reagent A with Reagent B (at 1:50 ratio). The plates were 

incubated at 37° C for 30 minutes and then the absorbance in each well 

was read using a Synergy HT Plate Reader (Biotek Instruments) set at a 

wavelength of 562 nm. The measurements were conducted in triplicate, 

and the error bars show the standard deviation calculated from three 

distinct measurements within a single experiment. Experiments was 

repeated twice. Data were statistically analysed by a two-tail T Test and 

data considered significant different at p<0.05 and considering only the 

charge ratio x=10. 
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1.4 RESULTS AND DISCUSSION 

1.4.1 Dynamic Light Scattering 

The size of lipid-peptide-DNA complexes was measured. Specifically, the 

analysed peptides were RGen3K, TGen3K, K16, and TK16 at charge ratios 

of 4:1, 6:1, 8:1, 10:1, and 12:1, using the plasmid DNA gWIZ-Luc. The results 

are reported in the following paragraph. 

All LPDs have sizes ranging from 50 to 150 nm, except for RGen3K, which 

exhibits peaks reaching up to 200 nm. It is noticeable that linear peptides 

have the ability to form complexes with smaller sizes at each charge ratio 

(except for the 0.5:8:1 ratio). This can be explained by a higher availability 

of positive charges, which increases DNA binding sites, consequently 

allowing for the reduction in complex size, Figure 0.3. A second hypothesis 

is that with dendrons, DNA is forced to fold, and the smaller the 
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generations, the more apparent the DNA distortion, making it less prone 

to complex formation 304. 

 

 

Figure 0.3 Graph showing the average intensity size distribution of the of the 

lipid:peptide:DNA complexes. Peptides involved were: RGen3K, TGen3K and the linear 

K16 and TK16. The numbers on the X axis represent the lipid:peptide:DNA as 0.5:X:1 

charge ratio. *****P<0.00001, ****P<0.0001, ***P<0.001, **P<0.01, *P<0.05 considering only 

the charge ratio x=10. 
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Figure 0.4 Graph showing the polydispersity index of the of the lipid:peptide:DNA 

complexes. Peptides involved were: RGen3K, TGen3K and the linear K16 and TK16. The 

numbers on the X axis represent the lipid:peptide:DNA as 0.5:X:1 charge ratio. 

*****P<0.00001, ****P<0.0001, ***P<0.001, **P<0.01, *P<0.05 considering only the charge 

ratio x=10. 

 

While the sizes of the complexes vary between low and high values, the 

PDI (poly-dispersity index) remains consistently between 0.2 and 0.25. This 

indicates a high degree of uniformity within the population, Figure 0.4.  

 

1.4.2 Gel Electrophoresis 

Electrophoresis is a technique that allows the separation of biological 

molecules according to their molecular weight and charge, and to 

determine the vector’s ability to complex nucleic acid 305. Gel 

electrophoresis exploits the net charge, positive or negative, that 

biological molecules have once placed in a particular buffer solution. If 

subjected to the passage of electric current the molecules will tend to 
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migrate towards the electrode with an opposite charge than their own, 

separating according to their molecular weight: the larger the molecules 

the slower the migration down the gel. Furthermore, if the nucleic acid is 

complexed, it would not bind the nucleic acid stain or migrate down the 

gel, making it impossible to see the band. Due to the difference in charge 

within the electrophoresis chamber, nucleic acid rich in groups of 

negatively charged groups, whether complexed or free, will tend to 

migrate to the positively charged anode. Presence of bands indicates 

that DNA is still free and not fully condensed inside the nanoparticles. 

Absence of bands means that the lipopolyplexes have fully complexed 

the DNA And the formed complex is too large to migrate through the 

agarose gel, so it remains trapped in the well where it was loaded. 

Polyplexes (PDs) and lipopolyplexes (LPDs) are compared. For polyplexes 

preparation the charge ratios were 4:1, 6:1, 8:1, 10:1, and 12:1, using 

plasmid DNA gWIZ-Luc. The peptides tested were: RGen3K, TGen3K, 

SGen3K and the linear controls K16 and TK16. For lipopolyplexes the 

concentrations used were 0.5:4:1, 0.5:6:1, 0.5:8:1, 0.5:10:1, and 0.5:12:1. The 

peptides evaluated were: RGen3K, TGen3K, SGen3K and the linear 

controls K16 and T(K16). The gel was then analysed to evaluate the 

interaction of lipids and peptides with DNA at different ratios and 

determine the most effective charge ratio for DNA binding and migration 

during electrophoresis. Figure 0.5-a top row shows gel electrophoresis of 

polyplexes prepared using the branched control (RGen3K), branching 

peptide with the targeting sequence (TGen3K) and the scrambles 

branched peptide (SGen3K). Figure 0.5-b also shows gel electrophoresis 

of lipopolyplexes prepared using the linear control with and without the 

targeting sequence, TK16 and K16. 
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A 

B 

Figure 0.5 A) Polyplexes containing RGen3K and the targeting 

version TGen3K and SGen3K. On the second row same peptides 

complexed with lipids and DNA (LPDs). The lipopolyplex charge 

ratios used were 0.5:x:1 lipid:peptide:DNA with x being the ratio 

number displayed above to each peptide ratio. Red arrows 

indicate the smallest ratio at which there is complete DNA 

condensation. B) Gel Electrophoresis of polyplexes (PDs) 

prepared using the linear peptide with and without the targeting 

sequence (respectively K16 and TK16) on the top row. Below, 

lipopolyplexes (LPDs), thus linear peptides complexed with DNA. 
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In Figure 0.5-b, on the top row, the linear peptides without and with the 

targeting sequence, K16 and TK16, mixed with the nucleic acid (PDs) are 

shown. The results highlight that higher concentrations or ratios of linear 

peptides are needed to fully complex the DNA, while hyperbranched 

peptides (Figure 0.5-a, top row) are more efficient at condensing DNA (8-

12 positive charges of linear peptides per negative charge of DNA were 

needed to fully condense the DNA as opposed to 4-8 charges of the 

branched peptides). Furthermore, the presence of a targeting sequence 

seemed to hinder DNA condensation (by 2 charge units) since higher 

ratios of branched targeting peptides were needed to fully condense the 

DNA. Moreover, RGen3K exhibits the most stable formation at any 

concentration. No migrated band can be observed. It is argued that the 

additional positive charge of arginine (R) may have a stabilising effect on 

the polyplex complex.  

Linear peptides are unable to complex with DNA at any concentration in 

presence of lipids (Figure 0.5-b, second row). However, hyperbranched 

peptides RGen3K and TGen3K (Figure 0.5-a, second row) can form 

complexes at high concentrations. On the other hand, the peptide 

bearing the scrambled peptide (SGen3K) does not show any ability to 

retain the total amount of DNA, as indicated by the presence of faint 

bands at all ratios. However, it is important to note that the intensity of the 

bands differs between linear and hyperbranched peptides. Linear 

peptides exhibit very intense bands, while hyperbranched peptides show 

a much less intense signal of migrating bands. This implies that linear 

peptides are less effective at binding DNA, whereas hyperbranched 

peptides exhibit a more efficient complexation with the nucleic acid. This 

complexation could be advantageous for the in vitro release of DNA. It is 

crucial that DNA is bound to the peptide, but the formed bond should not 

be too strong to allow for its release into the cytoplasm.  
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In general, the difference in behaviour between linear peptides and 

hyperbranched ones is thought to lie in the flexibility of the vectors. In the 

case of dendritic structures, due to the proximity of the amino groups and 

the branching itself, the molecule is more rigid 284,. On the other hand, 

linear peptides are more unconstrained and with reduced steric 

hindrance, thus more flexible. Branched molecules, with a more regular 

structure, can bind the negative charges of pDNA in a more efficient and 

consistent manner compared to linear ones. The multiple primary amine 

groups on the hyperbranched structure provide better opportunities for 

electrostatic interactions and complex formation with DNA, leading to 

enhanced binding capability compared to the linear structure 285. 

In addition, when comparing LPDs (lipopolyplex delivery systems) and PDs 

(polyplex delivery systems) formulations, it is easy to notice a significant 

difference that can be attributed to the presence of lipids. Preparations 

where lipids are present (LPDs) show more bands compared to PDs. The 

helper lipid DOPE (Figure 0.6) is a zwitterionic molecule, meaning it has 

both a positive and a negative charge, resulting in a neutral net charge. 

However, despite its overall neutral charge, the presence of opposing 

charges can create a solvation shell around the molecule. The solvation 

shell can impact the formation of complexes between DOPE lipid and 

other molecules such as nucleic acids or peptides 308. Interactions within 

the solvation shell can make it more difficult to form stable complexes or 

influence their dynamics. 
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It appears that lipids weaken the binding between the vector and the 

nucleic acid, but this can be advantageous following the internalisation 

of the complex into the cell. The presence of lipids in LPDs may enhance 

the cellular uptake of the complex due to their ability to interact with cell 

membranes. While the weakened binding between the vector and 

nucleic acid can reduce the stability of the complex, thus facilitating the 

release of the nucleic acid payload within the intracellular environment. 

This is deemed to be beneficial as it allows for the efficient delivery of the 

genetic material to its target site and promotes gene expression. 

Therefore, the presence of lipids in LPDs can have both advantages and 

disadvantages, with the overall goal of achieving effective intracellular 

delivery of the nucleic acid payload. 

The same experiment was also conducted without the loading buffer. The 

loading buffer is a substance used to facilitate the loading of the 

preparations into the wells and to visually track the migration of the bands, 

preventing sample loss 309.  

In the absence of the loading buffer, loading the samples into the wells 

consistently and accurately is more challenging. However, in this work the 

loading of the samples in the wells without the loading buffer, was 

considered to provide information about the stability of the DNA/carrier 

Figure 0.6 DOPE structure form Avanti Polar. 
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complexes that can be affected by the presence of anionic molecules in 

the loading buffer acting as potential competitors with the binding of the 

DNA. The potential drawback in performing the electrophoresis without 

the loading buffer is that its absence can make the final analysis of data 

more difficult to interpret. 

Indeed, the loading buffer, composed of bromophenol blue and 4% 

sucrose in water, serves a specific purpose. The presence of the second 

molecule is particularly necessary to increase the density of the sample, 

thereby aiding its deposition into the well of the gel. Both bromophenol 

blue and sucrose are molecules containing hydroxyl and carboxyl groups. 

In solution, these molecules can acquire negative charges. The negative 

charges present in the loading buffer can potentially interfere with the 

interaction between nucleic acids and peptides, as they can compete 

for binding to the positive charges on the peptides, affecting the stability 

and efficiency of complex formation. Therefore, when analysing the 

interactions between nucleic acids and peptides, it is important to 

consider the presence of the loading buffer and its potential influence on 

the binding interactions. 

In Figure 0.7, the results of the gel electrophoresis without the use of 

loading buffer are presented.  

Similarly, the first lane the PDs, with RGen3K, TGen3K, and SGen3K peptides 

in the upper section. On the second line, LPDs with branched peptides. 

The charge ratios used for the PDs were 4:1, 6:1, 8:1, 10:1, and 12:1, with 

plasmid DNA. In Figure 0.7-b PDs linear peptides are shown, while linear 

LPDs on the second row LPDs. Ratios tested are the same as the branched 

peptides. 

 



155 

 

 

Figure 0.7 A) Gel electrophoresis of polyplexes (PDs) containing 

RGen3K and the targeting version TGen3K and SGen3K. On the 

second row same peptides complexed with lipids and DNA (LPDs). 

The lipopolyplex charge ratios used were 0.5:x:1 lipid:peptide:DNA 

with x being the ratio number displayed next to each peptide ratio. 

B) Gel Electrophoresis of polyplexes (PDs) prepared using the linear 

peptide with and without the targeting sequence (respectively K16 

and TK16) on the top row. Below, lipopolyplexes (LPDs), thus linear 

peptides complexed with DNA. Red arrows indicate the smallest 

ratio at which there is complete DNA condensation. 

A 

B 
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From the agarose gel without the loading buffer, it is evident that it is 

significantly different from the gel shown in Figure 0.7, on the top lane, 

where lipid-free formulations (PDs) were considered, there are only a few 

bands present, indicating an increased binding affinity of the peptides to 

the nucleic acid. Similarly, the lipid-containing formulations show an 

increased binding strength to DNA, almost eliminating all bands and 

enhancing the stability of the complexes. However, the interference of the 

targeting sequence remains evident. As seen in the image, the sequence 

induces an increase of two units for complete complexation of the nucleic 

acid, both for linear peptides and hyperbranched peptides, with or 

without lipids. This implies that the loading buffer acts as a competitor for 

binding between the peptide and nucleic acid. 

 

1.4.3 PicoGreen Assay 

In this experiment, PicoGreen dye was used to conduct a fluorescent test 

to evaluate the complexation of LPDs and PDs complexes. PicoGreen is a 

fluorescent dye that binds to the base pairs of DNA molecules, emitting 

fluorescent light in the process. However, when cationic peptides are 

present, the PicoGreen reagent fails to attach to the DNA, leading to a 

decrease in the amount of fluorescent light emitted by the complex. 

This technique provides valuable information about the efficiency and 

stability of the peptide:DNA complexes, which is crucial for the 

development of effective gene delivery systems and gene therapy 

applications. 

Figure 0.8 shows the PicoGreen results that provide information about the 

complex formation without the possible artifacts created by the loading 

buffer and the electric current applied during the electrophoresis 
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experiments. The peptides tested were: RGen3K, TGen3K, SGen3K and the 

linear controls K16 and TK16. charge ratios were 4:1, 6:1, 8:1, 10:1, and 12:1, 

using calf thymus DNA. The experiment was also repeated with the 

lipopolyplex formulation . The same peptides were complexed with the 

lipid component and DNA, Figure 0.9, at the following charge ratios: 

0.5:4:1, 0.5:6:1, 0.5:8:1, 0.5:10:1, and 0.5:12:1. As highlighted by both graphs 

(Figure 0.8 and Figure 0.9), a gradual decrease in fluorescence is 

noticeable both in the presence and absence of lipids. The displacement 

of PicoGreen by the cationic peptides indicates the condensation of 

nucleic acid within the LPD complexes. 
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Figure 0.8 PicoGreen analysis and fluorescence percentage of the peptide:DNA 

complexes. Peptides involved were: RGen3K, TGen3K, SGen3K and the linear K16 and 

TK16. The numbers on the X axis represent the lipid:peptide:DNA as 0.5:X:1 charge ratios. 
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Figure 0.9 PicoGreen analysis and fluorescence percentage of the lipid:peptides:DNA 

complexes. Peptides involved were: RGen3K, TGen3K, SGen3K and the linear K16 and 

TK16. The numbers on the X axis represent the lipid:peptide:DNA as 0.5:X:1 charge ratios. 

*****P<0.00001, ****P<0.0001, ***P<0.001, **P<0.01, *P<0.05 considering only the charge 

ratio x=10. 

 

As the charge ratio of the peptides increases, there is a reduction in 

emitted fluorescence until it reaches a plateau at 10:1 when the maximum 

complexation of nucleic acid with the vectors. 

LPD complexes efficiently condense DNA as the charge ratio increases. 

However, beyond a certain point, further increasing the charge ratio of 

the cationic peptide does not significantly impact the packaging of DNA. 

This observation suggests that all the negative DNA molecules were 

already combined with the cationic peptide through electrostatic 

interactions at higher charge ratios, reaching a saturation point in the 

complexation process. 
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In both cases, with PDs and LPDs, the best condensation profile is observed 

with the linear peptide without the targeting sequence. This is evident as 

it exhibits the lowest percentage of fluorescence, indicating a higher level 

of complexation and tighter binding with the nucleic acid. Overall, the 

results of the PicoGreen experiments seem to confirm those of the gel 

electrophoresis when performed without loading buffer. The combination 

of the electrophoresis and PicoGreen experiments may also suggest that 

at relatively low ratios, not all the nucleic acid is complexed with the 

peptide, this being particularly true in the linear sequence bearing the 

targeting peptide sequence. This effect generated by the targeting 

sequence is somehow lost when the targeting sequence is integrated in a 

branched structure. 

 

1.4.4 DNA Transfection Assay 

Figure 4.8 shows the PicoGreen results that provide information about the 

complex formation without the possible artifacts created by the loading 

buffer and the electric current applied during the electrophoresis 

experiments. The peptides tested were: RGen3K, TGen3K, SGen3K and the 

linear controls K16 and TK16. charge ratios were 4:1, 6:1, 8:1, 10:1, and 12:1, 

using gWIZ-Luc plasmid DNA. The experiment was also repeated with the 

lipopolyplex formulation . The same peptides were complexed with the 

lipid component and DNA, Figure 0.10, at the following charge ratios: 

0.5:4:1, 0.5:6:1, 0.5:8:1, 0.5:10:1, and 0.5:12:1.  

However, since transfection or luminescence intensity is dependent on 

cell concentration, any toxicity induced by the vector would also affect 

the absolute luminescence reading, which is why the luminescence has 

to be normalised by the protein content, which is determined by a protein 

assay.  
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Peptides involved in the transfection test were the linear peptides with and 

without the targeting sequence (TK16 and K16) and the branched 

dendron (TGen3K) and the control (RGen3K). The first experiment was 

conducted on HER2 negative cells (MDA-MB-231) to compare the 

transfection efficiency of polyplexes (peptide:DNA complexes), prepared 

at 6:1 charge ratio with lipopolyplexes (containing the lipid DOTMA:DOPE 

1 mg/mL, peptide and gWIZ-Luc plasmid DNA prepared at 0.5:6:1 charge 

ratio) together with comparison to a commercial vector lipofectamine 

2000 (L2K). 
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Figure 0.10 Transfection of polyplexes (peptide:DNA complexes) at 6:1 charge ratio (blue 

bars) compared to lipopolyplexes (lipid:peptide:DNA) at 0.5:6:1 charge ratio (red bars) 

in MDA-MB-231 cells. Each sample was an average of n=4 repeats +/- SD. On top, the 

results before the normalisation. Below, the normalised results statistically analysed: 

*****P<0.00001, ****P<0.0001, ***P<0.001, **P<0.01, *P<0.05 considering only the charge 

ratio x=10. 
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Figure 0.10 shows the transfection efficiency of polyplexes and the 

lipopolyplexes. It’s obvious that in the absence of the lipid component the 

peptide:DNA complexes show comparable or even less than the negative 

control so effectively it is no transfection (~1000-fold lower than 

lipopolyplexes, as the Y-axis is a log scale), possibly due to lack of 

endosomal release which is usually facilitated by the lipid component in 

the lipopolyplex. 

Poor transfection of polyplex is likely due to strong interaction and stability 

of the complex that is formed when the DNA is complexed by dendrons 

alone 310. In addition, as suggested by studies of Mahesh et al. 311 

peptide:DNA complexes are unable to buffer acidification and escape 

the hostile endosomal environment efficiently over time to avoid 

enzymatic degradation of lysosomes 126. The poor ability of endosomal 

escape is due to the absence of amino acids with a pKa ~5-7 that 

weakens the effect "Proton sponge" therefore the endosome is not subject 

to the heavy variation of pH that causes the lysis. Intracellular studies by 

Kudsiova et al. 287 state that complexes composed of both lipid and 

peptide facilitate the release of DNA within the nucleus. It has been 

dismissed that lipids help DNA release from endosome as the lipid fraction 

is likely to remain bound to the endosomal membrane, while the peptide 

then facilitates nuclear import as it is detected with the DNA in the nucleus 

312. 



163 

 

 

Figure 0.11 Protein content of polyplexes (peptide:DNA complexes) at 6:1 charge ratio 

(green bars) compared to lipopolyplexes (lipid:peptide:DNA) at 0.5:6:1 charge ratio 

(blue bars) in MDA-MB-231 cells. Each sample was an average of n=4 repeats +/- SD. 

*****P<0.0001, ****P<0.0001, ***P<0.001, **P<0.01, *P<0.05. 

 

DOPE (dioleoylphosphatidylethanolamine) is often included in cationic 

lipid mixtures as a so-called "lipid helper", since, in almost all systems 

formed by cationic lipids, DOPE inclusion has been shown to increase in 

vitro transfection efficiency 313. The neutral lipid DOPE at approximately pH 

9.0 is negatively charged and adopts a lamellar phase but, at pH close to 

neutrality or acidic pH 314, which is generated during endosomal 

maturation, the lipid becomes a zwitterion and undergoes a transition 

from the lamellar phase to the inverse hexagonal phase (not lamellar). This 

phase, in essence, destabilises the bilayer. The adoption of this phase 

appears to be an important step in the mechanism by which the genetic 

material, after the internalisation of the lipid complex exits the endocytic 
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vesicles and passes into the cytosol for subsequent internalisation into the 

cell nucleus 315,316.  

The protein content shown in Figure 0.11, suggests that the cell viability is 

high since all the samples, with the exception of the L2K showed protein 

content which was higher than 90%, which highlights the safety of the 

peptides used in relation to the commercially available reagent L2K which 

showed significant toxicity. As expected from cells not expressing the 

receptors, there was no difference between the control dendrimer and 

the ones presenting the peptide sequence able to recognise the receptor 

HER2. 

Afterwards, lipopolyplexes containing the non-targeting peptide RGen3K, 

the targeting TGen3K and SGen3K were tested and compared with the 

linear controls (K16 and TK16) at increasing peptide ratios in both cells lines: 

MDA-MB-231 which are HER2 negative breast cancer cells; and SKBR3 that 

are HER2 positive cells and overexpress the receptor on the surface. 

Figure 0.12 represents the transfection in MDA-MB-231 cells, which shows 

that there is a gradual increase in transfection with increasing the peptide 

ratio within the lipopolyplex particularly between 0.5:4:1 and 0.5:10:1 

lipid:peptide:DNA charge ratios. 

Interestingly, it is observed a difference between the non-targeting 

hyperbranched peptide and the targeting dendrons since the MDA-MB-

231 cell line lacks HER2 receptors. 
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Figure 0.12 Transfection of RGen3K, TGen3K, SGen3K, K16 and TK16 lipopolyplexes 

(peptide:DNA complexes) at 0.5:X:1 charge ratio (4,6,8,10 and 12) in MDA-MB-231 cells. 

On the top the non-normalised results, on the bottom the normalised results with the mg 

protein. Each sample was an average of n=4 repeats +/- SD. Each sample was an 

average of n=4 repeats +/- SD. Normalised results were statistically analysed 

*****P<0.00001, ****P<0.0001, ***P<0.001, **P<0.01, *P<0.05 considering only the charge 

ratio x=10. 
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It can be noticed that the non-targeting peptide has lower transfection 

capability compared to TGen3K and SGen3K. However, the scrambled 

peptide allows for high DNA internalisation, especially at very low charge 

ratios. In general, hyperbranched peptides are much more efficient in 

internalisation compared to linear peptides. This is also evident in the 

agarose gel electrophoresis (Figure 0.5) where linear peptides 

demonstrated limited ability to form stable complexes, resulting in DNA 

release and migration along the agarose gel. The difference can be 

explained by the number of protonated primary amines present on the 

surfaces and by the flexibility of the molecule. As a result, the disorder of 

the more flexible linear molecules can lead to inefficient shielding of 

positive charges, thus it becomes more challenging to form stable 

complexes with the large nucleic acid molecules 317. 

Therefore, the best configuration that hyperbranched peptides assume 

positively conditions DNA internalisation. SGen3K seems to induce the 

optimal conformation of the complex by maximising the positive charges 

that form an electrochemical bond with the pDNA molecule. Meanwhile, 

linear peptides, due to their non-regular conformation caused by 

flexibility, lack a sufficient number of charges bound to pDNA. This is further 

accentuated by the presence of the lipid solvation shell. Consequently, 

they do not provide adequate transfection, as also justified by the 

electrophoresis gel in Figure 0.5 a-b. 

Transfection experiments in SKBR3 cells, Figure 0.12, which are HER2 

positive, show that high transfection is observed in lipopolyplexes 

containing the targeting peptide TGen3K at all ratios tested (even the 

lowest 0.5:4:1 ratio), while lipopolyplexes containing the non-targeting 

peptide RGen3K show a gradual increase in transfection with increasing 

peptide ratios, a similar behaviour observed in the MDA-MB-231 cells 

(Figure 0.13).  
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Figure 0.13 Transfection of RGen3K, TGen3K, SGen3K, K16 and TK16 lipopolyplexes 

(peptide:DNA complexes) at 0.5:X:1 charge ratio (4,6,8 and 10) in SKBR3 cells. Results are 

normalised with the mg protein and statistically analysed *****P<00001, ****P<0.0001, 

***P<0.001, **P<0.01, *P<0.05 considering only the charge ratio x=10. 

 

This indicates that, although non-targeted internalisation is being 

exploited due to the good activity of the non-targeting peptides as well, 

the targeting sequence does improve transfection efficiency, by 

interacting with the HER2 receptors, allowing for lower concentrations to 

work as effectively as higher ones, and, as a consequence, it is possible to 

reduce the concentration of the peptides within the lipopolyplex, which 

would presumably cause less toxicity and side effects. The unexpected 

selectivity of the scramble sequence is probably due to the “CCY” (Cys-

Cys-Tyr) residues in the oxidised state are able to mimic the structure of 

ErbB ligands with an EGF-like domain 318. In addition, RGen3K reach a 

similar transfection rate to the TGen3K increasing the concentration of 

lipid:peptide:DNA. As Rewatkar PV et al. 319 stated that peptides use 

caveola-mediated endocytosis as their entry mechanism and are dose 
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dependent. Caveolae-mediated endocytosis allows the internalisation of 

material through invaginations of the plasma membrane, in areas rich in 

cholesterol and sphingolipids, shaped like little caves called caveolae. In 

fact, the caveolae are coated with caveolin, a dimeric protein that binds 

cholesterol thereby inserting itself into the plasma membrane. Then, 

endocytosis is mediated by dynamin and by actinic microfilaments. Once 

formed, the caveolae pour the material contained in them into the 

caveosome, which differ from endosomes in both pH and enzymatic 

content. From the caveosome the endocytosed material is then sorted, 

through transport vesicles, or to the Golgi or the wrinkled endoplasmic 

reticulum, where it is modified by the enzymes contained in them 320.  

However, the presence of lipids within the carrier may interfere with the 

secondary internalisation mechanism. According to Friend et al. 321, 

lipoplexes (lipid:DNA) have a preferential internalisation route through the 

clathrin-mediated endocytosis. The ligand binding receptor induces the 

activation of clathrin molecules that distort the cell membrane forming a 

curved structure to form a vesicle that is then released into the cytoplasm. 

Here, the clathrin molecules are disassembled and recycled, while the 

vesicle will be degraded by lysosomes.  

Nevertheless, the secondary internalisation mechanism for lipopolyplexes 

with both lipid and peptide components is still unclear. 
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Figure 0.14 Protein content of RGen3K, TGen3K, SGen3K, K16 and TK16 lipopolyplexes 

(peptide:DNA complexes) at 0.5:X:1 charge ratio where X is: 4, 6, 8, 10 and 12 in MDA-

MB-231 cells. Each sample was an average of n=4 repeats +/- SD. Each sample was an 

average o f n=4 repeats +/- SD. *****P<0.00001, ****P<0.0001, ***P<0.001, **P<0.01, *P<0.05 

considering only the charge ratio x=10. 

 

The peptide TGen3K demonstrated the highest internalisation rate at 

charge levels of 8 and 10, which was also predicted by the PicoGreen 

results, where the lowest fluorescence value was observed at a charge 

level of 8. However, despite the TGen3K peptide having a specific target 

sequence for the HER2 receptor, it did not exhibit the highest efficiency in 

cell transfection. This result was surpassed by the dendrimers bearing the 

scrambled peptide which showed significantly higher values compared 

to all the other tested peptides. Even the SGen3K peptide reached its 

peak transfection efficiency at charge levels of 6 and 8, and it already 
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displayed the lowest internalisation percentage at a charge level of 6 in 

the PicoGreen test. 

 

Figure 0.15 Protein content of RGen3K, TGen3K, SGen3K, K16 and TK16 lipopolyplexes 

(peptide:DNA complexes) at 0.5:X:1 charge ratio where X is: 4, 6, 8, 10 and 12 in SKBR3 

cells. Each sample was an average of n=4 repeats +/- SD. Each sample was an average 

of n=4 repeats +/- SD. *****P<0.00001, ****P<0.0001, ***P<0.001, **P<0.01, *P<0.05 

considering only the charge ratio x=10. 

 

It is possible that the spatial arrangement of SGen3K is more favourable for 

binding with DNA and confers a better packaging of the nucleic acid 

molecule compared to the sequence of TGen3K. 

Figure 0.14 and Figure 0.15 show that the lipopolyplexes at all the ratios 

tested (from 0.5:4:1 to 0.5:12:1) have high protein content (above 60% in 

all samples) which suggests good viability and limited toxicity in both cell 

lines tested.  
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1.5 CONCLUSION 

In this chapter, results from the characterisation analysis of LPD complexes 

were reported. It was crucial to determine the interaction occurring 

between the peptide molecules and the DNA. From the dimensional 

results, it became evident that linear peptides form smaller complexes 

compared to their branched counterparts. However, regardless of the 

peptide chosen, the uniformity remains quite similar. 

The analyses of the binding strength with DNA revealed that the peptide 

concentration is critical for the formation of stable complexes. Moreover, 

branched peptides were found to be more effective even at lower 

concentrations compared to linear peptides. As in the case of size 

analyses, the structure and, most importantly, the flexibility of both the 

peptides and DNA appear to be crucial factors. 

Lastly, the presence of lipids can significantly influence the stability of the 

formed complex, which, in turn, reflects on transfection efficiency. In fact, 

the analysis on cells revealed valuable information about the biological 

activity of dendrons. The DNA delivery vectors need a small amount of 

DOTMA:DOPE lipid to ensure a good transfection efficiency, thought to be 

facilitated by the enhanced escape of DNA from endosomes which is 

essential for good transfection efficiency.  

Moreover, the targeting sequence was shown to recognise the HER2 

receptors. It is believed that the structure -CCY- when oxidised is similar to 

the Trastuzumab scaffold able to bind the HER2 protein. This implies that 

hyperbranched vectors with the targeting sequence are more selective 

towards HER2 positive cells and lower concentration of peptide within the 

lipopolyplex are needed to result in the same transfection efficiency. 

In addition, the improved transfection activity of the scramble sequence 

(SGen3K) compared to all other peptides highlights how similar sequences 
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can influence the DNA binding ability, packaging, and release within the 

cell. Even minor differences in the arrangement of the six amino acids can 

be crucial for nucleic acid delivery. 

As can be observed, the scramble sequence CSCYSK- appears to exhibit 

greater selectivity towards the HER2 receptor compared to the 

hexapeptide sequence linked to the hyperbranched structure LSYCCK-. 

This difference is likely attributed to the spatial arrangement of amino 

acids, favouring the scramble sequence in terms of DNA packaging and 

transfection efficiency. 

The ability of a peptide to efficiently deliver nucleic acids into cells is of 

significant importance in various fields of research and biotechnology. 

Different sequences of peptides can have varying affinities for nucleic 

acids and other cellular components, affecting their overall efficiency in 

delivering genetic material. Minor changes in the amino acid composition 

or spatial arrangement can significantly impact the interaction of the 

peptide with DNA and its ability to facilitate cellular uptake and 

intracellular release. Understanding these nuances in peptide-DNA 

interactions is crucial for developing effective gene delivery systems for 

gene therapy, genetic engineering, and other applications in 

biomedicine.  

However, despite DNA and RNA being remarkably similar molecules, they 

can exhibit significantly different behaviour when conjugated to lipid-

peptide-based nanoparticles. As described by et al. 322, nucleic acids can 

respond differently based on their number of charges and their size, which 

can influence their flexibility and packaging within the complex formation. 

Moreover, in comparison to traditional pharmaceuticals directed at 

proteins and those based on DNA, RNA-based therapies hold promise 

because of their unique physicochemical and physiological attributes. 

RNA plays a crucial role among the three fundamental biological 
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macromolecules: DNA, RNA, and proteins. RNA molecules like ASOs, small 

interfering RNA (siRNAs), and microRNAs (miRNAs) possess the ability to 

recognise mRNAs and noncoding RNAs (ncRNAs) through Watson–Crick 

base-pairing 323. Consequently, RNA has the theoretical capacity to target 

any gene of interest by binding the correct nucleotide sequence on the 

target RNA 324. 
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 SIRNA DELIVERY FORMULATION, 

CHARACTERISATION AND BIOLOGICAL TESTING 

1.1 INTRODUCTION 

According to the FDA “Human gene therapy seeks to modify or 

manipulate the expression of a gene or to alter the biological properties 

of living cells for therapeutic use”. Small fragments of nucleic acids such 

as siRNA (small interfering RNA) are promising molecules that can correct 

mutations accumulated in the genome 325. Indeed, the activity of siRNAs 

involves binding to the target mRNA through precise base pairing and 

subsequently inducing the degradation of the overexpressed molecule. In 

contrast to other drugs, the advantage of siRNAs lies in the ability to pair 

Watson-Crick bases with mRNA, whereas biological molecules such as 

monoclonal antibodies, which bind proteins, must recognise a complex 

and often difficult to identify spatial combination 325. siRNAs are molecules 

that, thanks to their biological mechanism, are used by the cell to protect 

its genetic code from external invasions. Nowadays, they are studied for 

their therapeutic potential in controlling gene expression; increasing it, in 

the case of onco-suppressors, or decreasing it to correct the activity of 

oncogenes. Hence, due to its extremely high selectivity resulting from the 

perfect base pairing between siRNA and mRNA, it could be a 

straightforward solution for the treatment of many diseases that lack an 

easily identifiable target or for pharmaceutical molecules that struggle to 

reach the target. Despite siRNA silencing being considered a promising 

therapeutic approach, it has limitations that hinder its full exploitation. 

Unmodified (naked) siRNAs suffer from poor stability in extracellular 

environments due to the presence of the host’s endonucleases or 

exonucleases that degrade nucleic acids, reducing its concentration at 
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the target tissue. Additionally, due to its small size, it is easily eliminated 

through the renal pathway. Moreover, its substantial negative charge 

prevents it from efficiently passing through the phospholipidic double layer 

of the cellular barrier 326. For this reason, encapsulating siRNA within gene 

delivery vectors, which can vary in nature, becomes a necessity. New and 

improved formulations are being studied to achieve the best results in 

terms of gene silencing while minimising the toxicity induced by these 

formulations. 327.  

So far, FDA has approved four siRNA-containing products: Patisiran, 

Givosiran, Lumasiran, and Inclisiran. Patisiran was the first nucleic acid to 

be approved by the FDA in 2018. It is indicated for hereditary transthyretin 

amyloidosis-related polyneuropathy and aims to reduce the transcription 

of the mRNA encoding for transthyretin. 328,329.  

Givosiran, approved in 2019, is recommended for adults with acute 

hepatic porphyria. It induces the degradation of amino levulinate 

synthase 1 (ALAS1) mRNA, leading to a subsequent reduction in 

aminolaevulinic acid and porphobilinogen (PGB) 330,331.  

The third siRNA in chronological order is Lumasiran, which targets hydroxy 

acid oxidase 1 (HAO1) mRNA. It is indicated for the paediatric treatment 

of primary hyperoxaluria type 1 (PH1) 165.  

Finally, Inclisiran, through the degradation of PCSK9, increases the uptake 

of LDL-C and thus has a protective effect in patients with familial 

hypercholesterolemia or atherosclerotic cardiovascular diseases 332 

(Clinical Atherosclerotic Cardiovascular Disease, ASCVD). Another eight 

siRNA-containing therapies are awaiting approval, and of these, five are 

being tested for cancer treatment. As mentioned earlier, siRNA requires 

protection to reach the cytoplasm and form a complex with mRNA for 
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subsequent degradation. Even in the case of commercially available 

siRNAs, two different solutions have been employed. 

The first and most widely used solution is the combination of the nucleic 

acid with GalNAc (N-acetylgalactosamine), which selectively binds to the 

Asialoglycoprotein receptor (ASGPR) in the liver, facilitating clathrin-

mediated endocytosis of the complex 333. When the pH within the 

endosome drops, ASGPR is recycled by the cell and brought back to the 

cell surface, while GalNAc is cleaved from the siRNA. The siRNA itself 

remains mostly trapped in the endosomal vesicle lumen. The mechanism 

allowing the siRNA to escape endosomal degradation is still unknown. The 

process of endosomal escape is not yet fully understood, but it enables 

achieving a high concentration of siRNA in the cytoplasm 334. 

The second method of delivery involves using LNPs (Lipid Nanoparticles) 

composed of DLin-MC3-DMA and PEG2000-C-D MG, DSPC, and 

Cholesterol. DLin-MC3-DMA is a lipid referred to as "fusogenic," meaning it 

can destabilise the endosomal membrane when the pH becomes acidic, 

thus releasing the ribonucleic material into the cytoplasm. Meanwhile, 

DSPC and cholesterol stabilise the lipid structure 335. 

These solutions are just the beginning of future ribonucleic acid-based 

drugs, but there are several studies also highlighting peptide-based 

structures for siRNA delivery 299,336. PLL (Poly-L-lysine) are molecules primarily 

composed of lysine residues, an amino acid that can be recycled within 

the cell. Lysine has an amino group in the alpha position to the carboxyl 

group and a second amino group in the epsilon position in the side chain. 

However, modifications to the structure or amino acids are common. The 

amino acid residues most commonly added to the basic lysine structure 

are arginine and histidine. Both amino acids have an aliphatic structure 

with amino groups that can be protonated, enhancing nucleic acid 

internalisation and promoting endosomal escape. Additionally, the 
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guanidine group of arginine seems to have a high affinity for the 

phosphate groups of nucleic acids, allowing for more efficient siRNA or 

DNA complexation 337. Meanwhile, the imidazoline group of histidine can 

increase the number of positive charges and also facilitate the release of 

the nucleotide molecule depending on pH variations. This is due to the 

imidazole group, which can carry either a neutral or a positive charge 

depending on the surrounding environment's pH 209. Not always, however, 

these modifications can bring benefit to intracellular delivery. Firstly, the 

increase in positive charges induced by the presence of arginine or 

histidine leads to a consequent permeabilisation of the cell membrane, 

hence an increase in toxicity. Secondly, the addition of arginine residues 

to the internal structure can reduce peptide flexibility and thus affect 

siRNA condensation, a molecule equally rigid 338. Variations in transfection 

results are not solely due to the vector, but the choice of nucleic acid can 

be equally important for the final outcome. In fact, as reported by 

Gorzkiewicz et al. 209 and Ali Alazzo et al. 338, PLLs exhibit different 

behaviours when interacting with plasmid DNA or siRNA. The rigidity of the 

system increases as the size of the nucleotide chain decreases and 

delivering DNA with up to 2000 bp or siRNA with 19-23 bp is extremely 

different. Consequently, achieving proper siRNA packaging becomes 

more challenging. It is therefore important to design the transfection 

vector by considering various factors, including the chosen nucleic acid 

for gene editing. 

1.2 AIM OF THE CHAPTER 

In this chapter, the investigation focused on formulating the 

hyperbranched dendrons into polyplexes and lipopolyplexes with siRNA 

and testing their ability to bind siRNA. Since, as reported in other studies as 

well, there are substantial differences between the delivery of DNA and 
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siRNA, the behaviour of hyperbranched and linear peptides has been 

compared in the presence of siRNA. Gel electrophoresis was employed to 

study their binding capacity, and in vitro transfection efficiency and 

cellular toxicity were tested in the two cell lines studied in Chapter 4: one 

expressing HER2 receptors (SKBR3) and another devoid of them (MDA-MB-

231). Additionally, the aim of the in vitro experiments was to assess the 

selectivity of target sequences. The hypothesis suggested that in MDA-MB-

231 cells, the internalisation of peptide vectors would be similar for both 

the branched structure with the hexapeptide (TGen3K) and the control 

vector (RGen3K). Conversely, in SKBR3 cells that overexpress the HER2 

receptor, the activity of TGen3K would be significantly higher than that of 

the control dendron due to the presence of the target sequence. The 

effectiveness of vector internalisation will result in a decrease in cell 

migration capacity. 

The siRNA used in this study was TRPM8 that interfere with the synthesis of 

an ion channel that regulates calcium homeostasis within the cell thus 

leading to the inhibition of both tumoral cell proliferation and migration, 

two fundamental processes in the increase of the tumoral mass and 

liberation of metastases. Indeed, the effects of the various carriers and of 

the siRNA linked to it were assessed in terms of the reported ability of these 

two type of cells to either proliferate or aggregate 339. 

1.3 MATERIALS AND METHODS 

1.3.1 Sample Preparation 

LPR complexes were generated using RGen3K, and TGen3K, K16 and TK16, 

varying charge ratios, specifically, 0.5:4:1, 0.5:6:1, 0.5:8:1, 0.5:10:1, and 

0.5:12:1, respectively. Each sample was prepared with a final volume of 50 

µL and contained 0.1 µg of TRPM8 siRNA (ThermoFisher). The LPRs were 
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prepared as previously described in Chapter 4.3.3, resulting in a total 

sample volume of 50 µL, composed of 12.5 µL of lipid stock solution, 12.5 

µL of the total peptide solution, and 25 µL of RNA stock solution. Analysis 

were conducted as reported in Section 4.3.4. 

 

1.3.2 Gel Electrophoresis 

The electrophoresis gel was prepared as reported in Section 4.3.5 and 

placed in the electrophoresis tray. The samples analysed consisted of 

RGen3K, TGen3K, SGen3K, and the linear controls K16 and T(K16), 

synthesised according to the method described in Section 2.3.1. 

Polyplexes were prepared with a consistent RNA concentration per well 

(0.1 µg) and charge ratios of 4:1, 6:1, 8:1, 10:1, and 12:1.  

The lipopolyplex samples were prepared by mixing equal volumes of lipid 

and peptide, followed by the addition of an equal volume of siRNA to the 

lipid-peptide mixture. The final siRNA concentration in each well was 0.1 

µg in a volume of 10 µL. The lipid:peptide:siRNA ratios tested were 0.5:4:1, 

0.5:6:1, 0.5:8:1, 0.5:10:1, and 0.5:12:1, with the lipids (DOTMA:DOPE 1 

mg/mL stock) and siRNA proportion kept constant while varying the 

amount of peptides. The detailed preparations can be found in the 

Section 4.3.3.  

The PRs and LPRs were prepared in two ways: some samples were loaded 

onto the agarose gel without the addition of loading buffer as reported in 

Section 4.3.5. To ensure that all siRNA was effectively loaded onto the 

agarose gel and achieve the best possible outcome, few precautions 

were followed: 

1. Ensuring precise placement of the pipette within the well. 

2. Allowing a few seconds after releasing the sample. 



181 

 

3. Conducting duplicate experiments, which produced highly similar 

gel results. 

4. Additionally, there are faintly illuminated wells when the complex 

does not migrate.  

 

1.3.3 Picogreen assay 

The Picogreen analysis was conducted by preparing the polyplexes and 

lipopolyplexes complexes in a 96-well plate. For the PRs, 0.1 µg in 50 μL of 

nucleic acid was added to 50 μL of peptides. For the LPRs, 25 μL of 

peptides was added to an equal volume of lipids, followed by the 

addition of 50 μL of RNA, resulting in a total volume of 100 μL. The method 

is detailed in Section 4.3.3. The measurements were conducted in 

triplicate, and the error bars indicate the standard deviation calculated 

from three distinct measurements within a single experiment. The 

experiments was repeated in duplicate. Data were statistically analysed 

by a two-tail T Test and data considered significant different at p<0.05 and 

considering only the charge ratio x=10. 

 

1.3.4 siRNA Transfection Assay 

Both cell types were cultured in 24-well plates at a concentration of 50,000 

cells per well in 500 µl of fresh media. After 24 hours, polyplexes and 

lipopolyplexes peptides with RGen3K, TGen3K, and SGen3K were diluted 

in 100 µl of Opti-Mem (Gibco) in a single charge ratio (10:1) like reported 

in Section 4.3.1, 4.3.2 and 4.3.3. The final concentration of siRNA 

(ThermoFisher) (siRNA +) and the scrambled siRNA (ThermoFisher) was 50 

nM per well. The same procedure was repeated for LPRs. In this case, only 

TGen3K at a ratio of 0.5:10:1 was tested. Trastuzumab (MedChemTronica, 

at 10 µg/mL) and Lipofectamine 3000 (ThermoFisher, charge ratio 4:1) in 

100 µl of Opti-Mem were used as controls. Following sample preparation, 
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the medium in the 24-well plates was removed, and the cells were washed 

with 200 µl of sterile PBS. Subsequently, 400 µl of fresh medium was added, 

and the samples (in a total volume of 100 µl) were introduced into the 

wells. The cells were then incubated for 48 hours at 37° C and 5% CO2. 

After the incubation period, the supernatant was removed, and the cells 

were washed twice with 200 µL of sterile PBS. They were then fixed with 100 

µL of paraformaldehyde (ThermoScientific) for 20 minutes. Following the 

fixation, the cells were washed twice with 200 μL of sterile PBS and then 

stored in the fridge hydrated in 100 µL of PBS. Subsequently, 100 μL of 3% 

v/v BSA (Sigma Aldrich) were added. After the removal of 3% v/v BSA, the 

primary antibody was diluted to 1:100 in 3% v/v BSA and it was added and 

incubated for 2 hours at room temperature. The primary antibody used 

was mouse monoclonal to N-Cadherin (Abcam, UK) that is a marker of 

cell migration. 

The cells were then washed two more times with 200 μL of sterile PBS, and 

the secondary anti-mouse AlexaFluor 488 antibody (Goat Anti-Mouse IgG, 

Abcam) was added at a dilution of 1:100 in 3% v/v BSA. This was incubated 

for at least 4 hours at room temperature. Cellular nuclei were stained with 

DAPI or 4′,6-Diamidino-2-Phenylindole (Vector Laboratories, UK) and 

imaged with a laser scanning confocal microscopy (Leica RM2135, 

Technologic Ltd, UK). 

 

1.4 RESULTS AND DISCUSSION 

1.4.1 Dynamic Lyght Scattering 

The size of complexes containing lipids, peptides, and siRNA was 

measured. Specifically, the analysed peptides were RGen3K, TGen3K, 
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K16, and TK16 at charge ratios of 4:1, 6:1, 8:1, 10:1, and 14:1, using TRPM8 

siRNA. The results are presented Figure 0.1. 

 

 

Figure 0.1 Graph showing the average intensity size distribution of the of the 

lipid:peptide:SIRNA complexes. Peptides involved were: RGen3K, TGen3K and the linear 

K16 and TK16. The numbers on the X axis represent the lipid:peptide:SIRNA as 0.5:X:1 

charge ratio. 

 

As it can be seen from the results, starting from the charge ratio of x=6, the 

sizes of the complexes become very similar and stable. Only the carrier 

SGen3K appeared to maintain a relatively higher size that then 

consistently reduces to a size comparable to the other carriers at x=14. 

Additionally, there were no significant differences observed between 

linear or branched peptides, and the target sequence does not appear 

to interfere with the size of the LPRs. 
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Figure 0.2 Graph showing the polydispersity index of the of the lipid:peptide:SIRNA 

complexes. Peptides involved were: RGen3K, TGen3K and the linear K16 and TK16. The 

numbers on the X axis represent the lipid:peptide:SIRNA as 0.5:X:1 charge ratio. 

 

On the other hand, the PDI of the complexes increases with the increase 

in peptide concentration, in contrast to the complexes with DNA (Section 

4.4.1), where uniformity remained constant as the quantity of peptides 

increased. The statistical analysis has not been conducted because there 

are not enough values to perform the T-test analysis. 

 

1.4.2 Gel Electrophoresis 

Figure 0.1-a shows the results of gel electrophoresis on siRNA/branched 

carrier complexes without (PRs) and with lipid components (LPRs) at 

different ratios and in presence of loading buffer, respectively on the top 

and bottom rows. On Figure 0.3-b are represented the linear peptides. The 

top row represent the complexes composed solely of PRs (peptide:RNA 
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complexes), while the second row feature complexes with the addition of 

lipids DOTMA:DOPE (LPRs). 

For polyplexes preparation, the charge ratios used were 4:1, 6:1, 8:1, 10:1, 

and 12:1, as chosen in the experiments of transfection using the plasmid 

DNA (Chapter 4). These different charge ratios were used to vary the ratio 

of cationic peptides to DNA and siRNA in the complexes and study their 

transfection/therapeutic potential. The gel electrophoresis allowed 

visualising the migration patterns of the complexes, indicating their 

degree of condensation and stability. The peptides tested were: RGen3K, 

TGen3K, SGen3K and the linear controls K16 and TK16. For lipopolyplexes 

the concentrations used were 0.5:4:1, 0.5:6:1, 0.5:8:1, 0.5:10:1, and 0.5:12:1. 

The peptides tested were: RGen3K, TGen3K, SGen3K and the linear 

controls K16 and TK16. 
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Based on the results of PRs (peptide:siRNA complexes), it is evident that 

linear peptides are not as efficient in condensing the small nucleic acid. 

Between the two linear controls, it seems that K16 only partially complexes 

with siRNA, as indicated by the reduced intensity observed as the charge 

Figure 0.3 A) Polyplexes containing RGen3K and the targeting 

version TGen3K and SGen3K. On the second row same 

peptides complexed with lipids and RNA (LPRs). The 

lipopolyplex charge ratios used were 0.5:x:1 

lipid:peptide:RNA with x being the ratio number displayed 

next to each peptide ratio. Red arrows indicate the smallest 

ratio at which there is complete RNA condensation. B) Gel 

Electrophoresis of polyplexes (PRs) prepared using the linear. 

peptide with and without the targeting sequence 

(respectively K16 and TK16) on the top row. Below, 

lipopolyplexes (LPRs), thus linear peptides complexed with 

RNA. 

A 

B 
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ratio increases. On the other hand, this is not observed for TK16, which 

might be due to a partial steric hindrance allegedly caused by the 

targeting sequence. In contrast, the hyperbranched peptides appear to 

be more effective in siRNA packaging. In particular, RGen3K shows band 

smears suggesting some complex dragging, with part of it remaining 

trapped in the starting well. TGen3K seems to have a lower percentage of 

the complex capable of migrating, suggesting that most of the PR is 

unable to move within the gel thus indicating the formation of a stronger 

complex. Meanwhile, SGen3K demonstrated to induce the strongest 

siRNA packaging capabilities as no migration of bands was detected and 

the uploaded complexes remained in the loading well at all ratios tested. 

The spatial arrangement of amino acids in the targeting sequence is likely 

to generate a better interaction with the nucleic acid's charges. 

Furthermore, the targeting sequence seems to play a crucial role in 

enhancing the siRNA packaging efficiency of TGen3K and SGen3K 

peptides. 

The LPR complexes, bottom row in Figure 0.3 (a and b), show to form less 

stable complexes when compared to the results obtained with PRs as they 

show a more marked release of free siRNA, a behaviours similar to that 

observed when complexes with DNA were analysed (Chapter 4, Section 

4.4.2). However, when compared to the results of Figure 0.5, it appears 

that the binding of siRNA to peptides in absence of lipid is less stable than 

that observed with DNA. In the presence of lipid, the data of Section 4.4.2 

show that the complexes with DNA were much less stable as indicated by 

the higher number of bands compared to the complexes without lipids. 

Here, the lipid led to a higher release of free siRNA, while the peptides in 

absence of lipid show less amounts of free nucleic acid. 

The distinct behaviour of the lipid complexes with siRNA and DNA may be 

attributed to the specific interactions between the cationic peptides and 
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the nucleic acids, along with the different properties of siRNA and DNA 

molecules; e.g. the significantly different molecular weight that is likely to 

change the number of carriers per nucleic acid and/or the folding of the 

nucleic acid around the carriers or the different ratio in the number of 

carrier molecules versus nucleic acid molecules. The results emphasise the 

importance of carefully studying and understanding the interaction 

between different components in gene delivery systems to design 

efficient and stable gene delivery vehicles for therapeutic applications. 

The same experiment was also conducted without using the loading 

buffer as performed with the DNA in Chapter 4.  
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In Figure 0.4 a and b, the results of the gel electrophoresis conducted 

without the use of loading buffer are presented. In particular, Figure 0.4 

top row represents the PRs (Peptide:SIRNA complexes), with RGen3K, 

TGen3K, and SGen3K peptides located in the upper section. On the 

bottom are shown the LPRs with the branched peptides. Figure 0.4-b 

Figure 0.4 A) Gel electrophoresis of polyplexes (PRs) containing RGen3K and the 

targeting version TGen3K and SGen3K. On the second row same peptides complexed 

with lipids and RNA (LPRs). The lipopolyplex charge ratios used were 0.5:x:1 

lipid:peptide:DNA with x being the ratio number displayed next to each peptide ratio. B) 

Gel Electrophoresis of polyplexes (PRs) prepared using the linear peptide with and 

without the targeting sequence (respectively K16 and TK16) on the top row. Below, 

lipopolyplexes (LPRs), thus linear peptides complexed with RNA. Red arrows indicate the 

smallest ratio at which there is complete RNA condensation. 
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displays the linear peptides. PRs on the top and LPRs on the second row. 

Furthermore, in the third lane, the linear peptides are depicted. The 

charge ratios used for the PRs were the same of those used for the plasmid 

DNA; i.e. 4:1, 6:1, 8:1, 10:1, and 12:1. For lipopolyplexes, the concentrations 

used were 0.5:4:1, 0.5:6:1, 0.5:8:1, 0.5:10:1, and 0.5:12:1, also as tested in 

the case of the plasmid DNA. The peptides tested in this context included 

RGen3K, TGen3K, SGen3K, as well as the linear controls K16 and TK16. 

As per the electrophoresis results obtained with loading buffer, In this case 

as well there were no substantial differences when the loading buffer was 

absent, which is in stark contrast to the behaviour observed with DNA 

complexes (Figure 0.7). Figure 0.7, the gel electrophoresis appearance 

was significantly different when the bromophenol blue loading buffer was 

added. This suggests that the binding strength between siRNA molecules 

and nanoparticles is much stronger compared to DNA complexes. 

Additionally, siRNA complexes appeared to be less susceptible to 

variations caused by competitors such as the loading buffer and lipids, 

indicating greater stability. This stronger and more stable binding between 

siRNA and nanoparticles is likely due to the specific interaction and 

condensation capabilities of the cationic peptides with the negatively 

charged and relatively small siRNA molecules, resulting in the formation of 

stable and robust complexes 340. 

 

1.4.3 PicoGreen 

As Section 4.3.6 PicoGreen dye was utilised to perform a fluorescent test, 

aiming to assess the complexation of LPRs (lipid:peptide:RNA complexes) 

and PRs (peptide:RNA complexes).  

Figure 0.5 shows the PR results obtained from the PicoGreen assay. The 

peptides tested were RGen3K, TGen3K, SGen3K, and the linear controls 
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K16 and TK16. The charge ratios utilised were 4:1, 6:1, 8:1, 10:1, and 12:1. 

Furthermore, the experiment was replicated in the presence of the same 

peptides complexed with the lipid component and siRNA using the 

following charge ratios: 0.5:4:1, 0.5:6:1, 0.5:8:1, 0.5:10:1, and 0.5:12:1 (Figure 

0.5). These experiments enable a comprehensive evaluation of the 

complexation properties of both the LPRs and PRs complexes, shedding 

light on their potential applicability in gene delivery and therapeutic 

interventions. 
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Figure 0.5 PicoGreen analysis and fluorescence percentage of the peptide:DNA 

complexes. Peptides involved were: RGen3K, TGen3K, SGen3K (SCR-Gen3K) and the 

linear K16 and TK16 and 5 different charge ratios ranging from 4 to 12. The numbers on 

the X axis represent the lipid:peptide:DNA as 0.5:X:1 charge ratios. *****P<0.00001, 

****P<0.0001, ***P<0.001, **P<0.01, *P<0.05 considering only the charge ratio x=10. 
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The PR values show predominantly linear and stable values that fall within 

the range between 20% and 70%. All peptides, when complexed with 

RNA, form highly stable complexes even at very low charge ratios, except 

for K16. The latter, perhaps due to its large flexible structure that fail to 

complex with the small structure of the nucleic acid. Consequently, it 

reaches the highest PR value already at a charge ratio of 6:1. 

On the other hand, considering the hyperbranched structure, the lowest 

PR values are achieved when using ten peptide charges ratio 10:1. In 

particular, all dendrimers show a plateau-like profile, with all starting values 

below 60% of fluorescence and the scrambled peptide (SGen3K) showing 

to be able to capture higher levels of siRNA (value of ca 30%) at all ratios. 

This result seems to be confirmed by the gel electrophoresis in Figure 0.4, 

where stable complexes are present at all charge ratios. 
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In Figure 0.6, the values of peptide-RNA complexation in the presence of 

DOTMA:DOPE lipids are presented. The trend of the graph is very similar to 

that depicted in Figure 0.5, where the values are flattened and show 

minimal variations. Only K16, between the charge ratios of 4:1 and 6:1, 

reaches a plateau. Hyperbranched peptides, on the other hand, exhibit 

the best binding values as they have fluorescence values lower than the 

linear peptides. Compared to the results obtained in PRs, the percentages 

are higher, and the ranges transition from 30-60% to 40-70% (excluding the 

lowest ratio of 4). This implies that lipids still influence the strength of the 

binding between the complexes and the nucleic acid. The binding 
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Figure 0.6 PicoGreen analysis and fluorescence percentage of the lipid:peptides:DNA 

complexes. Peptides involved were: RGen3K, TGen3K, SGen3K and the linear K16 and 

TK16 and 5 different charge ratios ranging from 4 to 12. The numbers on the X axis 

represent the lipid:peptide:DNA as 0.5:X:1 charge ratios. *****P<0.00001, ****P<0.0001, 

***P<0.001, **P<0.01, *P<0.05. 
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becomes weaker, making it easier for the competitor (PicoGreen 

reagent) to displace the complex from the nucleic acid structure, resulting 

in increased fluorescence emission. 

A second difference lies in the standard deviations. Both PRs and LPRs in 

siRNA-laden complexes have very smaller error bars compared to PDs 

(Peptide:DNA complexes) and LPDs (Lipid:Peptide:DNA complexes), 

indicating less variability in the obtained fluorescence values and, 

therefore, better stability and reproducibility compared to the presence 

of DNA. The large structure of the nucleic acid likely renders the complex 

more unstable and prone to variations. 

 

1.4.4 SiRNA Transfection Assay 

The selected siRNA is TRPM8, which is a nucleic acid that induces changes 

in the concentration of calcium channels 341. Given that TRPM8 siRNA is 

capable of reducing cellular proliferation, it was hypothesised, and also 

reported in the study by Ochoa et al. 339, that the activity of N-Cadherin 

might be influenced. Indeed, N-Cadherin is a marker of cell migration. 

During tumor progression, carcinoma cells, especially those found at the 

invasive front of the primary tumor, often exhibit a downregulation of 

epithelial phenotype markers and a loss of intercellular junctions. This 

results in the loss of the typical polarity seen in epithelial cells and reduced 

intercellular adhesion. This is frequently accompanied by increased 

cellular motility and the expression of mesenchymal markers such as 

vimentin, an intermediate filament protein, and N-cadherin. The 

upregulation of these proteins can facilitate the formation of 

pseudopodia and cytoskeletal remodelling 342,343. 

For the transfection experiment, polyplexes containing the non-targeting 

peptide RGen3K, the targeting TGen3K, and SGen3K were prepared and 
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tested at a single charge ratio (10:1) in both cell lines: MDA-MB-231, which 

are HER2-negative breast cancer cells, and SKBR3, which are HER2-

positive cells that overexpress the receptor on their surface. The final 

concentration of TRPM8 siRNA (siRNA +) was 50 nM, as it was for the 

negative control, scrambled sequence siRNA (siRNA -). Following 

transfection, cells were treated with an antibody to visualise the presence 

of N-Cadherin on the cell surface and with DAPI to visualise their nuclei.  

Significant differences were introduced regarding the charge ratios, the 

tested complexes, and the positive controls used. Firstly, the experiment 

was conducted at a single charge ratio, as both PRs and LPRs yielded the 

best results following the PicoGreen experiment outlined in Section 5.4.3. 

Furthermore, the tests conducted in the presence of DOTMA:DOPE lipids 

were reduced, and only the LPRs complexed with the branched targeting 

peptide (TGen3K) at a single charge ratio of 0.5:10:1 were evaluated. 

Similarly, due to the inefficient retention of siRNA by linear peptides, as 

demonstrated by TK16 in the electrophoresis gel and both linear peptides 

in the PicoGreen test (charge ratio from 6 to 12), they were not included 

in the experimental matrix. Instead, the linear controls were replaced with 

Lipofectamine 3000, a lipid-based material recommended as an optimal 

carrier for cell transfection (Section 4.3.6 and 4.4.3). The other control used 

was Herceptin (H) at a concentration of 10 µg/mL. These concentrations 

were determined based on the monoclonal antibody's quantity, as the 

commonly employed concentration in the literature is 10 µg/mL. 270–272. 
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Figure 0.7 Images of MDA-MB-231 cells taken with the confocal microscope. Were 

transfected Herceptin, RGen3K, TGen3K and SGen3K (charge ratio 10), Lipofectamine 

3000 and the lipopolyplex lipid:TGen3K:siRNA. On the left side of the nuclei, on the right 

the N-Cadherin. 
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Figure 0.8 Images of SKBR3 cells taken with the confocal microscope. Were transfected 

Herceptin, RGen3K, TGen3K and SGen3K (charge ratio 10), Lipofectamine 3000 and the 

lipopolyplex lipid:TGen3K:siRNA. On the left side of the nuclei, on the right the N-Cadherin. 
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Figure 0.7 and Figure 0.8 show a panel of all the images obtained by 

confocal microscopy at high magnification. In the left column, all cell 

nuclei are coloured in blue (DAPI); in the right, N-Cadherin is highlighted 

in green. 

As can be observed from both Figure 0.7 and Figure 0.8 panels, it is evident 

that in both cell types (MDA-MB-231 and SKBR3), there are no variations in 

the expression of N-Cadherin. However, the positive control consisting of 

Lipofectamine 3000 does not induce any difference when complexed 

with control siRNA (-), but in the presence of TRPM8 siRNA (+), its effect 

becomes apparent. Lipofectamine is commonly used in the 

pharmaceutical industry due to its high transfection capacity, and in this 

experiment, it not only confirms its effectiveness but also highlights the 

ability of siRNA to reduce proliferation. 

Nevertheless, a clear effect on cell count can be observed. In fact, both 

RGen3K and TGen3K peptides have an impact on the cell count, both in 

the presence of TRPM8 siRNA and control siRNA. This highlights the impact 

of the hyperbranched structure. As reported in Chapter 3, there was a 

visible result of the hyperbranched structure on the number of SKBR3 cells. 

In the cases of all the complexes tested, the number of adhering cells was 

comparable to that of the control. However, RGen3K showed a significant 

reduction of cell number suggesting the potential synergistic effect that 

the presence of arginine at the root of the molecular tree may have on 

the cell cycle inducing breast cancer cell apoptosis 344. 

At some extent, these data are supported by the cell proliferation data 

obtained in Chapter 3 where the hyperbranched carriers (in particular 

RGen3K), tested as such, showed to inhibit the proliferation of both cell 

types, more markedly in the case of the SKBR3 cells and with a trend not 

statistically different in the MDA-MB-231 cells. Such a significant reduction 

of cell numbers makes difficult to assess in a definitive manner, the effect 



205 

 

of the siRNA on N-Cadherin expression. The more limited effect of 

Herceptin and the TGen3K on the SKBR3 cells may be ascribed to the 

interference on different cellular pathways. Indeed, Herceptin and the 

hyperbranched carrier bearing is analogue sequence (TGen3K) would 

affect the cell cycle by interacting with the HER2 receptor at the surface 

of the cell membrane. Hence, the carrier bearing the antibody analogue 

sequence is not necessarily suitable to increase the internalisation of the 

complex, but mainly favouring the targeting of this specific cell type. 

Whereas, the RGen3K can be internalised by the cells independently from 

cell surface receptor and interfere on the cell cycle through both its 

intrinsic properties and the release of siRNA.  

This interpretation may be substantiated also by the analysis of the effect 

of the TGen3K on the two types of cells is analysed. This dendrimer showed 

to inhibit cell proliferation more markedly in the case of the MDA-MB-231 

cells than SKBR3 as in the latter the interaction with the receptor may well 

reduce or completely inhibit the complex internalisation. There are still 

inconclusive results regarding the SGen3K as, while showing to compact 

the complex in a smaller size, it does not seem to have consistent data 

across tests. 

It is important to note that the presence of lipids does not seem to be 

essential either. In this case, a minor reduction in N-Cadherin is not 

distinctly visible upon TRPM8 siRNA internalisation. However, as anticipated 

by Gel Electrophoresis and PicoGreen results, the outcomes do not 

deviate significantly from the peptide:siRNA complex. These findings stand 

in stark contrast to DNA transfection, where DOTMA:DOPE lipids were 

necessary to achieve adequate levels of internalisation and luciferase 

translation. This emphasises how DNA and siRNA, despite being composed 

of the same nucleic acid units, can exhibit different behaviours when 

complexed with small amino acid molecules. 
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1.5 CONCLUSION 

In conclusion, it can be affirmed that peptide:siRNA complexes behave 

differently from DNA complexes. The dimensional analyses of the LPRs 

have already provided different information compared to LPD complexes 

(Section 4.4.1). Here, the data indeed show a much narrower range, while 

the PDI increases with the rise in peptide concentration.  

Electrophoresis experiments have highlighted that the peptide:RNA bond 

is much less stable compared to DNA, Section 4.4.2. This phenomenon can 

be attributed to the rigidity of nucleic acids, which influences the binding 

strength and the number of peptides that bind to the molecule. Larger 

size, as in the case of DNA, increases structural flexibility, making it easier 

to package compared to the smaller and more rigid siRNA. Additionally, 

electrophoresis gel, as well as the PicoGreen test, has shown that the 

presence of lipid (DOTMA:DOPE) is ineffective for complex formation. This 

is significantly different from results obtained in the same experiments with 

DNA (Section 4.4.1 and 4.4.2). In this case, the size of siRNA is crucial; it can 

vary between 19 and 23 nucleotides, and the reduced sequence may 

facilitate complexation, despite the rigidity of the two counterparts 

(branched peptide and siRNA), making the lipid unnecessary. 

This pattern can also be recognised in transfection. The presence of the 

lipid (LPRs) does not show any improvement in nucleic acid internalisation. 

Moreover no reductions in N-Cadherin are observed in SKBR3 and MDA-

MB-231 cells. 

The results indicate that peptides, particularly RGen3K and TGen3K, have 

an effect on the number of cells. As can be observed, the cell count is 

significantly lower compared to other cells (e.g., Herceptin). Therefore, 

since the variation in cell count occurs both in the presence of TRPM8 

siRNA and control siRNA, the effect can be attributed to the structure of 
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the peptide itself. This behaviour could be associated with the Caspase 3 

pathway, as described in Chapter 3.3.2. The same effect is observed even 

in the presence of a small amount of lipid (DOTMA:DOPE). 

On the contrary, the peptide carrying the scrambled sequence has no 

effect on the cell count, which is in contrast to what was observed in pDNA 

transfection (Section 4.4.4). 

Although there isn't a significant effect of siRNA on proliferation, it may still 

be necessary to determine the release capacity of the PRs complex when 

encapsulated in microparticles, which could alter its stability or potentially 

trap it, nullifying its protective effect. 

Microparticles can serve as an initial vector to protect molecules that are 

easily degraded due to their size or susceptible to protease activity due to 

their structures. Alginate microparticles can protect PRs and release them 

into the extracellular environment, maximising the quantity of released 

product, and subsequently overcoming further cell barriers. The next 

chapter will study various methods for microparticle preparation and their 

PRs release rate. 
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 PREPARATION OF MICROVECTORS 

1.1 INTRODUCTION 

In recent years, there has been a significant revolution in the field of 

microfluidics, resulting in advancements in the manipulation, analysis, and 

control of small fluid volumes. This progress has been made possible by the 

development of new materials, manufacturing techniques, and 

microfluidic systems, enabling precise and accurate activities in various 

fields such as chemistry, biology, physics, and engineering 345. 

Particularly in the pharmaceutical industry, microfluidics has seen 

incredible growth, benefiting various aspects. One example is the 

development and screening of new drugs. Thanks to this technology, the 

effectiveness and toxicity of new molecules can be rapidly and 

accurately tested, effectively screening potential pharmaceutical 

candidates 346. Additionally, microfluidics can be used for the preparation 

of new drug formulations and delivery systems that protect "delicate" 

drugs such as proteins and nucleic acids. It can also be employed for the 

customisation of medicines tailored to individual patients, addressing 

genetic diseases or cancer treatment. Finally, in the diagnostic field, it can 

quickly analyse biomarkers and select the appropriate treatment for a 

patient's condition 347. 

The field of microfluidics was born due to a gradual miniaturisation of 

systems and the need for greater control over very small volumes. On the 

one hand, microelectronics development was vital for the birth of 

microfluidics. In fact, in the 1950s Werner Jacobi, a German engineer, and 

a few years later Geoffrey Dummer, a British scientist, developed the 

Integrated Circuits (CI) commonly called Chips. These were part of 

semiconductors made up of Germanium but were later replaced with 
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silicone, thus becoming the basis for modern technology. Moreover, in the 

early 1950s in the United States the evolution of microelectronics was 

possible thanks to the invention of photolithography, which allowed the 

miniaturisation and integration of thousands of transistors on 

semiconductor wafers, mainly silicon wafers, producing smaller and 

smaller semiconductors and chips still used in the medical field 348.  

On the other hand, the origins of microfluidics are also found in 

microanalysis methods such as: gas chromatography, HPLC (high pressure 

liquid chromatography) and capillary electrophoresis that arose around 

the 1950s and 1960s. These systems made it possible to separate, detect 

and identify the concentration of molecules effectively and accurately 

with reduced time and cost 349. Understanding the enormous potential, an 

immediate effort was made to produce increasingly efficient and 

compact systems. This was possible during the 1980s thanks to the 

production of the first device containing mechanical microelements 

integrated into a silicon wafer. The new types of devices called MEMS 

(Micro Electro Mechanical Systems) were engaged in biology, chemistry 

and biomedical in the 1990s. These applications had to control the 

movement of liquids in micro-channels and contributed significantly to the 

development of microfluidics 350. 

Today microfluidic devices have microchannels with a very small and 

precise internal structure, they can be made up of different materials, and 

allow to obtain extremely repeatable and controllable conditions for the 

preparation of microparticles. 
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1.1.1 Microfluidics Advantages 

Microfluidic progressing gives life to new perspectives for gene therapy 

and gene delivery, offering a tool focused on the automation of the 

experiments and centred on the efficiency of results (Figure 0.1). 

 

 

Figure 0.1 Microfluidic chip. https://www.nsmedicaldevices.com/analysis/microfluidics.  

 

Microfluidics, an innovative and still developing field, involves systems that 

process and manipulate small quantities of fluid using channels of 

micrometric size. This is precisely the peculiarity that differentiates it from 

conventional fluid dynamics theory. The validity of the continuity 

approximation, even on a microscopic scale, allows to exploit the 

principles of classical fluid mechanics for the study of microfluidic devices. 

This approximation is very important from the computational point of view, 

as it allows to analyse only the average values of the parameters that 

characterise the motion of a fluid, thus neglecting the more complex 

interactions between the molecules of the fluid itself, present in the 

formulation of Navier Stokes 351. In detail, the limited dimensions of the 

channels involve a dynamic fluid determined by laminar motion, 

described as a regular, predictable and swirls free flow system. In other 

https://www.nsmedicaldevices.com/analysis/microfluidics


212 

 

words, thanks to microfluidics it is possible to finely control the 

concentration and transport of molecules in space and time. This enables 

the control of very small amounts of samples and reagents (so also 

reducing manufacturing costs, waste and reduced analysis time) 352. 

 

1.1.2 Droplet-based microfluidics 

Droplet-based microfluidics is a technique used to manipulate fluids in 

microscale channels. It involves mixing immiscible or partially miscible 

fluids in junctions within the channels to generate microdroplets 353. This 

approach offers advantages such as precise control over experimental 

conditions, resulting in monodisperse and repeatable droplets. The 

droplets created in this technique can act as microreactors for various 

physical, chemical, or biological reactions. Due to their small volume 

(nanolitres to microlitres), they require minimal amounts of reactants. 

 

 

Figure 0.2 Chip 1 on the left where simple emulsion is formed. In the second chip 

droplets are covered by another phase for the preparation of a double emulsion. From 

https://www.dolomite-microfluidics.com/applications/double-emulsions/. 

 

https://www.dolomite-microfluidics.com/applications/double-emulsions/
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Additionally, the ability to generate identical droplets enables multiple 

experiments to be performed, allowing for reliable statistical analysis of the 

data 353,354. 

In droplet-based microfluidics, a continuous fluid and a dispersed fluid are 

injected separately and mixed at a junction (Figure 0.2) 355. The properties 

of the fluids, including density, dynamic viscosity, and surface tension 

between the two fluids, along with the flow velocities and channel 

dimensions, influence droplet formation. Fluid dynamics in this context can 

be characterised as follows: 

1. The Reynolds number (Re) Re values expresses the ratio between 

inertial forces and viscous forces. Depending on the value of the 

Reynolds number, a distinction is made between laminar and 

turbulent regimes. 

𝑅𝑒 =
(𝑣𝐷𝜌)

 µ 
  

*v=flow speed [m/s] 

*D=diameter [m]  

*ρ=density [kg/m3] 

* µ=viscosity [Pa·s] 

 

At a macro scale, Reynolds numbers higher than 2000 indicate 

turbulent flow. In microfluidic systems, the flow is entirely laminar, 

and there is no mixing between neighbouring flows flowing side by 

side within the same hollow channel. 

2. The capillary number (Ca) compares shear stress to interfacial 

energy. 

Ca=(μCvC)/ γCD 
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It is calculated using the continuous fluid's viscosity (μC), flow velocity 

(vC), and the interfacial energy (γCD) at the interface between the 

continuous and dispersed fluids. 

By understanding and controlling these fluid dynamics parameters, 

droplet-based microfluidics can effectively generate and manipulate 

droplets for various applications 356–358. 

A significant boost for microfluidics occurred during the COVID-19 

pandemic in 2020. Notably, companies like Moderna and Pfizer chose 

microfluidic preparation for encapsulating the mRNA used in vaccines. 

Nucleic acids such as mRNA, siRNA, and DNA are utilised in gene therapy 

and as therapeutic agents in vaccine development. Messenger RNA-

based vaccines gained importance due to their ease of production and 

better immunogenic response. However, negatively charged mRNA 

molecules require carriers for delivery and protection from enzymatic 

activity during transportation. Various carriers like nanoparticles, 

liposomes, polymer complexes, micelles, and cationic peptides have 

been developed for mRNA vaccine delivery. 

Pfizer's mRNA vaccines are lipid nanoparticles (NPs) with encapsulated 

mRNA. Lipid NPs (LNPs) serve as delivery vehicles and protect mRNA from 

degradation. The production process involves using an impingement jet 

mixer (IJM), Figure 0.3, to mix lipid solvent solution with mRNA solution under 

high pressure (Figure 0.4). 
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Figure 0.3 Impingement Jets Mixing for the production of Lipid Nanoparticles (LNP). 

https://www.dksh.com/th-en/products/ins/knauer-impingement-jets-mixing-skids .  

 

Pfizer scaled up production by replicating quarter-sized mixers and 

achieving parallelisation of 100 static mixers, allowing the synthesis of 100 

million vaccine doses per month. Automation ensures precise control over 

flow rates and pressure. The scalability of the IJM design is crucial for 

pharmaceutical manufacturing during pandemics like COVID-19.  
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Figure 0.4 Refiguration of microfluidics chip for the preparation of LNP, where lipids and 

the cargo (nucleic acid) are mixed together to have LNP as results 359. 

 

The success of Pfizer's mRNA vaccine represents a milestone for mRNA 

vaccines, microfluidics, and nanomedicines, demonstrating the feasibility 

and versatility of microfluidics in producing nanomaterials for drug 

delivery. 

In summary, microfluidics offers numerous advantages in the 

pharmaceutical industry, including accuracy, cost reduction, and the 

handling of extremely small volumes. This allows for simultaneous screening 

of multiple molecules, enhancing accuracy. Controlled small volumes 

reduce susceptibility to result variability, leading to reduced material 

usage, less toxic solvents, and waste reduction. Microfluidics is becoming 

an integral part of drug screening and development, not only in small 

laboratories but also on a large scale within the pharmaceutical industry. 
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1.2 AIM OF THE CHAPTER 

This chapter focuses on the preparation of alginate microparticles, 

comparing two different techniques: the bulk method and microfluidics. 

As discussed previously, microparticles are structures that can be utilised 

to protect nanocarriers or nucleic acids from the extracellular 

environment, which can compromise their therapeutic efficacy. 

Consequently, efforts have been made to improve the preparation of 

these microstructures, which is not yet optimised. Bulk techniques, in 

particular, lack control over the formation of microparticles 360. 

In this chapter, the bulk technique, previously developed at York 

University, Toronto (Canada), is compared with the microfluidics 

technique developed at the University of Brighton (United Kingdom). 

For the bulk technique, significant changes were made to enhance the 

preparation process. These changes included: 

• Formulation optimisation to confer biocompatibility to the 

microparticles. 

• Covalent modification of alginate with the peptide RGen3K to 

introduce positive charges that interact with the negative charges 

of the polymer, to avoid the gelation by the cation (Ca2+). 

• Investigation of various calcium concentrations, which are 

necessary for alginate polymer gelation but can be toxic to the 

patient. Lower concentrations below 2% w/v may be favourable for 

administration and tolerance. 

Subsequently, the microfluidics technique was explored. Thanks to the 

small dimensions of microfluidic chips, better control over microparticle 

formation is achievable. The first method was chosen to complement the 

bulk technique. However, various modifications have been made to 
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increase control, not only over the formation of W/O droplets but also over 

the subsequent gelation, which can occur both outside the microfluidic 

chip and inside it. 

The optimised technique was then used to assess the release of 

nanocarriers combined with siRNA (TGen3K:siRNA). It was crucial to 

determine the release of the nanocarrier during emulsion handling and 

subsequently during storage in an environment mimicking the bodily 

conditions. 

1.3 MATERIALS AND METHODS 

1.3.1 Bulk method developed at York University 

1.3.1.1 Microparticles preparation 

Microbeads of alginate were prepared using Phenol Red (Sigma Aldrich) 

at a concentration of 3 mg/mL dissolved in a 60% v/v ethanol solution. The 

Phenol Red solution was mixed with 5 g of AmberChrom resin (Sigma-

Aldrich), which had been pre-washed three times with deionised water 

and then with ethanol. The mixture was then centrifuged at 1500 rpm for 

1 minute. After allowing the resin to absorb the dye, the water/ethanol 

solution was removed, and the mixture was added to a 4% w/v sodium 

alginate solution (ThermoScientific). The entire mixture was stirred for 30 

minutes under magnetic agitation. The compound was transferred into a 

syringe, and the droplets were extruded using an 18 G needle, onto a bath 

of 2% w/v calcium chloride solution maintained under constant magnetic 

agitation during the extrusion process. MPs were subsequently analysed 

using ImageJ software, where three measurements were taken for each 

granule using a ruler. 

 



219 

 

1.3.1.2 Alginate Functionalisation 

The alginate was functionalised with the peptide RGen3K. To achieve this, 

a 0.1 M MES buffer at pH 6.5 was prepared, in which the alginate was 

dissolved to a final concentration of 1 mg/mL. Similarly, the dendron was 

dissolved in the MES buffer with a concentration of 1 mg/mL. The dendron 

solution was stirred on a magnetic stirrer for 15 minutes, and then EDC (N-

(3-Dimethylaminopropyl)-N'Ethycarbodiimide hydrochloride) 4 mM and 

NHS (N-Hydroxysuccinimide) 10 mM were added and stirred for 30 

minutes. 

After the addition of β-Mercaptoethanol to neutralise the excess EDC, the 

dendron-containing solution was added to the alginate solution in a 1:1 

volume ratio. The final solution was stirred for at least 3 hours at room 

temperature. At the end of the process, Hydroxylamine-HCl (5/10 mM) 

was added to the solution, purified through an ultrafiltration spin column 

(MWCO 100,000), lyophilised, and stored at -20° C. 

 

1.3.2 Microfluidics technique 

1.3.2.1 Out-of-chip Gelation 

The microbeads prepared using microfluidics were obtained from a 

mixture of 0.3 mg/mL Phenol Red and 2% w/v Na-Alginate, which was kept 

under magnetic agitation overnight to ensure complete polymer 

dissolution. Subsequently, the mixture was filtered using a 0.2 µm filter to 

prevent chip clogging during microfluidic processing. The oil phase, 

necessary for droplet formation within the chip, consisted of mineral oil. 

The microfluidic chip (DG-DM-35, Droplet Genomics, Figure 0.5) used for 

the preparation of water-in-oil (W/O) emulsions had a T-junction structure, 

where the central channel was designated for the alginate (aqueous 

phase), while the two lateral arms carried the oil phase. The pressures used 
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were 200 mBar for the aqueous phase and 700 mBar for the oil phase 

(Figure 0.6). The flow controller was OB1 and the software to control the 

pressure was ElveFLow Smart Interface from ElveFlow System. Picture were 

taken thanks to the high speed camera from Photron FastCam Viewer 4 

(frame rate: 2000 fps; shutter speed: 1/frame second), connected to the 

Nikon TE2000-U microscope. 

 

 

Figure 0.5 DG-DM-35 microfluidic chip from Droplet Genomics. 
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Figure 0.6 instrument set up for the OFF- chip microfluidics gelation. From ElveFLow.com  

 

The gelation of the droplets occurred outside the chip, where they were 

dropped into a 2% w/v calcium chloride solution. This external gelation 

process facilitated the crosslinking of the alginate, resulting in the 

formation of solid microbeads. Microparticles size was then analysed with 

Mastersizer 3000. 

 

1.3.2.2 In-chip Gelation 

Microbeads obtained through microfluidics were prepared from a mixture 

of 0.3 mg/mL Phenol Red, 2% w/v Na-Alginate, and 0.05 M Ca-EDTA 

(Sigma Aldrich). The mixture was kept under magnetic agitation overnight 
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to ensure complete polymer dissolution and then filtered using a 0.2 µm 

filter to prevent chip clogging during microfluidic processing.  

The first oil phase consisted of mineral oil and 5% v/v Span 80 (Sigma), while 

the second oil phase had the same composition enriched with 0.05% v/v 

CH3COOH (acetic acid).  

The microfluidic chip used for the preparation of water-in-oil (W/O) 

emulsions was a custom chip from Droplet Genomics (Figure 0.7), made 

of PDMS. It featured a double junction structure designed and studied by 

Håti et al. 361. 

 

 

Figure 0.7 Second chip design. The white arrow shows the alginate flow. Black arrows 

highlight the first oil phase (mineral oil and span 80). The blue ones refer to the secondary 

oil phase enriched with acetic acid. 

 

The central channel was designated for the aqueous phase, while the 

lateral arms carried the oil phase. The pressure used was 200 mBar for the 

polymer phase, 600 mBar for the first aqueous phase, and 100 mBar for the 

second oil phase. The flow controller was OB1 and the software to control 

the pressure was ElveFLow Smart Interface from ElveFlow System. Picture 

were taken thanks to the high speed camera from Photron FastCam 
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Viewer 4 (frame rate: 2000 fps; shutter speed: 1/frame second), 

connected to the Nikon TE2000-U microscope. 

 

1.3.2.3 Oil Removal 

To remove the oil phase, the microbeads were centrifuged at 3000 rpm 

for 5 minutes to achieve an initial phase separation. Subsequently, the top 

layer of oil (above the aqueous phase) was removed, and 1 mL of 

isopropyl alcohol was added to facilitate the complete removal of 

mineral oil. The process was repeated twice. Finally, 1 mL of dH20 was 

added twice to wash microparticles and remove the alcohol as well. At 

the end of the process, it was possible to completely remove the aqueous 

solution and leave the microbeads to dry. 

 

1.3.2.4 Microparticles Characterisation: Mastersizer 

Following the removal of the oily phase, the instruments were cleaned with 

ethanol and then with water a couple of times. Each sample was dissolved 

in deionised water and measured five times at 25° C, and the average size 

was calculated. The polydispersity index (PDI) indicates the homogeneity 

of the population present in the sample. 

 

1.3.2.5 SiRNA Encapsulation 

6.3.2.5.1 Calibration Curve 

A calibration curve was generated. Complexes of siRNA and TGen3K 

(charge ratio 1:10) were prepared at a final concentration of 1.6 µg/ µl in 

1000 µl. The sample was then analysed using a spectrophotometer to 

obtain the spectrum. Subsequently, diluted samples were prepared to 

achieve five different concentrations as shown in Table 0.1. A diluted 
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sample was then analysed using a spectrophotometer at a fixed 

wavelength to determine their absorbance values. Then all the 

concentration are analysed at λ=252 nm. 

 

Table 0.1 Dilutions for the calibration curve of siRNA complex. Final volume 1000 µL 

siRNA ( µL) Quantity of 

purified water ( 

µL) 

TGen3K 

( µL) 

Quantity of 

Purified 

Water ( µL) 

+ 900 µL of 

purified 

water 

Total volume 50 µL Total volume 50 µL 

1.6 48.40 8.11 41.89 

1.28 48.72 6.49 43.51 

0.96 49.04 4.87 45.13 

0.64 49.36 3.24 46.76 

0.32 49.68 1.62 48.38 

0 50 0 50 

 

6.3.2.5.2 Microparticles Preparation Encapsulating The Nucleic Acid 

Microfluidics was employed to fabricate microbeads using a mixture 

composed of 2% w/v Na-Alginate, and 0.05 M Ca-EDTA. To ensure 

complete dissolution of the polymer, the mixture was subjected to 

overnight magnetic agitation and subsequently filtered through a 0.2 µm 

filter to prevent chip clogging during microfluidic processing. The siRNA 

was then complexed with TGen3K at a final concentration of 1.6 µg/mL, 

with a charge ratio of 1:10 and added to the alginate solution. 

Two oil phases were: the first containing mineral oil and 5% v/v Span 80, 

and the second enriched with 0.05% v/v acetic acid (CH3COOH). 
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The microfluidic chip used for generating water-in-oil (W/O) emulsions was 

a custom PDMS chip from Droplet Genomics. It featured a double junction 

structure, as previously described and studied by Håti et al. 361. The central 

channel was dedicated to the aqueous phase, while the oil phase was 

carried in the lateral arms. The pressure applied during the process was 

200 mbar for the polymer phase, 600 mbar for the first aqueous phase, and 

100 mbar for the second oil phase. Finally, during and at the end of the oil 

phase removal process, 100 µl samples are collected and diluted in 900 µl, 

then analysed using a spectrophotometer (λ=252 nm) to determine the 

amount of nucleic acid released from the microparticles. 

 

6.3.2.5.3 Sirna 

After that, dendron complexed with siRNA was mixed with the alginate, 

thus, droplets are formed and gellified inside the chip, described in 

Chapter 6.3.2.2. Thus, PRs solubilised in alginate are initially shaped into 

droplets and then gellified through the presence of acetic acid. Then 

were collected at the end of the outlet channel. The final compound 

consists of two phases: the aqueous phase containing the beads and the 

oily phase that needs to be completely removed to avoid inducing 

toxicity in the patient. After each centrifugation step following the 

addition of water to wash the cells, 100 µl of the supernatant containing 

the microbeads are collected. The withdrawal happened after 2 hours 

and 24 hours from the end of the microparticles washing step. Then, the 

100 µl samples were diluted in 900 µl of dH2O to obtain a final volume of 1 

mL, and the sample is analysed using a spectrophotometer at a 

wavelength of 252 nm. 
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1.4 RESULTS AND DISCUSSION 

1.4.1 Bulk Method 

The bulk method of extrusion is a technique used for the production of 

microparticles or microbeads. In this method, a polymer solution or 

suspension containing the desired drug or active ingredient is extruded 

through a small orifice or nozzle. Generally, the technique involves the 

preparation of the biocompatible polymer solution or suspension by its 

dissolution or dispersion in an aqueous medium. Polymer solution or 

suspension is loaded into a syringe or extruder system and forced through 

a small orifice or nozzle under controlled pressure, resulting in the formation 

of droplets. Finally, as droplets exit the nozzle, come into contact with a 

crosslinking agent or a coagulation bath which triggers the solidification 

or gelation process, leading to the formation of solid microbeads.  

Microparticles were enriched of an ionic resin to enhance the retention of 

negatively-charged molecules within the alginate beads over an 

extended period. Specifically, red phenol dye, a negatively-charged 

molecule, was utilised for monitoring the controlled release of similarly 

charged small molecules from microcarriers and to determine the pH by 

its changing in colour. 

Preliminary results in the presence of resin and high concentrations of 

Phenol Red (3 mg/mL) and Na-Alginate (4% w/v) led to the formation of 

beads with a cylindrical shape rather than the spherical shape depicted 

in Figure 0.8 and Figure 0.9. This distortion of the beads was caused by the 

high viscosity of the suspension, resulting from the high concentration of 

the alginate polymer. Additionally, the presence of the ion exchange resin 

may have contributed to increased resistance to movement. For this 

reason, it was necessary to use a needle with a large diameter (18 G).  
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Figure 0.8 Extruded microbeads with high concentration of Alginate (4% w/v) in presence 

of the ionic exchange resin. In the centre, the microparticles took on a blue/purple colour 

because they were wetted by a basic solution. Yellow circle indicates the beads treated 

at different pHs and showing different intensity of red. 

  

Figure 0.9 Extruded microbeads with high concentration of Alginate (4% w/v) in presence 

of the ionic exchange resin. Microparticles took on a red/orange colour because they 

were wetted by acid solution. Yellow circle indicates the beads treated at different pHs 

and showing different intensity of red. 
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In Figure 0.8 and Figure 0.9, it is also possible to observe the reactivity of 

the dye (Phenol Red) at different pH levels. In an acidic environment, the 

resin, which absorbed the Phenol Red and is seen as small crystals, takes 

on red/orange colours. On the other hand, in a basic environment with a 

pH higher than 8, the crystals assume colours that tend towards purple. 

This indicates the tendency of the gellified polymer to absorb water from 

the outside while simultaneously preventing the release of the dye. As seen 

in the Figure 0.8, the dye forms small crystal aggregates (bound to the 

resin) that remain trapped within the cross-linked structure of the Alginate. 

Firstly, the protocol was modified to prepare microbeads suitable for local 

injection for the treatment of HER2 breast cancer, thus biocompatible. 

Secondly, the goal was to reduce the size of the microbeads. To 

overcome the difficulties in microparticle formation and in an attempt to 

reduce their size, some modifications were made to the original protocol 

established at the York University, Toronto, Canada. 

First of all, it was necessary to avoid the use of ethanol to prevent the 

presence of alcohol molecules in the final preparation. Therefore, the 

concentration of Phenol Red in the preparation had to be reduced. Its 

maximum concentration in an aqueous solvent is 3 mg/mL, and a 60% v/v 

alcoholic preparation was necessary for the complete dissolution of the 

dye. The chosen concentration for optimal dissolution without ethanol was 

0.3 mg/mL. Additionally, since the viscosity of the preparation was 

primarily due to the alginate polymer, two reduced concentrations of 1% 

and 2% w/v were selected. 

Furthermore, for reasons related to the preparation of biodegradable and 

bio-erodible microbeads, it was necessary to eliminate the presence of 

the ion exchange resin. On Table 0.2 is outlined all the experiments 

conducted to determine the optimal concentration of Phenol Red and to 
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highlight the difference between preparations with and without ion 

exchange resin (Figure 0.10). 

 

Table 0.2 Below is an outline of the experiments conducted to determine the optimal 

concentration of Phenol Red and to highlight the difference between preparations with 

and without ion exchange resin. 

 

Figure 0.10 Different composition of the preparation of Alginate Microparticles. Yellow 

circles highlight the retention of Phenol Red because of the resin absence. 

 

As depicted in Figure 0.11 and Figure 0.12, the microbeads, prepared 

without resin and with a reduced quantity (1:100) of phenol red (Table 0.2-

2) exhibit a significantly different appearance compared to the initial 

preparations. Firstly, reducing the concentration of the dye did not lead 

to substantial differences in the ability of the particles to change colour in 

acidic or basic environments. 
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Figure 0.11 Extruded microbeads with high concentration of Alginate 2% w/v in 

absence of the ionic exchange resin. Microparticles took on a red/orange colour 

because they were wetted by basic solution. 

 

Figure 0.12 Extruded microbeads with high concentration of Alginate 2% w/v in 

absence of the ionic exchange resin. Microparticles took on a red/orange colour 

because they were wetted by acid solution. 
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This implies that the microbeads' capacity to absorb water from the 

surrounding environment remains unchanged. However, as evident 

comparing Figure 0.8 and Figure 0.11 or Figure 0.9 and Figure 0.12(a and 

b) the ability to retain the dye within the alginate matrix is reduced 

compared to the initial method. Nevertheless, this is not considered a 

disadvantage of the new microparticles, In fact, they need to maintain 

the ability to release cargo in order to facilitate their internalisation into 

tumour cells.  

 

  

 

Figure 0.13 Preparation of microparticles without the 

resin with Phenol Red 0.3 mg/mL and alginate 1% w/v. 
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The morphological aspect has also improved due to the reduced 

viscosity, allowing for the use of a smaller diameter needle (27 G) and 

obtaining spherical microparticles (Figure 0.14), although their size is 

approximately 1 mm. In this case, the size, which is at the limit of the 

definition of microparticles, can be considered an advantage. Recent 

studies have suggested that hypoxia in tumor tissue can lead to a lack of 

essential materials such as oxygen and nutrients from the bloodstream, 

thus can induce apoptosis 362. Therefore, microparticles with a diameter 

Figure 0.14 Preparation of microparticles without the resin 

with Phenol Red 0.3 mg/mL and alginate 2% w/v. 
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similar to the blood vessels irrigating the tumour, formed due to the 

formation of new blood vessels (neoangiogenesis), can be used for 

blocking blood flow 18. However, this theory has been contradicted as 

many papers demonstrate that the absence of oxygen leads to the 

formation of neoangiogenesis, lead the tumour tissue to continue 

growing, escaping the lack of oxygen 363–365. It is important to note that 

the suitable shape of the microbeads is only achieved when the alginate 

concentration is 2% w/v. When the polymer is not present in sufficient 

quantities (1% w/v), the microparticles do not maintain their structure and 

tend to dissolve after 10 minutes from preparation (Figure 0.13 and Figure 

0.14). 

Once the appropriate percentage of alginate was determined, modified 

alginate with RGen3K was used. Due to the positive charges carried by 

the hyperbranched peptide structure, it could gel in the absence of 

calcium ions. The purpose was to replace the cross-linker with the peptide 

to reduce traces of calcium in the final formulation, which could induce 

toxicity in the patient. Therefore, the alginate and Phenol Red droplets 

were allowed to drip into a bath of physiological solution, required to 

induce a positive charge on the peptide's surface, facilitating its 

interaction with the carboxyl group of the alginate chain. As a result, the 

peptide is capable of substituting calcium ions in the formation of the 

polymer network. 

The pH is a measure of the acidity or alkalinity of a solution and ranges 

from 0 to 14. A pH of 7 is considered neutral, values below indicate acidity, 

and values above indicate alkalinity. The physiological pH of the human 

body is around 7.4. Lysine is a type of amino acid that can have a positive 

charge when the pH is below their pKa value, which for lysine is around 

10.53. When the pH is higher than the pKa value, lysine exists in a neutral 

form.  
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The isoelectric point (pI) of an amino acid or molecule is the pH at which 

the molecule is electrically neutral, meaning it has no charge. In the case 

of lysine, their pI is 9.74. This means that at a pH lower than 9.74, lysine tends 

to have a positive charge, while at higher pH values, they are neutral or 

may have a negative charge. 

Alginate only loses a proton (positive charge) when the pH is below 3.5. 

This means that at physiological pH (pH 7.4), alginate maintains its 

negative charge. 

If an attempt is made to form a network using alginate in a physiological 

solution (pH 7.4), the negative charges of the alginate may repel each 

other due to the repulsion of like charges. As a result, it may not be possible 

to form the network and microparticles.  

The formation of the network and microparticles, is probably avoided by 

the repulsion of negative charges could be one of the factors preventing 

the formation of the network. The benefits of conjugating poly-lysine and 

alginate molecules have been recognised in many studies 366. 

The process enables the conversion of alginate droplets into completely 

spherical gel beads and incorporating poly-lysine is essential for creating 

a semi-permeable membrane with controlled porosity, as well as 

enhancing the strength and stability of the microcapsule 367. Furthermore, 

thanks to the work of Strand et al., it has been demonstrated that the 

presence of lysine leads to a reduction in the diameter of the 

microparticles 367. It is important to highlight that in all studies, alginate is 

complexed with calcium to form the hydrogel, and only afterwards are 

the microparticles functionalised on the surface with poly-lysine. 

Since the formation of microparticles did not occur, despite the pH being 

able to activate the surface charges of the peptide, the presence of 
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calcium in the bath where the droplets are dropped was deemed 

necessary for gelation. 

 

 

 

As seen in the Figure 0.15, microbeads achieve an optimal shape only 

when an appropriate concentration of calcium is reached. Furthermore, 

it can be observed from the darker coloration that with a higher 

concentration of calcium chloride, it allows for better retention of phenol 

red. 

Figure 0.15 On the top left, the functionalised 

microparticles hardened in Calcium bath 2% w/v. 

On the bottom left, the functionalised microparticles 

gellified in 0.1% w/v CaCl2 bath. 
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1.4.2 Microfluidics 

Microfluidics was chosen because there was a need to reduce the size of 

the microparticles. As previously explained (Section 6.4.1), microparticles 

with a diameter similar to that of blood vessels would allow for the 

obstruction of nutrient flow to the tumor mass, thereby halting its growth 

and proliferation. As demonstrated, the diameter of tumor blood vessels 

ranges from 50 µm to 80 µm 368, and consequently, the sizes obtained 

through bulk techniques are inadequate for this purpose. 

1.4.2.1 Out-of-chip gelation 

Out-of-chip gelation refers to a process in which the formation of 

microdroplets occurs within a chip, while the solidification of the external 

structure (shell) takes place outside the chip in a bath of calcium chloride 

369. As shown in Figure 0.16, the internal structure of the chip is referred to 

as flow focusing, and the droplet formation happens when the force of 

the oil phase disrupts the flow of the aqueous phase.  

 

 

Figure 0.16 Flow focusing chip and alginate microparticle formation (out-of-chip 

gelation). Microfluidic chip DG-DM-35, Droplet Genomics. 
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In this case, the aqueous phase, consisting of 2% w/v Na-alginate and 0.3 

mg/mL Phenol Red (indicated by the blue arrow in Figure 0.16, is in the 

centre, while the oil phase, initially composed of mineral oil, is in the two 

lateral arms (black arrows).  

 

  

Figure 0.17 Internal structure of the microfluidics chip (out-of-chip gelation). The white 

arrow shows the alginate flow (inner phase), in black the oil phase (continuous phase). 

 

As can be observed in Figure 0.17, the formation of microdroplets is 

successful, with minimal variation in terms of diameter and shape. 

However, towards the outlet channel (Figure 0.18), it is noticeable that the 

droplets tend to aggregate, forming larger aqueous droplets. Surface 

tension refers to the inherent property of a liquid that causes it to minimise 

its surface area and form spherical droplets. Emulsions are unstable 

colloidal systems that tend to separate through the formation of larger-

sized particles. 
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Figure 0.18 Exit chamber of the microfluidics chip (out-of-chip gelation). The white circles 

(A) show how two droplets fuse together (B) because of the high surface tension. 

 

As mentioned by Chen et al. 2020 “Interfacial tension can be defined as 

the force per unit length or the excess energy per unit area at a fluid−fluid 

interface, and it arises from unbalanced cohesive forces between 

molecules in the two bulk phases. In general, systems with high interfacial 

tensions tend to separate out or coalesce more easily since higher 

interfacial energy drives a reduction in the interfacial area” 370. 

Thus, high surface energy can lead to the aggregation or coalescence of 

droplets, as observed in the formation of larger aqueous droplets towards 

the outlet channel.  

To overcome this issue, the addition of a surfactant (Span 80) was 

required. A surfactant, also known as a surface-active agent, is a 

compound that reduces the surface tension between two liquids, 

between a liquid and a solid, or between a liquid and a gas. Surfactants 

contain both hydrophobic (water-repellent) and hydrophilic (water-

attracting) regions in their molecular structure, which allows them to 

interact with different phases and reduce the interfacial tension between 

them. 
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Surfactants are commonly used in various applications, including 

detergents, emulsions, foams, and pharmaceutical formulations. In the 

context of microfluidics and droplet formation, surfactants can be added 

to the fluid to stabilise the droplets and prevent coalescence or 

aggregation. They work by reducing the surface tension at the interface 

of the droplets, allowing for the formation of smaller and more stable 

droplets. 

 

 

Figure 0.19 Exit chamber (out-of-chip gelation). Microparticles in presence of the 

surfactant do not collapse together. They deform their shape as the gellification happen 

outside the chip. 

 

As stated by Oveysi et al. 371 the diminutive droplets were acquired when 

employing the greatest concentration of Span 80, leading to the 

generation of smaller hydrogels characterised by a more heterogeneous 

size distribution. As seen in Figure 0.19, the presence of the surfactant 

reduced high surface tension and promoted the formation of more stable 

and uniform droplets. The surfactant interacted with the interface 

between the aqueous phase and the oil phase, reducing the cohesive 

forces between water molecules and facilitating droplet dispersion. 

Flow 

direction 
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However, within the same study, (Oveysi et al.) it is also asserted that the 

surfactant Tween 80 produces more uniform microparticles. Therefore, it 

would be interesting to replicate the experiments using Tween 80 instead 

of Span 80. 

 

1.4.2.2 In-chip gelation 

In-chip gelation is the process in which the formation of droplets and their 

solidification occur simultaneously within the microfluidic chip. The first 

attempt was to gel alginate with calcium chloride. Therefore, a chip with 

a first Y junction was used in which alginate and calcium chloride were 

mixed, a second junction (flow focusing) in which microparticles were 

formed thanks to the oil phase. However, calcium chloride (2% w/v) gave 

an instantaneous reaction with alginate, causing a swift jellification and 

therefore chip blockage. 

Later, the aqueous phase consisted of Na-Alginate and Ca-EDTA. Since 

calcium ions are sequestered by EDTA, they cannot directly interact with 

alginate and induce polymer hardening. Therefore, an activator is 

required to release calcium from the chelating agent and allow it to form 

a coordination bond with the biodegradable polymer. As described by 

Håti et al. 361, pH variation can be exploited for this purpose. Thus, 

CH3COOH (acetic acid) was used to trigger the release of calcium from 

the chelator and promote the formation of the shell on the surface of the 

microparticles towards the chip's outlet channel. 

It is important to have an appropriate concentration of Ca-EDTA and 

CH3COOH. A high amount of acid and Ca-EDTA can lead to rapid 

gelation of alginate, potentially causing blockages within the chip. The 

concentration of 0.5% v/v acetic acid and Ca-EDTA 0.5 M were found to 
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be too high, where the formation of microbeads is difficult, and the chip 

becomes blocked shortly after. 

To address this issue, the concentration of acetic acid and chelated 

Calcium was reduced by a factor of 10. As depicted in Figure 0.20, a 

concentration of 0.05 M is already sufficient to initiate the formation of the 

shell within the microfluidic chip's outlet channel. 

 

 

Figure 0.20 Flow focusing chip (out-of-chip gelation). in the central channel: alginate 2% 

and Ca-EDTA 0.05 M. The oil phase, made by Mineral oil and Span 80, it is enriched with 

acetic acid 0.05% v/v. 

 

However, despite the modifications to the formulation, the preparation of 

microparticles is still not optimal. As can be seen in Figure 0.21, at cyclical 
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intervals, there is the formation of this large microparticles, a process that 

can increases their polydispersity index. 

 

 

Figure 0.21 No-optimal preparation (out-of-chip gelation). Droplets are formed after the 

elongation of the neck. 

It is known that the microfluidics chip design, can also affect the formation 

of microparticles. The first configuration (Figure 0.21) featured only three 

inlet channels: one central channel for the aqueous phase (Alginate and 

Ca-EDTA) and two channels for the oil phase (Mineral Oil, Span 80, and 

CH3COOH). Therefore, a second configuration (Figure 0.22) was chosen 

presenting five inlet channels: the main channel for the aqueous polymer 

phase (white arrow), two channels for the oil phase (Mineral Oil and Span 

80, black arrows), and two additional channels for a second oil phase that 

includes acetic acid (Blue arrows). 
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Figure 0.22 Second chip design (in-chip gelation). the white arrow shows the alginate 

flow. Black arrows highlight the first oil phase (mineral oil and span 80). The blue ones refer 

to the secondary oil phase enriched with acetic acid. 

 

The second configuration was found to be optimal for microparticle 

formation (Section 6.3.2.2). This setup likely allowed for the solidification of 

the microparticles to occur only after the droplets were formed within the 

mixing chamber. 

 

 Figure 0.23 Microparticles formation in the second chip design (in-chip gelation). 

 

The simplicity of the first configuration, Figure 0.21, led to a rapid pH 

change despite the already reduced concentration of acetic acid. As a 

result, the formation of microparticles was challenging and often caused 

blockages in the microfluidic chip. The more complex chip, Figure 0.23, let 

to the formation of the micrometric droplet occurs first, and then it starts 

to gellify due to the pH change induced by the presence of acetic acid. 
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The geometry proves to be optimal for the formation and subsequent 

gelation within the microfluidic chip, thus it can be affirmed that geometry 

may constitute an essential factor for in-chip gelation. 

 

1.4.3 Oil removal 

An important phase for completing the preparation of the microparticles 

is the removal of oil from the formulation to avoid toxicity at the injection 

site in the patient. 

This method, similar to the one described by Yasmin et al. 372, allowed for 

the complete removal of oil. However, some difficulties were encountered 

in maintaining the spherical shape and small size of the microparticles. In 

both formulations, out-of-chip and in-chip gelation, the samples are 

collected in Eppendorf tubes, where a first phase separation occurs with 

water settling at the bottom and oil floating on the surface. Most of the 

microparticles, despite being aqueous in nature, remain in the oil phase 

due to the presence of the surfactant that stabilises them. However, in the 

case of the out-of-chip preparation, microparticles are not solidified, and 

after the initial centrifugation, they undergo a rapid precipitation in the 

aqueous phase, which is composed of a 2% w/v calcium chloride solution. 

As a result, the microparticles often form large aggregates (Figure 0.24). 
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On the other hand, the in-chip formulation, since the microparticles are 

already solidified, is not affected by centrifugation, making it much easier 

to remove the oil phase and wash the microparticles with deionised water. 

 

1.4.4 Characterisation 

Size analysis was conducted using ImageJ for the microparticles obtained 

through extrusion, while the microparticles generated through 

microfluidics were analysed using the Mastersizer 3000. 

 

Figure 0.24 In the yellow circle the clog made after the 

centrifugation because of the droplets instability. 
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Figure 0.25 Mastersizer 3000 analysis of microparticles prepared with microfluidics chip 

and hardened outside the chip. Analysis have been repeated five times. 

  

As depicted in  Figure 0.25 below, noticeable differences in diameter can 

be observed for each formulation. In the case of needle-extruded beads, 

the size exceeded 1 mm (1.09 mm ± 0.05). 

 

 

Figure 0.26 Mastersizer 3000 analysis of microparticles prepared with microfluidics flows 

and hardened within the chip. Analysis have been repeated five times. 

 

However, the size of the microparticles significantly decreased when the 

alginate was fragmented into droplets using microfluidic flows and 

subsequently solidified in an external calcium bath. It should be noted that 

the removal of oil proved to be a complex process, leading to the 

formation of large alginate clumps. Prior to DLS analysis, filtration was 

employed to eliminate larger aggregates. Despite this filtration step, the 

presence of two peaks and thus two populations within the sample 

preparation can be identified. The obtained sizes averaged at 307±29.1 

µm (mean of 5 replicates,  Figure 0.25) and PDI is 0.395.  
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With the preparation of the microparticles and subsequent hardening 

within the chip, there is a further reduction in size (Figure 0.26). The 

diameter measures at 82.2 µm, and reproducibility has improved, as 

evidenced by the lower standard deviation is ± 0.83 and as shown in the 

graph below. 

As can be observed, the graph exhibits a single and uniform population 

(PDI 0.17). It is important to note that in this case, the removal of oil is much 

easier, and there was no need to filter the beads to remove clumps as 

they were not present. 

 

1.4.5 SiRNA Release 

First, different concentrations of the dendron:siRNA complex were 

prepared. One of these concentrations was analysed using a 

spectrophotometer to determine the compound's spectrum and the 

peak of maximum absorbance, which was found to be at 252 nm. 

Subsequently, was measured the absorbance of all the concentrations 

reported in Figure 0.27 
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Figure 0.27 Calibration graph of five concentrations of TGen3K:siRNA. 

 

In Figure 0.28, it can be seen the release profile of the TGen3K:siRNA 

complex following the initial centrifugation steps with water to remove all 

traces of oil and isopropyl alcohol during the manufacturing phase.  

As well as the 2-hour and 24-hour time points after completing the 

microbeads washing process, shows a simulation of the release of the 

TGen3K:siRNA complex in a patient. 
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Figure 0.28 TGen3K:siRNA release at different time detected at the spectrophotometer 

during the manufacturing process 

 

The initial two absorbance readings show a very low value, indicating that 

despite the washing of the beads, they are stable enough to retain the 

dendron:siRNA complex. This can be advantageous when considering 

large-scale preparation in the pharmaceutical field for the development 

of alginate microparticles that incorporate pharmaceutical molecules. 

Even at the 2-hour time point after completing the bead washing process, 

the absorbance value remains low. The highest ABS value, therefore, the 

highest release of the complex, corresponding to almost the entire 

complex, occur after 24 hours. 

It would be advisable to investigate the release profile of the complex by 

increasing the number of total sampling points. Additionally, factors such 

as temperature, pH, and formulation should be considered to evaluate 

how to modify the release of the complex. These factors can significantly 

impact the release kinetics and provide insights into optimising the release 

behaviour of the complex. 
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1.5 CONCLUSION 

In conclusion, in this chapter, three different methods for the preparation 

of alginate microparticles were compared. The bulk method, after several 

optimisations, proved to be the least suitable for microbead preparation. 

On the other hand, microfluidics demonstrated itself as a cutting-edge 

technology for producing small and uniform beads. However, there is 

room for further improvement in the technique. As demonstrated, the in-

chip preparation yielded significantly better results than the out-of-chip 

method. These results can be very useful for preparing microparticles with 

a diameter similar to that of blood vessels, which is crucial for blocking the 

supply of essential nutrients to the tumor. These microparticles with a 

diameter of 82 µm could leverage their size to obstruct blood flow to the 

tumor while simultaneously releasing therapeutic material, creating a 

synergistic effect in the fight against cancer. 

The in-chip gelation technique was then employed for the encapsulation 

of the vector: siRNA (TGen3K:siRNA) selective for HER2+ breast cancer. The 

experiments showed that the microparticles are capable of protecting 

the cargo during emulsion manipulation but tend to release it into the 

external environment within 24 hours. 
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GENERAL CONCLUSIONS AND FURTHER WORK 

1.1 INTRODUCTION 

The overexpression of HER2 usually leads to the malignant transformation 

of cells and accounts for approximately 25% of all breast cancer cases. It 

is consistently associated with more aggressive tumor phenotypes, a 

higher likelihood of lymph node involvement, and increased resistance to 

hormone therapy 373,374. 

While the overall mortality rate for breast cancer has decreased in recent 

years due to a greater emphasis on early diagnosis, mortality rates for 

women with aggressive tumors remain high. This is primarily due to the 

overall complexity of the disease and the lack of safe and effective 

therapies for these malignant tumors 375. A key player in breast cancer 

malignancy is the human epidermal growth factor receptor 2 (HER2). HER2 

belongs to the epidermal growth factor receptor (EGFR) family, which 

includes four major proteins: EGFR (also known as HER1 or ErbB1), HER2 

(p185 neu/ErbB2), HER3 (ErbB3), and HER4 (ErbB4) 376. HER2-positive breast 

cancers tend to be more aggressive and are more likely to develop 

resistance to therapy than cancers that do not express HER2. The elevated 

expression of HER2 on the extracellular membrane of cancer cells, along 

with its overexpression in both primary tumors and metastatic sites, makes 

HER2 an ideal candidate for targeted therapies. Therefore, targeted 

inhibition of HER2 represents one of the most validated therapeutic 

modalities for treating various human cancers, including ovarian, gastric, 

bladder, salivary, and lung carcinoma 377. 

Trastuzumab (Herceptin®) is a recombinant humanised monoclonal 

antibody (mAb) directed against the extracellular domain of the HER-2 

protein 378. Although the mechanism of action is not fully understood, 
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several molecular and cellular effects have been observed in in vivo and 

in vitro experiments. Trastuzumab prevents the cleavage of the 

extracellular domain and the dimerisation of HER-2 by binding to this 

domain, inhibiting receptor activation and subsequent signal transmission 

through intracellular pathways such as the phosphatidylinositol 3,4,5-

trisphosphate kinase (PI3K) and mitogen-activated protein kinase (MAPK) 

pathways 379. This reduction in signalling can lead to receptor 

internalisation and subsequent degradation. Furthermore, Trastuzumab, in 

addition to these cytostatic mechanisms, also induces antibody-

dependent-cell-mediated cytotoxicity. 

The most common adverse effects after the infusion of Trastuzumab (> 

10%) include abdominal pain, asthenia, chest pain, fever, headache, 

diarrhoea, nausea, vomiting, arthralgia/myalgia, and skin rashes. Less 

frequently (approximately 1-3%), but potentially dangerous, is 

cardiotoxicity with a reduction in ventricular ejection fraction, especially 

when the antibody is administered in combination with other 

chemotherapy drugs 380. 

To avoid these adverse effects, new technologies are being developed 

for the treatment of HER2-positive breast cancer. In this context, 

nanomedicine studies have been conducted to formulate nanoscale 

delivery systems capable of carrying drugs and/or diagnostic agents 

inside tumor cells. The small size of these nanoparticles gives them unique 

physicochemical and pharmacokinetic properties, such as an extended 

circulation time in the blood, as they are generally not captured by the 

reticuloendothelial system. Furthermore, the ability to modify the surface 

of these nanoparticles, for example, by inserting specific ligands, makes 

them selective for certain tumor targets, enabling targeted and effective 

therapies, as well as early diagnosis. 
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1.2 GENERAL CONCLUSION 

1.2.1 Peptide synthesis 

In the described project, branched peptides were used for the selective 

delivery of drugs against HER2-positive breast cancer, while linear 

peptides were used for the selective recognition of the HER2 receptor. 

They were synthesised using the solid-phase peptide synthesis (SPPS) 

technique, as reported in Section 2.3.1. The solid-phase peptide synthesis 

technique is based on polymer growth starting from a solid support called 

resin. Thanks to this technique, peptides with few impurities were obtained, 

as confirmed by high-performance liquid chromatography (HPLC) tests. 

The successful and complete synthesis was confirmed by Fourier-transform 

infrared (FTIR) and Mass Spectrometry tests. 

 

1.2.2 Peptides’ activity 

The peptides were then tested in vitro at different concentrations as they 

have the intrinsic ability to reduce cell proliferation and, as reported by 

others 381, 382, induce apoptosis, as reported in Section 3.3.2 and 3.4.1. 

Peptides were tested on two types of cells: control cells defined as triple 

negative, meaning they do not express oestrogen, progestin, or HER2 

receptors (MDA-MB-231); and target cells, which are tumor cells that 

overexpress the HER2 receptor (SKBR3). 

In the case of MDA-MB-231 cells, the tested peptides did not show any 

significant antiproliferative activity, as reported in Figure 0.3, and no 

significant differences compared to the negative control (cells in the 

absence of any drug or peptide) were observed. While the peptides were 

expected to have an effect on the number of cells as reported by 

Debnath et al. 255, no differences were observed in this experiment. 
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However, compared to their studies, it is important to emphasise that the 

concentrations used were much higher, and the PLL peptides were linear. 

Conversely, SKBR3 cells were affected by the presence of the peptides. 

Indeed, as reported in Figure 0.5, there were drastic reductions in terms of 

the number of cells. In particular, the target peptide (TGen3K) achieved 

the best dose-dependent result, similar to the value obtained with 

Herceptin (positive control). This suggests that the target sequence may 

have effectively interacted with the HER2 receptor, but it was necessary 

to have an adequate number of amino acids. In fact, the targeting 

sequence (-KCCYSL) alone did not yield satisfactory results in terms of cell 

count. It is argued that the relatively small size of the hexapeptide does 

not prevent the translocation of the receptor that is instead inhibited by 

the relatively larger sizes of both the monoclonal antibody Herceptin and 

by the TGen3K. Furthermore, this experiment highlighted the ability of the 

hyperbranched peptides to interact with the cell membrane and interfere 

with cell proliferation. It is important to note that the reduction in the 

number of cells did not correlate with an induction of toxicity. As indicated 

by the lactate dehydrogenase (LDH) cytotoxicity test, no signs of cellular 

intolerance were observed. For this reason, it can be said that the 

antiproliferative activity prevailed over the apoptotic activity. 

 

1.2.3 Peptides as Carriers 

Dendrimers have a 3D structure that allows them to transport drugs, and 

their chemical and physical characteristics can be modified to adapt to 

the cargo's requirements. Additionally, due to the numerous positive 

charges provided by primary amines, dendrimers can readily complex 

with negatively charged nucleic acids 383. 
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Nucleic acids can be classified into various types, including DNA, plasmid 

DNA, siRNA, microRNA, mRNA, and others. Generally, the aim is to 

internalise nucleic acids to modulate the synthesis of proteins responsible 

for a disease or carcinogenic development 384. However, there are several 

barriers, both systemic and intracellular, that complicate the effective 

delivery of nucleic acids. These barriers arise from the immune system's 

defence mechanisms, which recognise nucleic acids as pathogen. To 

address these concerns, various carriers have been designed to protect 

nucleic acid-based cargoes from the extracellular environment 385. 

In this thesis, branched peptides were used to increase the percentage of 

transfected nucleic acids within cells. Different results were obtained 

depending on the type of nucleic acid complexed. 

 

1.2.3.1 Peptides Complexed with DNA 

Peptides were complexed with DNA, and the complexes were 

characterised by analysing their size and binding strength. Subsequently, 

they were transfected into cells.  

Regarding the size, when the peptide is conjugated to DNA and lipid, it 

fluctuates between 50 and 200 nm; however, there is a significant 

reduction in size, especially when considering RGen3K. The PDI is also 

halved, dropping from 0.417 and 0.465 to values around 0.2/0.25. 

Then, gel electrophoresis and complexation with PicoGreen were 

conducted to assess the complex stability. DNA complexes with peptides 

(PDs) at various concentrations were prepared, and the results were 

compared with the same complexes in the presence of a small amount 

of lipids. It was observed that branched peptides were more effective at 

compacting DNA strands compared to their linear counterparts. This 

behaviour may be attributed to the different spatial arrangements 
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between linear and branched peptides. The branched peptides allow for 

better exposure of positive charges, leading to improved binding with the 

negatively charged DNA. 

Furthermore, the presence of lipids, such as DOTMA:DOPE, altered the 

nucleic acid binding. As shown in Figure 0.7, the presence of lipids 

weakened the DNA complexation ability. However, this weakening of the 

bond should not necessarily be considered negative. On the contrary, in 

the transfection experiment with pDNA (gWIZ-Luc), the presence of lipids 

was necessary to enhance the transfection capacity of the complex. This 

is because, as reported by Zuhorn et al. 2005 386, the lipid helper (DOPE) is 

required to facilitate endosomal escape. It is known that poly-lysine 

peptides do not have tertiary amines capable of disrupting endosome 

membrane and subsequent release of exogenous material into the 

cytoplasm. Therefore, the action of the lipid helper is necessary, as it 

weakens the endosomal vesicle membrane, increasing the amount of 

material released into the cytoplasm. In the case of SKBR3 (HER2+) 

transfection, the selectivity of the targeting sequence towards the HER2 

receptor was also evident, but the transfection values of TGen3K were 

surpassed by the SGen3K peptide. As described in Chapter 4, even 

though the amino acid sequences of the scrambled sequence are the 

same but arranged differently, they may have a better spatial 

arrangement, allowing for improved transfection. This highlights how small 

modifications can yield significant advantages. 

 

1.2.3.2 Peptides Complexed with siRNA 

SiRNA, despite being composed of nucleic acids like DNA, behaves 

differently due to its shorter length and, consequently, reduced flexibility. 

Regarding size, the formation of complexes consisting of siRNA, lipids, and 

different charge ratio of peptides has yielded much less oscillatory values. 
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As seen in Figure 0.1, starting from the second charge ratio, there are 

values hovering around 80-100 nm. The behaviour of the complex in the 

presence of siRNA instead of DNA also varies, and the polydispersity index 

value changes. In this case, it can be observed that it increases with an 

increase in peptide concentration. 

Furthermore, the complexation of siRNA, due to its higher rigidity, proved 

to be different from LPDs and PDs. Indeed, it became clear that the 

branched structure was more effective in binding interfering nucleic acid. 

In contrast to DNA complexes, lipids did not show any difference in siRNA 

packaging, both in gel electrophoresis and PicoGreen experiments. 

This behaviour was also reflected in siRNA transfection. Confocal 

microscopy was used to compare the ability to internalise and translate 

TRPM8 siRNA. This nucleic acid interferes with cell proliferation, but did not 

modulate N-Cadherin protein transcription, which is responsible for 

cytoskeletal remodelling 387. The presence of lipids did not lead to any 

improvement, as it did with DNA complexation.  

As seen in Figure 0.8, both RGen3K and TGen3K have reduced the number 

of cells compared to the negative control. This aligns with the results 

obtained in Chapter 3. Specifically, RGen3K has demonstrated its ability 

to have an anti-proliferative effect on both HER2+ and HER2- cells, and this 

pattern persists when complexed with siRNA (TRPM8 and control). RGen3K 

demonstrates a significant reduction in cell numbers, hinting at a potential 

synergistic effect induced by arginine at the base of the molecular tree, 

which may lead to apoptosis in Breast Cancer cells. Leveraging a different 

mechanism, TGen3K exhibits a similar activity in both cell types (MDA-MB-

231 and SKBR3), although to a lesser extent. This may be due to the choice 

of the target sequence, which was designed to mimic the structure of 

Trastuzumab, which binds to the HER2 receptor on the cell membrane. 

Consequently, once the sequence has recognised and bound to the 
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receptor, TGen3K is unable to be internalised and release the siRNA. In 

contrast, RGen3K, devoid of the sequence, is free to activate the anti-

proliferative pathway, and upon internalisation, it can release the siRNA 

into the cytoplasmic environment. 

However, despite a similarity in the proliferation results described in 

Chapter 3 and Chapter 5, it is evident that the RGen3K:siRNA and 

TGen3K:siRNA complexes are much more effective with both non-

overexpressing MDA-MB-231 cells and SKBR3 (HER+ cells). This difference 

may be attributed to the size of the peptides and LPR alone. In fact, the 

peptides alone have a diameter of 482 nm, whereas when complexed 

with siRNA, they reduce to approximately 80 nm. As described in other 

studies 388, size becomes a critical factor that can interfere with receptor 

target recognition and complex internalisation. 

In general, these results highlight how small peptides can have similar 

efficacy to much larger molecules like antibodies. This can be a significant 

advantage both for the pharmaceutical industry and the production of 

peptide-based materials and for patients as well. The considerably smaller 

structure simplifies synthesis and timelines, reducing the cost of the drug 

and facilitating its availability in the market. 

 

1.2.4 Nanocarriers:siRNA complexes into Alginate Microcarriers 

Microparticles have larger dimensions compared to nanoparticles and 

cannot directly transport drugs or nucleic acids into the cytoplasm due to 

their size. However, they can serve as protective carriers for nanoparticles, 

increasing the chances of internalisation 389. 

In this thesis, microfluidics was explored for the preparation of alginate 

microparticles. Alginate is a commonly used polymer in the 

pharmaceutical field due to its biocompatibility with the human body. To 



259 

 

form the gel, a cation, calcium in this case, must be released into the 

solution to initiate cross-linking. Several techniques were proposed in this 

thesis to facilitate cross-linking, and different efficiencies were observed. 

As evident in Chapter 6, various modifications were made to optimise the 

preparation of microparticles. Initially, a comparison was made between 

the traditional bulk preparation method and microfluidic preparation. As 

reported in Section 6.5, starting from a method developed at York 

University, several modifications were made to obtain microparticles more 

suitable for administration in biological tissues, making them 

biocompatible. Therefore, was eliminated the ion exchange resin, used to 

modify and monitor the release of a negatively charged molecule called 

phenol red. From the results, it emerged that the absence of the resin 

improved spherical shape of the microparticles. Furthermore, the reduced 

viscosity allowed the use of a smaller needle (from 18G to 27G). The 

absence of resin also led to reduced retention of the dye, Phenol Red, as 

visible in Figure 0.8. However, the reduced retention can still be considered 

an advantage as microparticles need to protect the cargo while allowing 

its release for therapeutic effects. Moreover, the absence of resin did not 

affect the microparticles' ability to respond to the external pH, as shown 

in Figure 0.8 and Figure 0.11. 

At the same time, the amount of phenol red was also reduced (1:100), 

making it no longer necessary to use alcohol to facilitate the solubilisation 

of the negatively charged molecule. Phenol red was crucial for visually 

determining its release from the microparticles, so it was used as a mock 

molecule to mimic the release of negatively charged molecules. Thus, it 

was used as a platform to identify improvements or deteriorations in new 

approaches introduced to make the microparticles more suitable from a 

pharmaceutical perspective." 
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Other modifications were made to improve the formulation. For example, 

an attempt was made to eliminate the calcium bath for gelation and gel 

formation. Alginate was covalently modified with the peptide RGen3K to 

introduce positive charges, allowing cations to electrochemically bind 

with alginate anions following pH changes. However, this experiment did 

not result in bead formation, possibly due to the pKa values. The 

microparticles of modified alginate with RGen3K molecules only formed in 

the presence of calcium chloride. Additionally, efforts were made to 

decrease the calcium concentration, but the results were inconclusive. 

Finally, the characterisation of microparticles produced without resin and 

using the bulk technique highlighted the limitation in size reduction. 

Despite the optimisations for microparticle preparation, it was not possible 

to achieve diameters below 1 mm. It is not entirely clear whether this large 

size is an advantage or a disadvantage. Large sizes have been shown to 

reduce blood flow, limiting nutrient supply to tumor masses 390. However, 

some studies suggest that tumors may adapt and become more 

aggressive in low-oxygen environments 391. 

Microfluidics allowed for size improvement of microparticles, with further 

room for enhancement. The first microfluidic method was designed to be 

comparable to the bulk method but in the presence of an oily phase to 

preform alginate droplets inside the microfluidic chip and allow gelation 

to occur in a calcium bath. It was demonstrated that the presence of a 

surfactant is necessary to prevent unstable droplets from aggregating. The 

surfactant improved dimensional characteristics but also rendered the 

droplets stable in the oily phase, leading to challenges during emulsion 

breaking and agglomerate formation (Section 6.4.3). The second 

microfluidic method, known as in-chip gelation, involves gelation 

occurring within the microfluidic chip, resulting in pre-formed beads 

instead of droplets. Consequently, manipulation of the emulsion during 
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phase separation in the collection bath did not lead to agglomerate 

formation, as reported in Section 6.4.2.2. Geometrical considerations were 

also found to be crucial. 

Furthermore, in-chip gelation offered stability, even for "fragile" molecules 

like nucleic acids. As observed in experiments regarding the release of 

TGen3K:siRNA, initial release was minimal, indicating that the microbeads 

effectively protected the TGen3K:siRNA complex. However, over the 

subsequent 24 hours, when the microparticles were stored under 

conditions mimicking the human body, they demonstrated the ability to 

release the nanometric complex completely. This can be considered an 

advantage in the industrial and clinical settings as it allows for a reduction 

in the amount of encapsulated drug, which would mostly be 

concentrated within the target cells. 

Microparticles have much larger dimensions compared to nanoparticles 

and cannot directly transport drugs or nucleic acids into the cytoplasm 

due to their diameter. However, they can protect nanoparticles from the 

extracellular environment, increasing the chances of internalisation. 

In this thesis, microfluidics was explored for the preparation of alginate 

microparticles. Alginate is a commonly used polymer in the 

pharmaceutical field due to its biocompatibility with the human body. To 

form the gel, a cation, in this case, calcium, must be released into the 

solution to initiate cross-linking. Several techniques were proposed in this 

thesis to create the cross-link, and different efficiencies were observed.  
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1.3 IN SUMMARY 

This project has highlighted several innovations that can benefit both 

patients and the pharmaceutical industry. First, a new molecule called 

TGen3K was synthesised, featuring a hyperbranched peptide structure 

that allows for increased therapeutic drug payload and a high number of 

positive charges capable of binding to the phosphate group of nucleic 

acids 392. To this branched structure, an hexapeptide sequence (LSYCCK) 

was added, which, as described in other studies, has been found to be 

selective for the HER2 receptor 250,251. As discussed in Chapter 3 and 5, 

significant reductions in cell numbers were observed. In this case, it was 

revealed that the peptides could activate anti-proliferative pathways 

even without any drugs attached to them. When bound to a siRNA 

molecule, the effects were further accentuated, possibly due to the 

smaller size of the complexes that allowed for effective interaction with 

the receptor. Similarly, RGen3K, a hyperbranched molecule without a 

target sequence, also showed equally interesting results. Although non-

selective, it exhibited an anti-proliferative effect on both HER2+ and HER2- 

cells when combined with siRNA. This highlighted a different pathway, one 

that, unlike TGen3K, cannot bind to the receptor and is thus free to be 

internalised, inducing the anti-proliferative effect. Consequently, 

considering future anti-tumor therapy, it would be interesting to combine 

TGen3K and RGen3K to induce a synergistic effect, given both the 

selectivity for the receptor and the non-selectivity that allows for an anti-

proliferative effect. This approach would not only target the majority of 

tumor cells that express the target receptor but also the small minority of 

tumor cells that could uncontrollably grow due to the lack of the target 

receptor. 
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Moreover, smaller molecules have a less complex chemical structure 

compared to monoclonal antibodies, which means they can be 

synthesized more quickly. The synthesis of large protein molecules like 

antibodies typically requires much longer and more complex production 

processes. The synthesis of smaller molecules usually requires less starting 

material and fewer production steps than monoclonal antibodies. This 

can result in lower production costs. 

Furthermore, the design of smaller selective molecules can be more 

flexible and adaptable to the specific needs of the application. It is easier 

to make chemical modifications to smaller molecules to optimise their 

selectivity. Additionally, they are generally more stable and easier to store 

and transport compared to antibodies, which may require stricter storage 

conditions.  

A second line of attack could also be added through the presence of 

microparticles. Thanks to the optimisations developed in this project, these 

microparticles reach sizes similar to those of blood vessels that form 

following angiogenesis around tumor masses. Consequently, the 

microparticles can block blood flow, thereby cutting off nutrient support 

and arresting the growth of the tumor mass. Simultaneously, they can 

release nanoparticles into the extracellular environment, facilitating 

recognition by the receptor or internalisation into the cytoplasm. 

This project has designed a pharmaceutical model that can target the 

tumor on multiple levels. Furthermore, preparation via microfluidics has 

enabled the production of microparticles with suitable dimensions for the 

pharmaceutical context and provides a method suitable for large-scale 

handling without cargo loss. This could lead to a significant reduction in 

production costs, adding to the numerous advantages already brought 

by microfluidics. 
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1.4 FUTURE WORK 

Several experiments can be conducted in the future. First and foremost, it 

would be interesting to perform Western blotting and PCR analyses to 

determine the actual amount of protein (N-Cadherin) produced by cells 

following transfection with the TGen3K:siRNA complex. Flow cytometry 

and/or Hoescht Propidium Iodide and Annexin V staining of the cells could 

also provide key information about any arrest of the cell cycle and of 

occurring apoptosis processes. Additionally, identifying the localisation of 

the complex after internalisation would help understand how much of it is 

internalised and how much can overcome the endosomal membrane 

barrier. This could be done using inhibitors of the different cell 

internalisation pathways to identify the one mostly responsible for the 

dendrimer/nucleic acid internalisation. 

Furthermore, testing the complexes in vivo would be necessary. Lastly, it 

would be essential to repeat the TGen3K:siRNA complex release analysis 

from the alginate microparticle polymer mesh. This would help confirm 

reproducibility and reduce intervals for supernatant collection to 

understand the release kinetics over time. in vitro tumoroid models where 

cells are tested when organised in 3D spheroid masses could also provide 

more information about the ability of the dendrimer/nucleic acid 

complexes to penetrate tumoral masses independently from the tissue 

microcirculation. 
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