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ABSTRACT 

The present study aims to develop and optimize a coated nanoformulation which allows the oral 

administration and absorption, reaching the bloodstream with integrity and functionality, thereby allying 

the advantages of oral administration and targeted therapy. 

Chitosan and poloxamer 407 were selected as the coating polymers of bovine serum albumin 

nanospheres for its mucoadhesive and mucopenetrant properties, respectively. Mucoadhesion increases 

the contact time of the particles with the intestinal epithelium, while mucopenetrance allows the 

progression of the particles through the intestinal mucosa, promoting their approach to the epithelial cells. 

Initially, the nanospheres were produced using three different emulsification methods and then coated by 

incubation with polymers solution. The formulations were characterized by their size, zeta potential and 

morphology. After which emerged the need to analyze the deposition of coatings and optimize the 

formulations in terms of concentration of the coating polymers. The use of chitosan and poloxamer 407 

as coating of nanospheres showed promising results.  

Then the nanoformulations were subjected to stability tests in simulated digestive fluids. The results 

obtained are promising since they showed diffusion of the coating polymers of protein nanospheres to 

receptors fluids, liberating the protein nanospheres to be permeated throughout the intestinal mucosa. 

On the other hand, bovine serum albumin conjugated with fluorescein isothiocyanate was not detected in 

digestive fluids, indication that the particles remained intact. However, it is necessary to develop new 

approaches to clarify these findings. 

Another of the objectives proposed for the realization of this project was the development of an analytical 

method which would unequivocally prove the absorption of the nanoformulations, since the very small 

size of the nanospheres is a limitation for the comprehension of their integrity. The results obtained with 

the developed capture assay are promising in the sense that occurred specific binding of the particle to 

the capture surface. However, the developed method still lacks coherence, and consequently emerges 

the need of optimization in order to clearly prove the results obtained. 

In conclusion, we believe that the use of chitosan and poloxamer 407 as coating polymers of nanospheres 

can mean a significant advance in the field of oral delivery and could have a high impact in the 

pharmaceutical industry. 
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RESUMO 

O presente estudo tem como objetivo desenvolver e otimizar um revestimento para nanoformulações que 

permita a sua administração oral e absorção, chegando à corrente sanguínea com integridade e 

funcionalidade, aliando as vantagens da administração oral e da terapia direcionada. 

O quitosano e o poloxamer 407 foram seleccionados como polímeros de revestimento de nanoesferas 

de albumina sérica bovina pelas suas propriedades mucoadesivas e mucopenetrantes, respectivamente. 

A mucoadesão aumenta o tempo de contacto das partículas com o epitélio intestinal, enquanto que a 

mucopenetração permite a progressão das partículas através da mucosa intestinal, promovendo a sua 

aproximação às células epiteliais. 

Inicialmente, as nanoesferas foram produzidas por três métodos de emulsificação e, em seguida, foram 

revestidas por incubação com uma solução dos polímeros. As formulações foram caracterizadas através 

do seu tamanho, potencial zeta e morfologia. Seguidamente, analisou-se a deposição dos revestimentos 

e surgiu a necessidade de optimizar as formulações em termos de concentração dos polímeros de 

revestimento. A utilização do quitosano e do poloxamer 407 como revestimento de nanoesferas 

mostraram resultados promissores. 

Por fim, as nanoformulações foram submetidas a testes de estabilidade em fluidos digestivos simulados. 

Os resultados obtidos são promissores, uma vez que mostraram a difusão dos polímeros de revestimento 

das nanoesferas de proteína para os fluidos receptores, libertando as nanoesferas proteicas de forma a 

permitir  a permeação através da mucosa intestinal. Por outro lado, a albumina sérica bovina conjugada 

com isotiocianato de fluoresceína não foi detectada nos fluidos digestivos, indicando que as partículas 

permaneceram intactas. No entanto, é necessário desenvolver novas abordagens para clarificar estas 

descobertas. 

Outro dos objectivos propostos para a realização deste projeto foi o desenvolvimento de um método 

analítico que inequivocamente prove a permeação das nanoformulações Os resultados obtidos com o 

ensaio de captura desenvolvido são promissoras no sentido em que ocorreu a ligação específica das 

partículas à superfiície de captura. No entanto, o método desenvolvido ainda carece de coerência e, 

consequentemente, surge a necessidade de optimização, a fim de clarificar os resultados obtidos. 

Em conclusão, acredita-se que a utilização do quitosano e do poloxamer 407 como polímeros de 

revestimento das nanoesferas pode significar um avanço significativo na àrea da administração oral e ter 

um impacto elevado na indústria farmacêutica.
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1.1. Oral delivery 

In recent years, the growing need for the development of new and innovative systems for drug delivery, 

has led the scientific community into an update and constant development of new strategies for the 

placement of new therapeutic molecules. Therefore, it’s necessary to take into account two factors: 

formulation approach to deliver the active molecules in the local of the therapeutic action (i.e. targeted 

drug delivery), and the choice of the most appropriate and efficient administration route for patients [1]. 

In this context, the preferred and most convenient route for drug administration is the oral route, which 

presents several advantages [2]. This route remains the favorite way to deliver drugs due to its non-

invasive nature, which means less pain, greater convenience, higher likelihood of compliance and reduced 

risk of cross-infection and needlestick injuries. All these factors contribute to better adherence to therapy 

by patients [3], [4]. 

The lack of oral options for protein and other macromolecular pharmaceutical products results in their 

limited commercial use, as well as serious clinical development tradeoffs [5]. In the 1920s the discovery 

of insulin and heparin was the main stimulus of research to create orally active drugs from products that 

were otherwise only injectable. Insulin, a protein discovered by Banting and Best in Canada in 1921 [6], 

became the first drug of protein source widely used by injection. As a result, it also became the model 

compound for research into the oral delivery of macromolecules [5]. Heparin is a mucopolysaccharide 

discovered by McLean in 1916 [7]. Although not so used clinically as insulin, due in large part to its 

injection-only delivery, heparin has been intensively studied and has proven to have many important 

potential clinical uses, which expanded progressively as a result of the introduction of new formulations 

that enable the number of injections to be reduced [5]. 

Nevertheless, the oral route isn’t the most efficient for peptides and proteins since they remain poorly 

bioavailable due to their low mucosal permeability and lack of stability in the gastrointestinal (GI) 

environment, resulting in degradation of the compound prior to absorption [4]. 

This route of administration continues to present a significant challenge and represents the focus of many 

pharmaceutical researchers. The development of an effective oral delivery system for proteins and 

peptides requires the knowledge of their physicochemical properties, such as molecular weight, 

hydrophobicity, ionization constants and pH stability, as well as understanding the biological barriers that 

restrict protein and peptide absorption from the GI tract, including pH variability, enzymatic degradation, 

and membrane efflux [8]. 
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Several strategies have been developed in order to improve the bioavailability, ranging from changing 

physicochemical properties, or modifying lipophilicity and enzyme susceptibility, to adding novel 

functionalities using transport-carrier molecules which are recognized by endogenous cellular transport 

systems in the GI tract [9]. 

This work allows an approach of the most important aspects in regard to the development of an effective 

system of administration of drugs through the oral route. Nanocarriers may provide an alternative solution 

for oral administration of poorly soluble drugs, since they can improve drug absorption through the GI 

mucosa, either by increasing membrane permeability to the drug and/or carrier or by inhibiting drug 

efflux transporters in the GI mucosa. They can increase their cellular contact, due to their higher surface-

to-volume ratio, thus increasing bioavailability [10]. Thus, the use of nanosystems shows a promising 

alternative for improving the oral delivery of drugs. 

1.2. The intestinal epithelium 

The GI tract is extremely important, since it ensures to the body nutrients essential to life. The small 

intestine will be the focus of this work, since it corresponds to the site of election for nutrients and drugs 

absorption. 

The intestinal epithelium is the largest of the body’s mucosal surfaces, covering about 400 m2 of surface 

area with a single layer of cells organized into crypts and villi [11]. Intestinal epithelium is mainly 

constituted of enterocytes and goblet cells. Enterocytes control the passage of macromolecules and 

pathogens, while at the same time allow the digestive absorption of dietary nutrients. Goblet cells secrete 

the mucus gel layer, a viscous fluid composed primarily of highly glycosylated proteins (mucins) 

suspended in a solution of electrolytes, essential for the prevention of the passage of inflammatory and 

infectious agents [4], [12]. 

The intestinal branch of the immune system is organized in lymphoid nodules and is called MALT 

(mucosa-associated lymphoid tissue). This lymphoid tissue is dispersed through the intestinal mucosa, 

individually or aggregated into Peyer’s patches, where particular cells, named M cells, are revealed (Figure 

1). M cells are mainly located within the epithelium of Payer’s patches, and form the follicle associated 

epithelium (FAE), which is also composed of enterocytes and few goblet cells. M cells deliver samples of 

foreign material from the lumen to the underlying MALT in order to trigger immune responses. They are 

specialized in antigen sampling but are also a potential portal for oral delivery of peptides and proteins 
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since they possess high transcytotic capacity and are able to transport a broad range of materials, 

including nanoparticles [4], [13]. 

 

 

Figure 1 – Schematic transverse sections of Peyer’s patch lymphoid follicle and overlying follicle-associated 
epithelium (FAE), depicting M cell transport of particulate delivery vehicles. The general structure of intestinal 
mucosa-associated lymphoid tissues (MALT) is represented by the schematic transverse section of a Peyer’s patch 
lymphoid follicle and associated structures in (A). The FAE is characterized by the presence of specialized antigen 
sampling M cells (B). Adapted from des Rieux et al. [4]. 

1.2.1. Intercellular junctions 

Epithelial cells are polarized and adhere to each other and to the extracellular matrix through specialized 

adhesive complexes, called junctions [14]. These intercellular junctions have a key role for the biogenesis, 

maintenance and function of epithelia. They mediate adhesion and provide mechanical strength, restrict 

diffusion across epithelia and contain crucial components of the signalling pathways that regulate 

epithelial proliferation, polarization and differentiation [15], [16]. 

In vertebrates, epithelial cells are joined to each other by three major classes of intercellular junctions: 

anchoring, tight and gap junctions [14] (Figure 2). 
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Figure 2 – Electron micrograph of a thin section of intestinal epithelial cells, showing relative locations of the 
different junctions. Adapted from Lodish et al. [14]. 

 

Anchoring junctions (desmosomes, hemidesmosomes and adherens junctions) and tight junctions (TJs) 

accomplish the key task of holding the tissue together. TJs are found primarily in epithelial cells, whereas 

adherens junctions can be found in both epithelial and non-epithelial cells. These junctions are organized 

into three components: adhesive proteins in the plasma membrane that connect one cell to another cell 

on the lateral surfaces (CAMs – cell adhesion molecules) or to the extracellular matrix on the basal 

surfaces (adhesion receptors); adapter proteins, which connect the CAMs or adhesion receptors to 

cytoskeletal filaments and signaling molecules; and the cytoskeletal filaments themselves. TJs also control 

the flow of solutes through the extracellular spaces between the cells forming an epithelial sheet [14]. 

Desmosomes and hemidesmosomes are important in maintaining the integrity of skin epithelia [14]. 

Desmosomes are found all along the lateral membrane and form distinct complexes which are linked to 

the actin cytoskeleton and intermediate filaments [15]. Hemidesmosomes found mainly on the basal 

surface of epithelial cells, anchor the epithelium to components of the underlying extracellular matrix. The 

close interaction between these junctions and the cytoskeleton helps transmit shear forces from one 

region of a cell layer to the epithelium as a whole, providing strength and rigidity to the entire epithelial 

cell layer. Adherens junctions are also linked to cytoskeletal filaments of the microfilament type and 
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located near to the apical surface, below de TJs. A circumferential belt of actin and myosin filaments in 

a complex with the adherens junctions functions act as a tension cable which internally brace the cell and 

thereby control its shape [14], [17]. 

The third class of junctions, the gap junctions, permits the rapid diffusion of small hydrophilic molecules 

between the cytoplasm of adjacent cells. Along with anchoring and TJs, gap junctions share the role of 

helping the cell communicate with its environment. However present in the epithelium, they are abundant 

in non-epithelial tissues and structurally very different from anchoring junctions and TJs [14]. 

1.2.2. Transport across the intestinal epithelium 

Passive absorption of drugs and peptides can theoretically cross the intestinal epithelium by the 

paracellular route (between adjacent cells) and the transcellular route (through the cells), being the later 

the most explored (Figure 3). 

The paracellular route  is limited, first of all, by the very small surface area of the intercellular spaces and, 

in second place, by the tightness of the junctions between the epithelial cells [4], mainly by the TJs. Under 

steady-state conditions, these highly regulated structures allow the diffusion of ions (mostly cations) and 

inert molecules of small size (molecular weight (MW) < 600 Da), like mannitol and lactulose Nevertheless, 

paracellular permeability can be increased in various pathological situations in which molecules of higher 

MW can diffuse nonspecifically across the epithelial layer [18]. 

Transcellular transport involves endocytosis/exocytosis (transcytosis) mechanisms mediated or not by 

membrane receptors. Transcytosis is the transport of macromolecular cargo from one side of a cell to 

the other within a membrane-bounded carrier. A variety of cell types use this transport process, with 

different carriers and mechanisms that have evolved to carry it out, and the cargo moved by it is diverse. 

Transcytosis occurs in epithelial tissues, which form cellular barriers between two environments. In this 

polarized cell type, net movement of material can be in either direction, apical to basolateral or the 

reverse, depending on the cargo and particular cellular context of the process [19]. 

The two epithelial cells participating in transcytosis in the intestine are M cells and enterocytes. The 

transcellular transport of large particles (MW > 600 Da), including microbes, has been traditionally 

attributed to M cells. In intestinal cells transcytosis is a branch of the endocytic pathway, with cargo being 

internalized via receptor-mediated (clathrin) mechanisms and progressively sorted away from internalized 

material destined for other cellular destinations. Transcytotic mechanisms evolved according to the 
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particular cellular context. Furthermore, they illustrate that cargo in the transcytotic pathways seems able 

to avoid degradation in lysosomes [19]. 

 

 

Figure 3 – Particle transport across epithelial cells. Particles can be transcytosed by normal enterocytes (1) as well 
as by M cells (4). They can reach the basal pole by passive diffusion (2) or by paracellular transport (3). Adapted 
from des Rieux et al. [4]. 

1.3. Barriers to oral administration of drugs 

Drugs are absorbed after oral administration as a consequence of a complex array of interactions between 

the drug, its formulation and the GI tract. The GI tract represents a hostile environment for any drug. 

1.3.1. The effect of pH of the gastrointestinal tract on drug absorption 

The human stomach contains approximately one billion parietal cells that produce hydrochloric acid. To 

balance this acidic secretion, the exocrine pancreas releases a high-volume aqueous secretion containing 

bicarbonate ion and a low-volume aqueous secretion containing digestive enzymes. There is one liter of 

pancreatic fluid secreted daily into the duodenum, with the alkaline component. Thus, along the GI tract, 

the pH varies between about 1.7 in the stomach, 2.4 to 6.8 in the duodenum and 6 to 7 in the jejunum 

[20]. 

For ionic drugs, the fraction available for absorption may be altered by changing pH values. Drugs 

absorbed by a passive, transcellular mechanism are predominantly absorbed in their non-ionized form, 

so the pH in the intestinal lumen relative to the pKa of the drug is an important determinant of the 

absorption rate. A weak base would be best absorbed at pH values above the pKa, whereas a weak acid 
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would be best absorbed at pH values below the pKa, providing there are no solubility limitations. 

Therefore, the half-maximal rate of absorption occurs at pH values close to their pKa [20]. 

The dissolution and absorption of weakly acidic and basic drugs can be influenced by the pH differences 

in the contents of the upper GI tract between fed and fasted states. The dissolution rate of weak bases is 

greater in gastric fluids than in the intestine in the fasted state, whereas the dissolution of weak acids is 

at a minimum in the stomach and increases as undissolved drug is transported to the less acidic regions 

of the intestine. Therefore, elevation of gastric pH following a meal may enhance the dissolution of a weak 

acid in the stomach but inhibit that of a weak base. After a meal, food inhibits the rate of gastric emptying; 

prolonged retention in the stomach may increase the proportion of drug that dissolves prior to passage 

into the small intestine. So the class of drugs most vulnerable to pH-related changes are poorly water-

soluble weak bases [20]. 

The challenge is to identify the potential physicochemical basis for food-enhanced bioavailability of 

particular drugs and use it as a starting point to prospectively develop better oral formulations [20]. 

1.3.2. Enzymatic degradation 

One of the major obstacles in the oral administration of drugs is the proteolytic activity in the GI tract. 

Most macromolecules, especially proteins and peptides, are susceptible to rapid degradation by digestive 

enzymes before absorption [21]. 

Proteolysis begins in the stomach in the presence of pepsin and extends throughout the small intestine 

by the action of pancreatic proteolytic enzymes and peptidases of the intestinal mucosa. The most 

relevant pancreatic proteases involved are the serin endopeptidases trypsin, -chymotrypsin and elastase 

and also the exopeptidases carboxypeptidase A and B [21]. 

One possible strategy to avoid proteolytic degradation involves the use of co-administration of enzymatic 

inhibitors, as has been demonstrated in several studies [21], [22]. However, the use of enzyme inhibitors 

in long-term therapy was not very successful, since it is associated with toxic effects and direct damage 

to the intestinal mucosa. Moreover, the inhibitory action itself can cause disorders, stimulating the 

secretion of the proteases via a negative feedback mechanism. Consequently, the risk of many toxic 

effects is too large [23]. 

Because the mucous membranes are resistant to penetration to most peptides and proteins, co-

administration with absorption enhancers is another viable alternative. This class of molecules may act 
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through different mechanisms of action, including solubilization of protein/peptide aggregates, inhibition 

of the proteolytic digestive enzymes and reduction of drug-mucus interaction. Hence, these strategies 

result in an increase of the bioavailability of the drugs. However, the use of absorption enhancers is limited 

by frequent changes in the mucosa, which includes membrane protein removal, cell loss, excessive 

secretion of mucus, besides the risk of systemic toxicity resulting from the absorption of these agents 

[24]. 

The chemical modification of peptides with conversion to prodrugs transforms them into more lipophilic 

compounds than the original molecule. These prodrugs provide enhanced protection against proteolytic 

degradation and, after absorption, they are able to revert  to the original peptide by a spontaneous reaction 

catalyzed by non-specific enzymes [24], [25]. 

Another possible strategy to protect the drug from enzymatic degradation is their encapsulation in 

particulate systems. These systems have to be resistant to degradation in the GI tract to protect the drug 

molecules and also must be absorbed with high efficiency to be therapeutically effective [26]. After oral 

administration, particle absorption can be performed through the M cells of Peyer's patches and also by 

the enterocytes. Chitosan (CS) is a natural polysaccharide that might have the potential to be used in the 

construction of these particles, since it induces the opening of TJs located between epithelial cells, 

resulting in an increase in paracellular permeability [27].  

1.3.3. Gastric emptying and intestinal motility 

After oral administration, the rate and extent of drug absorption can be affected by the residence time of 

the drug in the stomach and along the intestine. In turn, the residence time is dictated to large extent by 

gastric emptying and gastrointestinal motility [28]. 

Drug absorption at the stomach is very slow whereas absorption at the upper small intestine is usually 

rapid, because it has a much greater surface area [29]. For a drug absorbed predominantly at the small 

intestine, the rate of gastric emptying will determine the time taken to reach the absorption site and thus 

influence its rate of absorption [30]. For drugs with a high water solubility, dissolution is fast and is most 

likely not a rate-limiting factor to drug absorption, as opposed to fewer water soluble drugs, which are 

absorbed in distal sites of the intestine [28]. So, a delay in gastric emptying time for the drug to reach 

the duodenum will slow the rate and possibly the extent of drug absorption.  



 

11 

GI motility can be modified with the use of drugs such as dopamine. A study carried out by Dive et al. 

[31] aimed to study the effect of dopamine on GI motility in mechanically ventilated patients. This study 

proved that the administration of dopamine produced changes in the antral contractions, mainly causing 

a decrease of the contractions during the fasting period. Thus, low-dose dopamine adversely affects 

gastroduodenal motility in mechanically ventilated critically ill patients. 

1.4. Use of nanoparticles as drug delivery vehicles 

One of several proposals to promote oral bioavailability is the protein association with colloidal carriers. 

These nanocarriers have evolved to allow the incorporation of sensitive and poorly water-soluble drugs, 

being able to resist the severe GI environment and dissolve in GI fluids. There are various colloidal carriers 

such as liposomes [32], [33], polymeric [34], [35] and lipid nanoparticles [1], [36], nanoemulsions [37], 

micelles [2], [38], among others. In relation to the aforementioned systems, nanoparticles are the ones 

that offer more advantages. 

The first nanoparticles for pharmaceutical applications, at that time called nanoparts, were synthesized 

by Birrenbach and Speiser in the 1970s [39]. However, materials and preparation as well as analytical 

techniques had to be optimized or even newly developed to suit the high demands of a pharmaceutical 

application. 

Nanoparticles are solid systems based on polymers or other materials, biodegradable or not, with 

dimensions in the nanometer range (1 to 100 nm) and that work as a vehicle for drugs, providing 

protection against chemical and enzymatic degradation [40]. Polymeric nanoparticles are carrier systems 

that comprises two specific types regarding to their structure: nanospheres and nanocapsules. The 

nanospheres are systems that have a structure matrix type, allowing drugs to be adsorbed to the surface 

of the nanosphere or encapsulated therein, homogeneously or heterogeneously. Nanocapsules are 

vesicular systems in which the drug is confined to a cavity surrounded by a unique polymer membrane, 

which may be located in the core, dissolved or suspended, or adsorbed to the surface [41], [42]. 

The nanoparticles are more stable in the GI tract when compared to other colloidal carriers such as 

liposomes. The use of different polymers allows the modulation of physicochemical and drug release 

properties and consequently the biological behavior. The nanoparticle surface can be easily modified by 

adsorption or chemical grafting of certain molecules such as poly(ethylene glycol), poloxamers and lectins 
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[43]. The major goal in designing nanoparticles as a delivery system is to control particle size and surface 

properties, and increase their intestinal permeation [44]. 

As already mentioned, several bionanotechnology products have been developed, particularly in the field 

of medicine, called nanomedicine, mainly allowing diagnosis and monitoring of cancer treatment. 

Accordingly, there are numerous therapy systems (liposomes [45], albumin nanoparticles [46], polymeric 

nanoparticles [47], among others) approved by the United States Food and Drug Administration (FDA). 

In the area of imaging the only approved are iron oxide nanoparticles [48]. 

In 1995, DOXIL became the first therapeutic nanomedicine to reach commercialization with the FDA 

approval of doxorubicin liposomes. Through the encapsulation of doxorubicin, the liposome technology 

changes the pharmacokinetics and dynamic profile of the free drug, allowing longer circulation half-life 

and higher tumor concentration of doxorubicin. DOXIL enhanced the therapeutic index of doxorubicin by 

reducing its cardiotoxicity and demonstrated efficacy in taxane-/platinum-resistant ovarian cancer [45]. 

Nanoparticle albumin-bound (NabTM) technology became the second class of therapeutic nanomedicines 

to be commercialized. In 2005, FDA approved Abraxane (Nab-paclitaxel), which demonstrated high tumor 

response rates and longer times to tumor progression among metastatic breast cancer [46]. 

Other nanomedicine system marketed was polymeric micelles, with the approval of Genexol-PM in 2007, 

which avoided the concomitant use of the toxic Cremophor in breast cancer treatment [47]. 

Iron oxide nanoparticles show remarkable advantages such as biocompatibility and stability, in addition 

to biodegradability, which has contributed to its wide use in biomedical applications [49], [50]. These 

nanoparticles are capable of generating heat when subjected to a magnetic field change due to power 

loss during the degaussing process. This property is essential for hyperthermia applications in which it is 

necessary to apply heat in a specific area of the body [50]. 

Currently, superparamagnetic iron oxide nanoparticles are commonly used in biomedical applications, 

for controlled release of drugs, hyperthermia, imaging, magnetic resonance imaging, gene therapy and 

regenerative medicine [51]. They consist on iron oxide cores which, when injected into the body, can 

achieve a certain "target zone" by applying external magnetic fields [52].  

Each class of nanoparticles clinically validated, made sufficient progress, demonstrating safety and 

efficacy. However, each has unique limitations and there are some aspects that should be taken into 

account during its formulation. 
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1.5. Polymers used as drug delivery vehicles 

1.5.1. Chitosan  

Chitosan (CS) is a polymer which has increasingly captured the attention of the scientific community due 

to its unique properties and applicability at biological and biomedical levels, and for that has been widely 

used in nanoformulations [53]. CS displays interesting properties such as biocompatibility, 

biodegradability, non-toxic, antibacterial activity, wound healing properties and easy accessibility, which 

attracts a lot of attention regarding to this polymer [54], [55], [56]. 

1.5.1.1. Chitosan molecular structure and properties 

CS was first discovered in 1859 by Rouget when he boiled chitin in a concentrated potassium hydroxide 

solution, resulting in the deacetylation of chitin [57], but only later, in 1894, Hoppe-Seyler named that 

compound as CS [58]. However, it was in 1950 that the structure was determined by Roelofsen and 

Hoette [59]. 

Nowadays, this polymer is still obtained from the alkaline deacetylation of chitin, the second most 

abundant natural biopolymer after cellulose, which can be found in abundance in crustaceans, insects 

and some fungi. But the main source of this polysaccharide come from sea food processing industries 

[60], [61]. Non-edible material (i.e. husks, shells, and others) is, in most cases, considered waste and 

discarded in the process of transformation, which makes its the acquisition economic and reliable, 

especially if it includes the recovery of carotenoids. The shells contain considerable quantities of 

astaxanthin, a carotenoid that has so far not been chemically synthesized, and which is marketed as a 

fish food additive in aquaculture [54].  

Chemically, CS is a linear, semi-crystalline polysaccharide composed of N-acetyl glucosamine (2-

acetamido-2-deoxy-D-glucan) and glucosamine (2-amino-2-deoxy-D-glucan) units linked by (1→4)- 

glycosidic bonds [62] (Figure 4). The ratio of glucosamine to N-acetyl glucosamine in polymeric chains is 

reported as the degree of deacetylation [63]. 
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Figure 4 – Chemical structure of chitin and CS. Adapted from Tran et al. [55]. 

 

CS is a weak base with a pKa value of the D-glucosamine between 6.2 and 7.0 and, consequently, is 

insoluble at neutral and alkaline pH values. However it is soluble in acidic medium where the amine 

groups from the N-acetylglucosamine moieties are protonated and the polymer acquires a positive charge 

[64]. The primary amino groups, mainly at the 2-position of the glucosamine subunits, confers a high 

charge density and allows the formation of salts with acids and strong interaction with negative surfaces 

[65]. Also, they are accessible to the occurrence of chemical reactions, making possible derivatizations 

that change the physicochemical properties of CS. 

Chemical features such as degree of deacetylation and molecular weight of CS affect the chemical and 

biological properties of the polymer [66]. The term CS is used to describe a series of CS polymers with 

different molecular weights (50 kDa - 2000 kDa), viscosity (1% CS in 1% acetic acid, <2000 mPa.s), and 

degree of deacetylation (40%-98%) [61].  

1.5.1.2. Effect of molecular weight and degree of deacetylation 

Two fundamental parameters determine the physicochemical properties and consequently the specific 

applications of chitosan, which are the degree of deacetylation and the molecular weight. These 

parameters allow the researchers to formulate different grades of CS considering the final application 

[67]. 

Regarding the production of CS nanoparticles, there is a relationship between polymer molecular weight 

and particle size. Therefore, the lower the polymer molecular weight, the lower the mean particle size. 
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This decrease in mean size can be associated with the fact that the polymer chains are shorter. On the 

other hand, the zeta (ζ) potential of CS nanoparticles is dependent on the CS molecular weight and degree 

of deacetylation, since it is influenced by the distribution of the amine functional groups by the surface 

area of the particle, affecting the charge. Biologically, the cellular uptake of CS nanoparticles is affected 

by the ζ potential, wherein the smaller the ζ potential of particle, the lower the cellular uptake [68]. On 

the other hand, decreasing the degree of deacetylation of the polymer, there is a decrease in cytotoxicity 

of CS nanoparticles. However, there is no significant correlation between the cytotoxicity with the 

molecular weight of CS [68]. 

The viscosity of CS solution increases with an increase in CS concentration and degree of deacetylation 

and decreases with increase in temperature. The ratio of viscosity increase with increasing degree of 

deacetylation is due to different conformations of CS molecules according to the degree of deacetylation. 

For a lower degree of deacetylation, CS approximate to a coiled molecule with low flexibility, whereas for 

a higher degree of deacetylation CS appears to have an extended conformation with a more flexible chain 

[69]. 

Some authors propose the classification of the CS based upon the solubility in aqueous acetic acid (in a 

solution of acetic acid 1% or 0.1M). Solubility is a difficult parameter to be monitored and is directly related 

to deacetylation, ion concentration, pH, nature of the acid used for protonation and the distribution of the 

acetyl groups along the chain, as well as, the extraction and drying conditions polysaccharide [70]. 

1.5.1.3. Chitosan applications 

Due to its properties already mentioned, CS has many applications. Several studies have been developed 

focusing on the use of this polymer as the carrier for controlled drug delivery and other 

biomedical/pharmaceutical applications. 

In the last decades it has been described the use of CS coupled to controlled drug delivery systems, 

having a high impact and use by the pharmaceutical industry [71]. These systems may take the form of 

tablets, microspheres/microparticles, micelles, hydrogels, nanoparticles among others [72]. Controlled-

release dosage forms enhance the safety, efficacy and reliability of drug therapy. They regulate the drug 

release rate and reduce the frequency of drug administration to encourage patients to comply with dosing 

instructions [73]. These properties, together with the safe toxicity profile, make chitosan an exciting and 

promising material for pharmaceutical applications including oral, parenteral, nasal or ocular, in gene 
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therapy and as a hydrogel system associated with other polymers [71]. For this work, it is of utmost 

importance to recognize and verify the ability of chitosan as a carrier of compounds by oral route. 

CS has specific chemical characteristics which make it an interesting polymer for oral formulations. CS 

has -OH and -NH2 groups that can give rise to hydrogen bonds and in its linear state expresses a sufficient 

chain flexibility, which is highly dependent on ionic strength. Besides, the cationic polyelectrolyte nature 

of this polymer could provide a strong electrostatic interaction with mucus or a negatively charged 

mucosal surface, which makes CS into a mucoadhesive substance [74]. The mucoadhesion property was 

well demonstrated in previous studies. Illum et al. [75] were the first to demonstrate that CS was able to 

promote transmucosal absorption in the nasal epithelium of small polar molecules and peptide and 

protein compounds. Moreover, Artursson et al. [76] published results showing that CS improve the 

intestinal transport by increasing the paracellular permeability of a cell line of human intestinal epithelial 

Caco-2 (colorectal adenocarcinoma). Hence, CS is able to interact with the tight junctions and to promote 

their opening, allowing the paracellular permeation of hydrophilic macromolecular drugs [77]. 

1.5.1.4. Chitosan mechanism of action on the intestinal permeability modification 

An investigation carried out by Yeh et al. [27] allowed to evaluate the effect of CS on the integrity of 

epithelial TJs. In this study the opening and closing of TJs were evaluated by measuring the transepithelial 

electrical resistance (TEER). The effect of CS in enhancing the intestinal paracellular transport was 

investigated in Caco-2 cells monolayers. Therefore, a reduction of TEER was detected in the presence of 

CS, returning to near control values after its removal. So, CS can transiently and reversibly open the TJs 

between Caco-2 cells, thus enhancing the permeability of paracellular route [27]. 

To further investigate if reversible TJ opening causes specific cellular events with regard to the TJ integrity, 

the levels of genes and proteins forming the intercellular structure of the TJs were evaluated, because 

their alteration could contribute to TJ disruption [27]. Six TJ-related genes were selected for analysis: 

RAC3 (ras-related C3 botulinum toxin substrate 3) and ROCK1 (rho-associated, coiled-coil-containing 

protein kinase 1), which encode the regulatory proteins; ACTN1 (alpha-actinin-1) and MYL9 (myosin 

regulatory light polypeptide 9), which encode the cytoskeleton proteins; and CLDN1 (claudin 1) and 

CLDN4 (claudin 4) which encode the transmembrane proteins.  The actin cytoskeleton has a crucial role 

in the regulation of TJs through direct interactions between the actin cytoskeleton and certain TJ 

components such as CLDN1 and CLDN4. These TJ transmembrane proteins are involved in forming the 
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seal between adjacent cells and are necessary for the formation of structural support for the TJ and signal 

transduction [15], [27]. In the investigation carried out by Yeh et al. [27], it was found that minimal or no 

changes in the gene levels were detected in the presence of CS with the exception of CLDN4. In this case, 

it was noted a significant increase in CLDN4 expression at 1h after CS removal. Subsequently, the over-

expression of CLDN4 gene decreased gradually and returned back to the level of control cells. These 

results suggest that CLDN4 plays a significant role in the recovery of TJs in CS-treated cells [27]. 

1.5.2. Poloxamer 407 

Poloxamer block co-polymers have been introduced in 1950s and have been used for diverse 

pharmaceutical applications, covering a large range of presentations (liquids, pastes and solids). They 

are registered under various commercial names such as Pluronic®, Synperonic® or Tetronic®. 

Poloxamer 407 (P407) is principally available in the registered trademark of Pluronic F127® and 

Synperonic F127® [78]. 

1.5.2.1. Poloxamer 407 molecular structure and properties 

P407 belongs to a class of non-ionic surfactants, that consists of ethylene oxide (EO) and propylene oxide 

(PO) blocks arranged in a triblock structure EOa-POb-EOa (Figure 5). This molecule is synthesised by 

sequential polymerization of PO and EO monomers in the presence of sodium hydroxide or potassium 

hydroxide. The reaction is initiated by polymerization of the PO block followed by the growth of EO chains 

at both ends of the PO block [78], [79]. P407 has a mean molecular weight of 12.600 Da (9.840-14.600 

Da), with blocks of EO repeated 101 times (a-101) and blocks of PO repeated 56 times (b-56)  [78], [80]. 

 

 

Figure 5 – Chemical structure of Poloxamer 407. Adapted from Rowe et al. [81]. 
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This polymer shows thermoreversible properties, which present great interest in optimizing drug 

formulation. The phenomenon of thermogelation is reversible and is characterized by a sol-gel transition 

temperature ( �→���). Below to this temperature the sample remains fluid allowing a comfortable and 

precise delivery, whereas above this transition temperature the solution becomes semi-solid according to 

the increment of the local temperature. The thermogelation properties result from interactions between 

different segments of the copolymer.  [82]. 

1.5.2.2. Poloxamer 407 applications 

In a study carried out by Sharma et al. [83], polymeric nanoparticles were produced using P407 as 

surfactant. Surfactants or stabilizers are usually involved in the process to modify the surface properties 

and to impart stability to nanoparticles. Thus, the presence of P407 in the initial mix used for production 

allowed the formation of smaller droplet by increasing the interfacial stability of nanoparticles. With 

decrease in concentration of P407, occurs the formation of larger size nanoparticles. The possible reason 

for that could be the reduced interfacial stability resulting from insufficient amount of surfactant, leading 

to aggregation of nanoparticles [83], [84]. 

New trends suggest the combination of P407 with mucoadhesive polymers in order to significantly 

reinforce bioadhesive properties. Combination with mucoadhesive polymers led to enhanced 

solubilisation of poorly water-soluble drugs and prolonged release profile for many applications (i.e., oral, 

rectal, topical, ophthalmic, nasal and injectable preparations) [78]. 

1.5.3. Chitosan and poloxamer 407 coated formulations 

One strategy to overcome the mucus barrier and consequently reach the cell membrane of the intestinal 

epithelium is to administer modified particles using cationic and hydrophilic nonionic polymers, with 

mucoadhesive and mucopenetrating properties, respectively.  

As it was mentioned, the use of mucoadhesive polymers, as in the case of CS, allows the interaction with 

the TJs and induce their opening, enhancing the permeability of paracellular route. However, the mucus 

produced by the intestinal epithelium is a physical barrier for CS to reach the surface of enterocytes. So, 

the use of components with mucopenetrating properties that are able to cross the mucus layer would 

work as adjuvant in order facilitate the TJs opening inducer to reach the cell membrane of the intestinal 

epithelium.  
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A study carried out by Chen et al. [85] allowed to investigate the differences between mucoadhesive and 

mucopenetrant liposomal systems in the oral delivery of a poorly soluble drug. Thus, the authors showed 

that, two hours after oral administration of the different liposome formulations, the chitosan-coated 

liposomes (CS-Lip) mainly remained in the upper portion of the intestinal tract. They also detected strong 

duodenal green fluorescence signals, whilst the intensity was sharply decreased in jejunum and ileum. 

This strong green fluorescence was located on the luminal side of the intestinal tract instead of penetrating 

into the mucosa. The transport of CS-Lip through the GI tract may have been retarded by the 

mucoadhesive properties of chitosan, since CS tends to lose its charge and precipitate from solution in 

neutral and basic environments, as evidenced by the results from tests in fluids. Regarding to liposomes 

modified with P407 (F127-Lip), these were observed throughout the intestinal tract at the mucus layer 

side, from the duodenum to the ileum. It was also observed green fluorescence deep within the intestinal 

mucosa, close to the basolateral side. These evidences can prove the excellent mucopenetrating 

characteristic of these type of liposomes [85] (Figure 6). 

Through this study, one can conclude that CS has limited mucopenetration which would lead to low drug 

absorption, due to the fact that CS is a weak base that tends to lose its charge and precipitate from 

solution in neutral and basic environments. In addition, liposomes modified with P407 showed the best 

mucopenetration properties and improved drug transportation to tissue, indicating that it was a more 

promising oral drug delivery vehicle. Once GI tract mucus represents a barrier to the diffusion of large or 

hydrophobic molecules, the liposome surface properties proved to be extremely important determinants 

of retention profiles in the GI tract for drug absorption [85]. 
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Figure 6 – Typical confocal laser scanning microscopy photographs of duodenum, jejunum and ileum of the rat 
intestine 2h after intragastric administration of liposomes (Lip), liposomes modified with poloxamer 407 (PF127-
Lip) and chitosan-coated liposomes (CS-Lip). Adapted from Chen et al. [85]. 

 

Combining CS and P407 characteristics in a formulation for oral administration becomes an added value 

in this area. The mucoadhesion, mucopenetration, opening of TJs and the biocompatibility of both 

polymers are some of the features that overcome the obstacles presented by the oral route of 

administration of a poorly soluble drug. 
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2.1. Thesis motivation 

Nanotechnology has become an important and quickly evolving area of biomedical research with 

important implications for medical practice. 

The development of a coated nanoformulation which allows oral administration and absorption, reaching 

the bloodstream with integrity and functionality, will allow allying the advantages of oral administration 

and targeted therapy. However, this route of administration presents some difficulties, in particular, the 

barrier of the stomach (acid pH, proteolytic enzymes and gastric emptying) and intestinal (motility and 

mucus) environments. 

Thus, the use of chitosan and poloxamer 407 as coating polymers of protein nanospheres of bovine 

serum albumin (BSA) for their mucoadhesive and mucopenetrants properties, respectively, can be the 

solution to overcome the barriers encountered from the administration of the formulation until the drug 

to produce its effect at the cellular level. However, a balance between mucoadhesion and 

mucopenetration must be achieved in order to allow the coated particle to reach the intestinal epithelium 

and pass through the paracellular route without undergoing any degradation or modification of their 

surface and structure. Once in the bloodstream, the surface-decorated nanospheres will follow their route 

to reach the target cells and release the drug (Figure 7).  

In a previous work, chitosan and poloxamer 407 were chosen as mucoadhesive and mucopenetrant 

polymers [86]. Also, the rationale for the use of chitosan includes its reversible effect on the opening of 

tight junctions, which will favor the permeation of the nanoformulations by the paracellular route, avoiding 

the endosomal degrading pathways. Preliminary results indicated that the developed nanoformulations 

underwent partial intestinal permeation, but optimization in terms of concentration of the coating 

polymers is necessary. Another major problem was the unavailability of an analytical method which 

unequivocally prove the absorption of the nanoformulations, since the very small size of the nanospheres 

(≈ 100 nm) is a limitation for the comprehension of their integrity. 
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Figure 7 – Scheme of the research aims to be developed with the coating of nanoformulations with the polymers 
CS and P407. Scheme developed and ceded by Dr. Joana Cunha. 

2.2. Research aims  

For the development and implementation of this work the following specific aims were defined: 

1) Optimization of the mucoadhesive and mucopenetrant nanoformulations: 

i) Production of the BSA nanoemulsions; 

ii) Coating of the nanospheres with several chitosan solutions (different molecular weight and 

deacetylation degree) and poloxamer 407; 

iii) Functionalization of the coating polymers with fluorophores; 

iv) Physicochemical characterization of the nanoformulations (size, polydispersity index, zeta 

potential, morphology). 

 

2) Stability studies in simulated digestive fluids: 

i) Assessment of the size of nanoparticles and its degradation when incubated in simulated 

conditions of the gastrointestinal tract (stomach, duodenal, and intestinal enterocytes of intercellular). 

 

3) Absorption assays 

i) Detection of the permeated nanospheres (development of an analytical method).
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3.1. Production of nanoformulations 

3.1.1. Preparation of nanospheres by double-stage high pressure homogenization 

The preparation of nanospheres (NS) was achieved by nanoemulsion using a high pressure homogenizer 

(APV-2000™, Denmark). The method involves the emulsification of bovine serum albumin (BSA) (10 

mg/mL) (Sigma-Aldrich, Spain), previously dissolved in phosphate buffered saline (PBS, pH 7.4), 

Poloxamer 407 (P407) (5 mg/mL) (Sigma-Aldrich, Spain) and vegetable oil (0.5% v/v) in a final volume 

of 100 mL. The mixture was subjected to 26 cycles of double homogenization at 240 and 580 bar and a 

flow rate of 200 mL/min. At the end, the unincorporated free protein was removed from the resulting 

nanoemulsion by centrifugation at 5000 g during 30 minutes, using membranes with 100 kDa pore (100 

kDa MWCO Amicon, Millipore, Spain) [87]. 

3.1.2. Preparation of nanospheres by single-stage high pressure homogenization 

NS were also produced by nanoemulsion using a single-stage high pressure homogenizer (EmulsiFlex-

C3, Germany). The same components and ratio were used (BSA 10 mg/mL, P407 5 mg/mL and 

vegetable oil 0.5% v/v) in a final volume of 10 mL in PBS. The mixture was subjected to 30 cycles of 

homogenization at 1500 bar and a flow rate of 40 mL/min. The resulting emulsion was centrifuged at 

11 000 g, during 30 minutes, in order to fractionate it into large- and small-particle emulsion, this later 

closely similar to the nanoemulsion prepared using APV-2000™. Thereby three different phases were 

obtained and characterized. At the end, the intermediate phase was recovered and the unincorporated 

free protein was removed by centrifugation at 5000 g during 30 minutes, using membranes with 100 

kDa pore. 

3.1.3. Preparation of nanospheres by sonication 

In order to promote the execution of some assays, NS with larger size were produced by sonication . The 

production of BSA NS was performed by emulsion through sonication using a methodology developed in 

the laboratory [88], with some modifications. A solution of BSA (10 mg/mL), P407 (5 mg/mL) and 

vegetable oil (5% v/v) with a final volume of 14 mL in PBS was placed in a glass cell (diameter 19 mm 

and height 75 mm) immersed in a water bath cooled at a temperature of 5 ± 0.1 °C. The micro-tip was 
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introduced in the oil/water interface and the ultrasounds were applied with an amplitude of 40% during 

3 minutes (20 kHz Sonics & Materials Vibracell CV 33 Sonics and Materials Inc., Connecticut, USA). After 

this procedure, the NS were centrifuged at 11.000 g. Two distinct phases were separated, the upper one 

corresponding to an emulsion with micrometer particles and the lower one with nanometer particles. For 

some assays the lower phase was recovered and the non-incorporated free protein was removed by 

centrifugation at 5000 g for 30 minutes, using membranes with 100 kDa MWCO, having discarded the 

supernatant and suspending it in 14 mL of PBS. 

3.1.4. Determination of nanospheres formation efficiency 

The efficiency of formation of protein spheres was determined indirectly by quantifying the free BSA 

present in the aqueous phase after separation on a 100 kDa MWCO amicon (filtrate) using the Bradford 

method, according to the manufacturer's specifications (Sigma-Aldrich, Spain). The Bradford method is a 

protein determination technique which involves the binding of Coomassie Brilliant Blue G-250 to protein 

and absorbance measurement at 595 nm [89].  

The non-incorporated protein was quantified by adding 10 L of sample to 200 L of diluted Bradford 

reagent (Sigma-Aldrich, Spain). The absorbance was measured after 5 minutes at room temperature at 

the wavelength of 595 nm using the microplate reader SynergyMx through the software Gen5™. A 

standard curve (range of concentrations of 0–500 g/mL) was prepared in the same conditions to 

determine the samples concentration (Figure 25, in Annex II).  

The efficiency of formation of the protein NS was calculated through the following equation where 

[Protein]initial is the concentration of protein in solution before emulsification (10 mg/mL) and 

[Protein]supernatant is the concentration of the protein present in the filtrate. 

   � �  % = [ � ]� � ��� − [ � ] � � �[ � ]� � ��� ×  

Equation 1 – Efficiency of formation of protein nanospheres (%).  
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3.1.5. Coating of the nanospheres with chitosan and poloxamer 407 

The NS were coated by adding the respective polymer solution drop-by-drop to the nanoemulsion (see 

Annex I for the recipe of each coating polymer solution). This method was performed under stirring (500 

rpm) at room temperature and incubation overnight. The final formulations contain 7.5 mg/mL of P407 

(Sigma-Aldrich, USA) and 5 mg/mL of CS with low molecular weight (≈ 150 kDa) (LMW) and deacetylation 

degree (DD) between 75-85% (Sigma-Aldrich, Spain) or 5 mg/mL of CS 100-300 kDa and 75% DD (Sigma-

Aldrich, Spain), using ratios of NS to final volume of polymers solution of 1:2, 1:5 and 1:10 (Table 1). 

 

Table 1 - Constitution of the NS formulations with and without coatings. 

 

Formulations 

Concentration (mg/mL) 

BSA CS 100-300 kDa CS LMW P407 

Uncoated 10 - - - 

P407 + CS 100-300 kDa  1 / 2 / 5* 5 - 7.5 

P407 + CS LMW 1 / 2 / 5* - 5 7.5 

*Depending on ratio, final concentration of BSA is 1, 2 or 5 mg/mL for 1:10, 1:5 or 1:2, respectively. 

3.1.6. Synthesis of nanospheres using BSA and coating polymers conjugated with 

fluorophores 

In many assays performed the detection method chosen was fluorimetry due to its high sensitivity, so NS 

using BSA and coating polymers conjugated with fluorophores were also produced.  

3.1.6.1. Synthesis of BSA conjugated with Alexa Fluor 430 

A stock solution of Alexa Fluor 430 (AF430) succinimidyl ester (Thermo Fisher Scientific, Spain) was 

prepared by hydrating the lyophilized fluorophore in 250 µL of dimethylsulfoxide anhydrous (DMSO) 

(Sigma-Aldrich, Spain), giving a final concentration of 20 mg/mL. The fluorophore solution was added 

drop-by-drop (50 µL) to 5 mL of 10 mg/mL BSA solution, previously prepared in 0.1 M sodium 
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bicarbonate buffer at pH 8.3. The reaction was left stirring at room temperature during 90 minutes. The 

unbound dye was removed by centrifugation with an amicon ultra centrifugal filter of 3 kDa MWCO, at 

5000 g and during 60 minutes. 

The efficiency of the coupling reaction was determined by calculating the degree of labelling (DOL) of 

BSA-AF430. For this, the absorbance of the conjugate and the free fluorophore were measured with the 

quartz cell and the following equations were applied: 

 [ � ] = 8 −    8� � ×  � � 

Equation 2 – Concentration of protein in molarity (M). 

   /  =  
′ ×[ � ] ×  � � 

Equation 3 – Degree of labelling (DOL) of BSA-AF430 (mol AF430/mol BSA).  

 

where A280 is the absorbance of the conjugate at 280 nm ( max protein); A430 is absorbance of the 

conjugate at 430 nm ( max AF430); CF is the correction factor for the A280 of the free dye (A280 free dye/ 

A430 free dye); Dilution factor necessary for the A280 be < 2.0 and A430 shows a sharp peak;  is the 

extinction coefficient of the protein and ’ is the extinction coefficient of the dye. 

3.1.6.2. Synthesis of chitosan conjugated with Alexa Fluor 405 

A stock solution of Alexa Fluor 405 (AF405) succinimidyl ester (Thermo Fisher Scientific, Spain) was 

prepared by hydrating the lyophilized fluorophore in 50 µL of DMSO (Sigma-Aldrich, Spain), giving a final 

concentration of 20 mg/mL. Previously, it was added 25 µL of the fluorophore to 2.5 mL of CS solution 

at 10 mg/mL in 0.5% of acetic acid. The reaction was left stirring during 16 hours at room temperature. 

Subsequently the conjugate was precipitated by sodium chloride (300 µL) and absolute ethanol (7.5 mL) 

that were added to the mixture and incubation at -20 ºC during 30 minutes. to the conjugated was purified 

by centrifugation at 11.400 g for 30 minutes at 20ºC and the pellet was washed 4-5 times with 10 ml of 

ethanol 70%. The purified conjugate was left to dry overnight, leaving the tube opened at room 

temperature and protected from light. Thereafter, it was dissolved in 2.5 mL of 1% acetic acid and stored 
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at 4°C protected from light. In parallel, another sample of CS was subjected to the same treatment, with 

the exception of the fluorophore addition (mock). 

The efficiency of the coupling reaction was determined by quantifying both the amount of CS and 

fluorophore in the conjugate CS-AF405. A simple method based on the ninhydrin reaction was used for 

the quantification of CS. This reaction is based on the interaction between the hydroxyl groups of ninhydrin 

and the free amine groups of CS. Consequently, the reaction of ninhydrin will form a colored reaction 

product, called Ruhemann's purple which has a Abs max at 570 nm [90]. The standard curve was 

prepared according to manufacturer instructions (Figure 26, in Annex II). Briefly, several CS solutions 

were prepared diluting 0.5 mg/mL chitosan previously dissolved in 0.5% acetic acid in water (dH2O) (range 

of concentrations of 0-500 µg/mL) and mixed with a fixed amount of ninhydrin. A blank solution with 

dH20 was also prepared, as well as the sample and the sample with an internal control of CS (Table 2). 

 

Table 2 – Solutions and their respective volumes (in µL) used to construct the standard curve for the quantification 
of CS (1 to 5) and quantify the CS on the samples. 

Standards 1 2 3 4 5 Sample Sample + 

ST 

Mock Mock + 

ST 

Chitosan 

(0,5mg/mL) 

0 250 500 750 1000 50 

sample 

50 sample 

+ 250 

50 mock 50 mock 

+ 250 

dH2O 1000 750 500 250 0 950 700 950 700 

Ninhydrin 500 500 500 500 500 500 500 500 500 

 

After the addition of the above volumes, all these tubes were shaken thoroughly and placed in a boilling 

water bath for exactly 10 minutes. After incubation, the samples were cooled to room temperature and 

then 2.5 mL of ethanol 95% was added. The absorbance was measured at a wavelength of 555 nm on 

the microplate reader SynergyMx with the software Gen5™. 

To determine the fluorophore conjugation efficiency with the polymer was performed a standard curve for 

Alexa Fluor 405 (Figure 29 in Anexx II) by reading of fluorescence intensity at 401 in the microplate reader 

SynergyMx with software Gen5TM. After quantification of polymer was used the Equation 4 to calculate the 

fluorophore conjugation efficiency with the polymer, expressed in mol fluorophore/ mol polymer. 
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�  =  [ � ℎ � ][ �]  

Equation 4 – Fluorophore conjugation efficiency with the polymer. 

3.1.6.3. Synthesis of poloxamer 407 conjugated with rhodamine B 

This fluorescently labeled P407 was already available at our lab and was synthetized by the Steglich 

esterification method [91]. Briefly, P407 (2.5mM), rhodamine B (RhoB; 2.5 mM), 4-

dimethylaminopyridine (DMAP; 0.5 mM) (Sigma-Aldrich, Spain), triethylamine (0.5 mL) and pyridine (0.5 

mL) (Sigma-Aldrich, Spain) were dissolved in dichloromethane (Sigma-Aldrich, Spain) (20 mL). The 

solution was cooled down while stirring and when the temperature reached 4 ºC, n,n'-

dicyclohexylcarbodiimide (DCC; 2.75 mM) (Sigma-Aldrich, Spain) was added. The reaction was left for 5 

minutes at 4 ºC and then was brought to room temperature and left stirring overnight. Insoluble by-

products were removed by filtration and the solvent was evaporated under reduced pressure. The resulting 

pink solid was then dissolved in PBS and the unbound RhoB and other reactants were removed by dialysis 

for 3 days against PBS (pH 7.4) using benzoylated dialysis tubing (Sigma-Aldrich, molecular weight cut-

off 2 kDa) and centrifuged at 5000 g for 30 minutes using an amicon ultra centrifugal filter of 3 kDa 

MWCO. The P407-RhoB conjugate was kept at 4 ºC until further use. 

To purify the conjugate from eventually released free RhoB overtime, we repeated the centrifugation with 

the 3 kDa MWCO amicon. The degree of labeling was determined by quantifying both the amount of P407 

and fluorophore in the conjugate P407-RhoB.  

Quantification of P407 was determined by colorimetric reaction with cobalt(II) thiocyanate that form a 

complex of blue color by reacting with the -OH groups of the polymer [92]. A standard curve was prepared 

with an initial solution of 2 mg/mL P407 in H2O and 7 successive dilutions 1:2 (range of concentrations 

of 0-2 mg/mL) (Figure 27, in Annex II). To 1 mL of each standard was added 1 mL of ethyl acetate 

(Sigma-Aldrich, Spain) and 500 L of the cobalt(II) thiocyanate solution (Annex I). For quantifying the 

P407 in the conjugate P407-Rho B proceeded in the same way as for the standard solutions, by replacing 

the standard by 1 mL of sample diluted 1:25 and 1:50 in H2O. Thereafter, all the solutions were vortexed 

and centrifuged for 3 minute at 1000 g. Then, the supernatant was discharged and the precipitate washed 

with 2 mL of ethyl acetate, repeating this procedure until the supernatant was colorless. The resulting 

precipitates were dissolved in 5 mL of acetone (Sigma-Aldrich, Spain) and after complete dissolution the 



 

33 

absorbance of the standard solutions and the samples was measured at 624 nm in microplate reader 

SynergyMx with Gen5TM software. 

To determine the fluorophore conjugation efficiency with the polymer was performed a standard curve for 

Rhodamine B (Figure 30, in Anexx II) for quantifying by reading fluorescence intensity at 554 nm in the 

microplate reader SynergyMx with software Gen5TM. After quantification of polymer was used the Equation 

4 to calculate the fluorophore conjugation efficiency with the polymer, expressed in mg of fluorophore/mg 

polymer. 

3.2. Physicochemical characterization of the formulations  

3.2.1. Size, polydispersity index and zeta potential 

The nanoemulsions were characterized by their size, polydispersity index (PDI) and zeta (ζ) potential. 

These parameters were determined at pH 7.4 (PBS buffer) and at room temperature (25 ºC) in a Malvern 

Zetasizer NS equipment by photon correlation spectroscopy and by electrophoretic laser Doppler 

anemometry. The values for solvent viscosity and material refractive index were taken as 0.890 cP and 

1.330, respectively, for a constant protein concentration of 10 mg/mL. Each sample was measured in 

triplicate and results are presented as mean value ± SD. 

3.2.2. Morphology 

3.2.2.1. Scanning Transmission Electron Microscopy 

The morphology of the NS was analyzed by transmission electron microscopy in scanning mode, which 

also allowed to confirm the particle size. For that, the formulations with and without coating were properly 

diluted in PBS and deposited on copper grids with a mesh of 400 pores of 3 mm of diameter. When 

dried, the grids were inserted on the electron microscope NEW Nano SEM 200 (FEI, USA) of the Materials 

Characterization Services of the University of Minho (SEMAT) for analysis.  
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3.2.2.2. Confocal microscopy 

The morphology of the protein NS and the deposition of the coatings were determined by confocal 

microscopy using a confocal microscope Confocal Scanning Laser Microscope OLYMPUS BX61, Model 

FLUOVIEW1000. Due to resolution limitations of the nanometric size of the NS, micrometer protein 

spheres were produced by sonication (Section 3.1.3., in Chapter 3), thereby allowing visualization by 

confocal microscopy. 

3.3. Coating optimization 

3.3.1. Chitosan 

The coated nanoformulations were subjected to dialysis through a membrane with 300 kDa MWCO 

(Spectra/Por ® Float-A-Lyzer ® G2) for CS coating (fluorescently labeled) analysis. First, we proceeded 

to the washing of the membranes, according to the manufacturer’s instructions. To each membrane was 

added 6.5 mL of diluted formulations (ratios 1:2 and 1:5). The membranes were submerged in 40 mL of 

solvent (i.e. nanoemulsion continuous phase composed by ¾ of PBS and ¼ of acetic acid 1%). At 0, 10, 

30, 60, 120, 180 min and 20h, 2 mL of solvent was taken for absorbance measurement and the volume 

was replaced by 2 mL of fresh solvent. 

3.3.2. Poloxamer 407 

Coating by P407 was analyzed using the fluorescent probe 1-anilinonaphthalene-8-sulfonic acid (ANS) 

(Thermo Fisher, Spain). A 2.25 mg/mL stock solution of ANS was prepared and then diluted to 2.25 

g/mL in PBS for working solution. Several solutions of P407 with increasing concentrations were 

prepared in PBS (1; 2.5; 5; 7.5; 10 and 30 mg/mL) and maintained at 10ºC. The fluorescence intensity 

of each sample was measured at different temperatures (10, 25 and 37 ºC) at 370 nm after the addition 

of 1 L of ANS , using the microplate reader SynergyMx with software Gen5TM. 
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3.4. Stability studies in simulated gastrointestinal fluids 

The nanoformulations were subjected to a stability test in simulated digestive fluids mimicking their way 

through the human GI tract after oral administration. In order to implement this test, ionic solutions 

without enzymes were used (Annex I) to simulate gastric fluid (SGF), duodenal fluid (SDF), proximal ileum 

fluid (SPIF) and intercellular spaces of enterocytes fluid (SISEF) based on the work of Feng et al. [93]. 

The formulations were placed in dialysis membranes with 300 kDa MWCO (Float-To-Lyzer, Spectrum 

Labs, The Netherlands). Subsequently, they were immersed in the digestive fluids with stirring at 50 rpm 

and incubated in a bath at 37°C for 8 hours in total. In brief, the assay was performed with the following 

incubation times in different fluids, successively: 0h to 2h in SGF; 2h to 4h in SDF; 4h to 6h in SPIF; 6h 

to 8h in SISEF. After incubation with each fluid, aliquots of 300 L were collected within the dialysis 

membrane for measurement of particle size in a zeta sizer (Malvern Zetasizer NS equipment). 

The deaggregation of the coating polymers from the NS and their integrity or degradation in the digestive 

fluids was also determined by measurement of the fluorescence of CS-AF405, P407-RhoB and BSA-FITC 

conjugate after incubation in SGF, SDF, SPIF and SISEF. 

3.5. Folate receptor-specific capture assay for folic acid-surface functionalized 

nanospheres 

Ni-NTA magnetic beads for His-tag protein purification [94] (Biotool, USA) were used as capture surface 

after being covered with 6xHis-tagged recombinant folate receptor 1 (FOLR1) (R&D Systems, USA). For 

this, the beads were first submitted to a pre-treatment according to manufacturer’s instructions to remove 

the storage buffer (wash twice with 20 mM sodium phosphate, 500 mM NaCl, 5 mM Imidazole, pH 7.4) 

and then the imidazole (wash three times with PBS). Afterwards, to 500 µL of Ni-NTA beads was added 

1 mL of FOLR1 1 µg/mL followed by an incubation of 30 min at 4°C took place on a shaker at 2500 

rpm. Then, the tube was placed on the magnetic separator and the supernatant (unbound FOLR1) was 

pipetted out and recovered. The beads were washed twice with PBS and supernatants (FOLR1 washing 

solutions) were also recovered. A sample (100 µL) of FOLR1-beads was collected for analysis by flow 

cytometry. 

BSA NS were prepared with BSA-FITC (20%) and BSA conjugated with folic acid (BSA-FA, 1%). This 

conjugate was prepared and characterized by a colleague at the lab [95]. A proper dilution of the 
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formulation (equivalent to 10 g/mL BSA, 500 µL) was added to the FOLR1-beads and incubated during 

30 minutes at 37ºC with shaking at 1300 rpm. The supernatant (unbound NS) was recovered and the 

beads were washed twice with PBS, recovering the supernatants (NS washing solutions). A sample (100 

µL) of FOLR1-beads with captured NS (NS-FOLR1-beads) was collected for analysis by flow cytometry.  

Then, the captured NS were displaced from the beads by competition with a high concentration of FA 

(100 ng/mL) that was added to the beads and incubated at 2500 rpm for 15 min at 37ºC. The 

supernatant (displaced NS with unbound FA) was recovered and FA 100 ng/mL was again added and 

the previous procedure was repeated in the same way. Then, the beads were washed twice with PBS and 

100 µL of beads were collected and analyzed by flow cytometry. 

To regenerate the beads, they were washed twice with 5 mL of elution buffer (20 mM Sodium Phosphate, 

500 mM NaCl, 500 mM Imidazole, pH 7.4) and then twice with 5 mL of deionized water. Finally, the 

beads were suspended on ethanol 20% (v/v) and stored at 4°C until further use. 

3.5.1. Flow cytometry 

The samples of Ni-NTA beads from each step of the capture assay for FA-functionalized nanospheres 

were analyzed by flow cytometry on a FACSCantoII equipped with the FACSDiva software (BD Biosciences, 

Belgium). The beads were first gated according to FSC and SSC parameters and then the BSA-FITC and 

BSA-FA fluorescent signals were analyzed on the FL1 detector using FlowJo software (Tree Star, USA). 

3.6. Statistical Analysis 

The statistical analysis was done using GraphPad Prism 5.04 Demo (USA) applying one-way analysis of 

variance (ANOVA) with the Tukey post-test. The symbol * represents p<0.05, ** p<0.01 and *** p<0.001. 

The results are presented as mean ± SD. 
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4.1. Production of nanoemulsions by double-stage high pressure 

homogenization 

To accomplish this project, protein spheres were produced in different sizes using different emulsification 

techniques, all of them making use of high energy disruptive forces. The methods  using a double-stage 

high pressure homogenizer (APV-2000™, Denmark) and ultrasounds were studied and optimized by 

Bioprocesses and Bionanotechnology Research Group [87]. 

After the production of the nanoemulsion with APV-2000™, we proceeded to the coating of the protein 

nanospheres (NS) using chitosan (CS) and poloxamer 407 (P407). The protein NS were incubated with 

the polymers solutions (Annex I), resulting in different ratios of NS to final volume of 1:2, 1:5 and 1:10. 

Hence, four formulations were prepared: NS undiluted (NS); NS uncoated but diluted equaly to the coated 

formulation (NS+PBS); NS coated with P407 mixed with CS low molecular weight (≈ 150 kDa) (LMW) 

(NS+[P407+CS LMW]); and NS coated with P407 mixed with CS 100-300 kDa (NS+[P407+CS 100-300 

kDa]). Various techniques were used to analyze the different nanoformulations produced. 

4.1.1. Size and zeta potential 

These formulations were characterized through their size, polydispersity index (PDI) and zeta (ζ) potential 

(Table 3; Figures 31, 32 and 33 in Annex III). 
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Table 3 – Size, PDI and ζ potential of NS coated with different formulations in different ratios (1:2, 1:5 and 1:10). 

Ratio Formulation Size (nm) PDI ζ Potential (mV) 

 NS 91.04 ± 1.372 0.17 ± 0.010 -2.21 ± 0.807 

1:2 NS+PBS 91.76 ± 1.975 0.17 ± 0.007 -2.21 ± 0.160 

NS+[P407+CS LMW] 162.33 ± 21.490 0.23 ± 0.011 6.73 ± 0.466 

NS+[P407+CS 100-300 kDa] 147.90 ± 3.940 0.24 ± 0.007 6.24 ± 0.696 

1:5 NS+PBS 93.89 ± 0.795 0.20 ± 0.003 -3.80 ± 0.036 

NS+[P407+CS LMW] 215.03 ± 26.620 0.27 ± 0.007 7.51 ± 0.477 

NS+[P407+CS 100-300 kDa] 228.93 ± 1.168 0.30 ± 0.004  7.52 ± 0.881 

1:10 NS+PBS 93.83 ± 2.510 0.18 ± 0.009 -2.33 ± 0.669 

NS+[P407+CS LMW] 419.83 ± 51.050 0.40 ± 0.021 11.27 ± 1.106 

NS+[P407+CS 100-300 kDa] 409.67 ± 108.900 0.45 ± 0.014 14.73 ± 0.757 

Results show means ± SD of triplicates of one assay.  

 

After analyzing the results, we concluded that the inclusion of P407 into the formulation resulted in a 

nanoemulsion with particles smaller than 100 nm and a ζ potential closer to zero. The hydrophobic part 

of P407 interacts preferably with the oil, decreasing hydrophobic interactions between the oil and the 

protein, which may be responsible for nanoemulsion size reduction upon surfactant addition [84]. Coating 

with P407 mixed with CS LMW or CS 100-300 kDa (NS+[P407+CS LMW] or NS+[P407+CS 100-300 

kDa]) increases the particle’s size, which seems to vary almost to double in formulations of ratios 1:2 and 

1:5 when compared to the ones that are not coated (NS+PBS). However, in formulations with ratio 1:10 

this increase in the mean size is very significant to approximately 4 times more. With this ratio, there are 

fewer particles for the same amount of polymer, in comparison with 1:5 and 1:2 ratios. Hence, each 

particle might be covered with more layers of coating polymers or the free polymer might aggregate and 

form itself particles. 

Although the coating of the NS increases their size to values above 100 nm, which reduces their 

absorption capacity [42], this is not a limitation for our model. It is expected that upon interaction with 
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the intestinal mucus and epithelial surface, the coating will disassociate from the surface of the NS and 

will only occur permeation of uncoated NS from the epithelium into the bloodstream. 

The PDI determined for the different formulations is lower than 0.5, which means that the particles have 

a monomodal distribution of the size [96], consequently there is a population of predominant size and 

representative of the formulation.  

Finally, the ζ potential from the different formulations was determined. We found to be possible that the 

interaction of NS with coating polymers can be associated with electrostatic interactions between them. 

The NS show a ζ potential of approximately -2.21 mV, while the addition of P407 mixed with CS LMW or 

CS 100-300 kDa (NS+[P407+CS LMW] or NS+[P407+CS 100-300 kDa]) in the different ratios turns the 

particle’s ζ potential to positive values. This can be explained by the fact that the intrinsic positive charge 

of the CS (which is a cationic polymer) [70] facilitates the approach to the inherent negative charge of 

bovine serum albumin (BSA), the main component of NS, promoting greater interaction with the polymer 

resulting in the coating of the surface of NS by the CS. Also, we observed that the more diluted 

formulations (1:10) presented the higher ζ potential, which can mean that there is more free CS. P407 

is a non-ionic polymer [97], which means that the absence of charge will not have any influence on the ζ 
potential of the formulations. Probably, P407 will be trapped in between the NS and CS interactions.  

At the end, coating with CS 100-300 kDa and also formulations with ratio 1:10 were abandoned, because 

the particles had higher dimensions and larger PDI. 

4.1.2. Morphology 

One of the characteristics related to the stability of nanoformulations and release of their contents is its 

morphology. Morphology generally relates to the exterior of the particle and may be characterized by 

shape and surface structure. In general, emulsification methods originate spherical particles [88], which 

offer the highest potential for the controlled release and protection of incorporated drugs, as they provide 

minimum contact with the aqueous environment, as well as the longest diffusion pathways [42]. 
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4.1.2.1. Scanning Transmission Electron Microscopy 

The assessment of the morphology of NS produced by APV-2000™ and coated with P407 and CS LMW 

was first evaluated by transmission electron microscopy in scanning mode (Figure 8). 

 

 
 
Figure 8 – Transmission electron microscopy in scanning mode of the uncoated and coated NS with final ratios of 
1:2 and 1:5. In Figure 8E the acquisition was made in inverted mode for higher contrast. 

 

For this type of analysis, it is necessary to dehydrate samples during the preparation of the grids, which 

may introduce artifacts. The uncoated formulations (Figures 8A and 8E) prove the spherical and smooth 

shape of the particles. However, the coated formulations presented more irregular shapes and aggregates. 

The BSA NS that serves as nucleation center for coating deposition are differentially observed by 

differences in color, corresponding the denser materials of the coating polymers to darker colors.  

It is possible to observe some larger and lighter droplets (≈ 1 µm) on the formulations coated with P407 

for 1:2 ratio (Figures 8B), which may be P407 micelles. These formulations seem to form aggregates in 

which the NS (≈ 77 nm) are adsorb to the surface of P407 micelles. This micellization is due to the 

dehydration of hydrophobic propylene oxide (PO) blocks, which represents the very first step in the gelling 

process. These micelles are spherical with a dehydrated polyPO core with an outer shell of hydrated 

swollen polyethylene oxide chains. This micellization is followed by gelation for sufficiently concentrated 

samples [78]. Whereas for 1:5 ratio can be seen spheres with expected size (≈ 160 nm) (Figure 8F). 

In the case of formulations coated with CS, spherical aggregates can be seen for 1:2 ratio (Figure 8C), 

whereas for 1:5 the aggregates have a more amorphous shape (Figure 8G). Also, there can be seen nets 
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dispersed on the surrounding medium that may be excess of CS that do not deposited around the NS. 

This is due to the viscosity associated with the polymer and to the interactions of their cationic groups 

with the surface of NS.  

When the two polymers are combined together (Figures 8D and 8H), the formulations appear to combine 

the structures observed before for each polymer independently, i.e. coated only with CS or P407. The 

same nets present in the formulations coated with only CS (Figures 8C and 8G) arise in these 

formulations, trapping NS.  

4.1.2.2. Confocal microscopy  

Confocal microscopy was used to confirm the morphology of the protein spheres using a hydrated 

environment and also the individual location of each coating polymer. Due to limitations of the nanometric 

resolution of protein spheres, micrometer protein spheres were produced by sonication (Section 3.1.3., 

Chapter 3), using BSA and coating polymers conjugated with fluorophores, with structure and morphology 

equivalent but higher size that allows viewing by confocal microscopy (Figure 9). There was no laser 

available to detected Alexa Fluor 430, instead BSA-FITC was incorporated into the protein sphere 

structure. The fluorescent coatings were prepared by chemical conjugation of P407 with Rhodamine B 

(P407-RhoB) and CS with Alexa Fluor 405 (CS-AF405) (Annex II). 
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Figure 9 – Confocal microscopy of the coated NS. Green channel, showing BSA-FITC (A); Red channel showing 
P407-RhoB (B); Blue channel, showing CS-AF405 (C); Merge of the three fluorescence channels, showing BSA-
FITC, P407-RhoB and CS-AF405 (D); Bright field (E). 

 

The images obtained by confocal microscopy confirmed the spherical shape of NS (Figures 9A and 9E). 

P407 is located on the surface of the protein sphere (Figure 9B). The absence of polymer charge does 

not prevent the deposition and interaction with BSA or another component of the particles. Perhaps the 

P407 used in the coating may interact with the P407 used as a surfactant in the production of protein 

spheres. CS is also deposited on the surface of the NS, although the main part looks dispersed throughout 

the surrounding environment of the protein spheres (Figure 9C). This might happen due to gelation 

capacity of CS and training films and fibers [70]. Thus, as CS has very long polymer chains (≈ 150 kDa) 

and is deprotonated and the insoluble neutral pH [70], maybe it is not possible the deposition of a defined 

layer on surfaces of the spheres. 

4.1.3. Coating optimization 

After the characterization of the formulations emerged the need to analyze the deposition of the coatings 

in order to optimize the formulations. 
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4.1.3.1. Chitosan 

Concerning to the problem of the excess of CS that translated into dispersion in the surrounding 

environment of the NS, we performed a dialysis of the 1:2 and 1:5 coated NS to clear the free polymer 

that was not associated to the particles. 

Samples of the dialysis water were analyzed at 0, 10, 30, 60, 120, 180 minutes and 20 hours (Figure 

10, solid lines). After 20 hours, 46% and 41% of the initial amount of CS (32.5 mg) were released from 

the formulations coated with the ratios of 1:2 and 1:5, respectively. From these results, we concluded 

that a reduction of 40-50% of CS concentration on polymers coating solution might be attempted to have 

CS more concentrated on the surface of the NS and less dispersed in the continuous phase of the 

emulsion. 

Taking this in consideration, we produced a new formulation with a ratio of 1:2 to final volume where CS 

was reduced to a final concentration of 3 mg/mL (40% less). The dialysis was repeated similarly and, 

after 20 hours, only 0.44% of the formulated CS was released  (Figure 10, dashed lines). Therefore, we 

concluded that in these conditions the polymer is no longer in excess and should be closely associated to 

the NS. 
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Figure 10 – Release of CS in the 1:2 and 1:5 coated NS at 0, 10, 30, 60, 120, 180 minutes and 20 hours. The 
final concentration of CS in the formulation 5 mg/mL (black and grey solid lines) and the total amount that was 
subjected to dialysis was 32.5 mg (solid horizontal line). After optimization, the final concentration of CS in the 
formulation was 3 mg/mL (black dashed line) and the total amount that was subjected to dialysis was 19.5 mg 
(dashed horizontal line). 
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4.1.3.2. Poloxamer 407 

The final concentration of P407 in the nanoformulations is 7.5 mg/mL. However, to prepare the coating 

solutions we started with a stock solution of 30 mg/mL which was diluted with the same volume of CS 

stock solution and then added to same volume of NS (in the case of 1:2 ratio), hence diluting 4 times to 

the final 7.5 mg/mL. Taking in consideration the values for critical micelle temperature (CMT) and critical 

micelle concentration (CMC), shown in the Table 4, the final concentration of P407 in the formulations is 

in this range of values, so indeed, there is the possibility of micelles formation [98]. 

 

Table 4 – Critical micelle temperature (CMT) and critical micelle concentration (CMC) for different temperatures. 

 Temperature Concentration 

CMC 18 ºC 8.3 M 0.1 mg/mL 

CMT 7 ºC 16.6 mM 210 mg/mL 

CMT 25 ºC 400 μΜ 5 mg/mL 

 

In order to evaluate the presence of P407 micelles, we performed an essay using the fluorescent probe 

named 1-anilinonaphthalene-8-sulfonic acid (ANS). This probe can be used to study conformational 

changes of a molecule that lead to variation in the hydrophobic/hydrophilic ratio, as ANS’s fluorescent 

properties will change as it binds to hydrophobic regions. Its fluorescence is deviated to lower wavelengths 

and increase in intensity when present in more hydrophobic environments [98] (Figure 11). 

Several solutions of P407 with increased concentrations were prepared and maintained at 10, 25 and 

37ºC. ANS was added to each solution, in order to study hydrophobic content of eventual P407 molecular 

arrangements. 
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Figure 11 – Fluorescence spectra of increasing concentrations of P407 (1; 2.5; 5; 7.5; 10 and 30 mg/mL) with 
ANS (2.25 mg/mL) at different temperatures (10, 25 and 37 ºC). Excitation wavelength was 370 nm. Curves show 
mean ± SD of two measurements. The blue tinted area highlights the area of the max of fluorescence emission, 

showing a blue-shift for higher concentrations of P407. 
 

The results obtained show an increase of fluorescence emission with the increase of P407 concentration 

(for each temperature). Also, at 10ºC and 25 ºC a blue-shift, i.e. a displacement to shorter wavelengths, 

from 530 nm to 470 nm occurs with the increase of P407 concentration, which is indicative of the 

interaction of ANS with hydrophobic structures. At 37ºC, all the max of fluorescence emission are aligned 

in the 470 nm, the hydrophobic signal. Hence, micelles might be forming for concentrations above 10 

mg/mL at 10 ºC, above 7.5 mg/mL at 25 ºC and at least above 1 mg/mL at 37 ºC. 

From this, we concluded that the stock solution of P407 and the intermediary solution prepared by dilution 

with CS should be done at low temperature (10 ºC) and a final concentration in the formulation below 7.5 

mg/mL is desirable to work at room temperature. Therefore, we concluded that the stock solution of 

P407 should be prepared at 10 ºC with a concentration of 20 mg/mL (since it is diluted 4 times until the 

final formulation). 

4.1.4. Section closure 

To further optimize the whole process of production of NS, we sought a different method for producing 

the protein spheres using a high energy method capable to promote the emulsification of the oil phase to 

the aqueous protein phase that is more economical for lab scale, since for the production of the NS by 

double-stage high pressure homogenizer (APV-2000™) the minimum sample volume is considerably high 

(100 mL). Therefore, having available in the laboratory an equipment capable of satisfying the 

requirements above described and the fact that our research group has already used the same equipment 

for the production of nanoemulsions of BSA [99], we initiated the production of the NS using a single-
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stage high pressure homogenizer (EmulsiFlex-C3, Avestin, Canada). All the process was tested and 

optimized during this work and the results are presented in the next section. 

4.2. Optimization of the process of production of nanoemulsions by single-

stage high pressure homogenization 

4.2.1. Pressure and number of cycles of homogenization 

As in prior emulsification techniques, we prepared a solution of BSA 10 mg/mL, P407 5 mg/mL, 

vegetable oil 0.5% (v/v) but in a final volume of 10 mL of PBS pH 7.4. Then, the solution was subjected 

to 15, 30, 45 and 60 cycles of homogenization at 1000 or 1500 bar. The emulsions were characterized 

trough their size and PDI (Figure 12 and Section B in Annex III). 
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Figure 12 – Size (maximum peak of the most representative population) of the NS produced using a single-stage 
high pressure homogenizer (EmulsiFlex-C3, Avestin, Canada) with 15, 30, 45 and 60 cycles of homogenization at 
1000 or 1500 bar. The results are presented as means and standard deviations of duplicates. Statistically 
significant differences between the number of cycles for each pressure are marked with ** for p<0.01. 
 
Using an homogenization pressure of 1000 bar, we verified a slight reduction in the size of NS with the 

increase number of cycles, although the differences between the values are not statistically significant 

(Figure 12). Also, the PDI reduced with increasing number of cycles which is related to the disappearance 

of larger populations rather than with the narrowing of the peak (Figure 34 in Annex III). When 1500 bar 
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was used for homogenization pressure, we verified a significant reduction in the size of NS (from 181.5 

nm to 132.5 nm) and the PDI (from 0.191 to 0.132) from 15 to 30 cycles of homogenization and then 

no major alteration were recorded (Figure 12 and Table 5). After 30 cycles of homogenization there is 

only a single populations of particles with monomodal distribution (Figure 34 in Anexx III). 

From comparison, we focus on the final formulations obtained after 60 cycles of homogenization with 

1000 bar or 1500 bar. These two formulations showed a milky appearance, characteristic of emulsions 

with large particle sizes. Hence, the resulting emulsions were centrifuged in order to fractionate it into 

large- and small-particle emulsion, this later closely similar to the nanoemulsion prepared using APV-

2000™. Thereby three different phases were obtained and characterized (Figure 13).  

 

Table 5 – PDl of the NS produced using a single-stage high pressure homogenizer (EmulsiFlex-C3, Avestin, Canada) 
at 15, 30, 45 and 60 cycles of homogenization at 1000 and 1500 bar (with mean and standard deviation in 
duplicate). 

 PDI 

Number of cycles 1000 bar 1500 bar 

15 0.242 ± 0.0049 0.191 ± 0.0085 

30 0.209 ± 0.0071 0.132 ± 0.0035 

45 0.181 ± 0.0162 0.127 ± 0.0028 

60 0.149 ± 0.0000 0.131 ± 0.0091 
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Figure 13 – Nanoemulsions obtained with a single-stage high pressure homogenizer (EmulsiFlex-C3, Avestin, 
Canada) after 60 cycles of homogenization using 1000 bar (A) and 1500 bar (C). Fractions of each emulsion (upper 
phase, intermediate phase and lower phase), obtained after centrifugation (B and D). 
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Figure 14 – Size measurement of the particles from three fractionated phases (upper phase, intermediate phase 
and lower phase) after 60 cycles of homogenization at 1000 or 1500 bar. The values of PDI are indicated above 
for each condition. 
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The intermediate phase obtained with both 1000 bar or 1500 bar seems to be our population of interest 

(Figure 15 and Figure 35 in Annex III), once the macroscopic appearance and particle size are closely 

similar to the ones of NS prepared using APV-2000™ (≈ 100 nm) and the PDI is around 0.100. 

Increasing the number of cycles leads to an increase of the temperature of the formulation, as well as the 

time of preparation. We have previously seen that 60 cycles with 1500 bar do not improve the quality of 

the nanoemulsion in terms of particle size and PDI compared with 30 cycles. Hence, we repeated the 

assay using 1500 bar and analyzed again the formulations obtained with 15 or 30 cycles of 

homogenization, followed by centrifugation to fractionate the emulsion in different particle sizes (Figure 

15 and Figure 36 in Annex III). Indeed, with 30 cycles of homogenization and 1500 bar followed by 

centrifugation we achieved a formulation could eventually replace the one prepared with APV-2000™. 
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Figure 15 – Particle size of the total sample and intermediate phase after 15 and 30 cycles of homogenization 

with 1500 bar. The values of PDI are indicated  above each phases for each condition. 

 

To confirm that this colloidal formulation is an emulsion, we incorporated Nile Red in the oil phase and 

subjected the formulation to the optimized protocol on the EmulsiFlex-C3 (Figure 16 and Figure 37 in 

Annex III). Nile Red is a classic lipid probe and exhibits solvatochromism, a property that makes its 

absorption band vary in its spectral position, shape, and intensity, with the nature of the solvent. The dye 
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is highly fluorescent in organic solutions, and the increase of the polarity of the solvent leads to an 

enhancement of emission and excitation maxima of the fluorescent spectra [100]. 
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Figure 16 – Particle size and PDI values (indicated above the bars) of the emulsion containing Nile Red obtained 
after 30 cycles of homogenization with 1500 bar (total samples), followed by fractionation by centrifugation (upper 
and intermediate phase). 

 

After fractionation, we measured the fluorescence emission spectra of the intermediate and upper phases 

when excited at 532 nm or 488 nm, the wavelengths that give maxima emission peaks when Nile Red is 

in a polar or non-polar environment, respectively (Figure 17). We suspect that the upper phase is 

constituted mainly by non-emulsified oil, while the intermediate phase should present fluorescence signals 

of polar and non-polar environments, characteristic of emulsions. Indeed, both fractions have similar 

fluorescence emission when excited at 488 nm, while a red-shift and higher intensity of fluorescence 

emission was recorded for the intermediate phase, in agreement with our supposition. 
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Figure 17 – Fluorescence emission spectra of Nile Red of intermediate and upper phases when excited at 532 
nm (polar environment) and 488 nm (non-polar environment). 

4.2.2. Determination of formation efficiency of the nanospheres produced by single-stage 

high pressure homogenization 

The efficiency of protein spheres formation produced by the optimized protocol on EmulsiFlex-C3 

(described above) was 89%, slightly lower than the ≈ 96% for NS produced by APV-2000™ and ≈ 94% for 

NS obtained by sonication (lower phase) (Table 6). These values mean, respectively, that 8.9 mg/mL, 

9.6 mg/mL and 9.4 mg/mL of the initial 10 mg/mL of BSA were emulsified and incorporated in NS. 

Besides of the differences of the mean values, these are not statistically significant. 

 

Table 6 – Nanospheres formation efficiency. 

Nanospheres formation efficiency (%) 

NS EmulsiFlex-C3 89.49 ± 4.219 

NS APV-2000™ 95.59 ± 5.183 

NS Sonication 93.88 ± 1.393 
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4.2.3. Coating of the nanospheres 

The emulsification achieved by EmulsiFlex-C3 and APV-2000™ yields particles with very small dimensions, 

around 100 nm (Figure 18). The sonication method (lower phase) also provides emulsification with small 

particle size, but the mean size of the NS is nearly to 200 nm. However, this method can be used for the 

production of protein spheres for other applications (Figure 18 and Figure 38 in Annex III). 

We coated the NS produced by the different methods with CS and P407 as in a final ratio of 1:2, as 

described previously. The coated NS prepared using EmulsiFlex-C3 and APV-2000 ™ increase their sizes 

to 127.13 nm ± 2.627 and 162.33 nm ± 21.491, respectively, still maintaining a monodispersed size 

distribution (PDI 0.13 and 0.23, respectively). However, coated NS prepared by sonication originates two 

defined populations with important representation, the smaller one with mean size of 223.6 nm ± SD and 

the larger one with mean size of 1068.5 ± SD (Figures 18 and Figure 39 in Annex III). Comparatively with 

the coated formulations produced by the high pressure homogenizers, the smaller particles should 

represent individualized coated NS, whereas the larger particles should be aggregates. 
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Figure 18 – Comparison of particle size of the uncoated formulations (control; NS+PBS) and coated with P407 
mixed with CS low molecular weight (NS+[P407+CS LMW]) with final ratio of 1:2 produced by single-stage high 
pressure homogenization (EmulsiFlex-C3), double-stage high pressure homogenization (APV-2000™) and 
sonication.  
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4.2.4. Section closure 

We were able to optimize the process of production of NS using a single-stage high pressure homogenizer 

(EmulsiFlex-C3, Avestin, Canada) to develop a nanoemulsion that at least in terms of size is similar to 

that produced by APV-2000™ (Section 4.2., Chapter 4). The main advantage of the use of EmulsiFlex-C3 

is reduction of the sample volume (minimum volume 10 times lower than the required for APV-2000™). 

Also, this equipment is cheaper and the maintenance is easier and affordable for a research laboratory. 

4.3. Stability studies in simulated gastrointestinal tract 

4.3.1. Analysis of the nanospheres 

In order to assess the effect of pH variation of GI tract on the developed nanoformulations (BSA NS coated 

with P407 5 mg/mL and CS 3 mg/mL, 1:2 final ratio), these were subject sequentially to ionic solutions 

without enzymes that simulate gastric fluid (SGF), duodenal fluid (SDF), proximal ileum fluid (SPIF) and 

intercellular spaces of enterocytes fluid (SISEF) [93]. The formulations were placed on a dialysis tube that 

was inserted in a flask with each fluid every two hours. Samples of the formulation were recovered at the 

end of the incubation time in each fluid for size assessment (Figure 19). 
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Figure 19 – Particle size variation of the coated formulation (NS+[P407+CS LMW]) along the simulated digestive 
environment (simulated GI fluids). The vertical arrows indicate the beginning of the incubation period in each fluid. 
0-2h: SGF; 2-4h: SDF; 4-6h: SPIF; 6-8h: SISEF. Results are presented as means ± SD of triplicates. 
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The overall trend is the increase in particle size over the digestive environment, which is mainly related 

with pH variations and protonation status of CS. P407, being non-ionic, will have no interference in the 

size increase, on the contrary, it was shown before that it has a positive impact on the particle size [86]. 

Analyzing in detail, within the 2 hours of incubation in SGF, this formulation maintained its initial particle 

dimensions, between approximately 158 and 186 nm. Since CS is a cationic polymer (pKa = 6.5) [74], 

in SGF it will be in its protonated form which may allow to associate with the NS (negatively charged) 

more compactly. When transferred to SDF (corresponding to a pH shift from 1.2 to 6.0), the particle size 

increased slightly to approximately 244 nm. In the SDF, with the pH near the CS pKa, part of CS molecules 

are deprotonated, leading to a relaxation of the coating layer and, consequently, with an increase in size. 

Upon incubation in SPIF (pH 7.5), we observed a sudden increase in particle size to approximately 1.5-

2.5 µm. CS molecules are mainly in the non-protonated form and probably interact more strongly with 

each other through hydrogen bonds, which leads to the formation of polymer networks that entrap the 

particles, similarly to the registered in STEM images (Figure 8C). During the incubation in the last 

simulated environment, in SISEF (pH 7.4), the particle size continued to increase, but probably is not due 

to pH changes and variations in the protonation status of CS, rather than more time to CS relax. 

4.3.2. Analysis of the simulated gastrointestinal fluids 

Besides the analysis of the particles themselves, it is important to analysis the digestive fluids to 

understand if some components of the coating are being deaggregated from the NS or if the NS are being 

degraded. For this, BSA-FITC was incorporated into the protein spheres structure and the coatings were 

prepared with fluorescent polymers (CS conjugated with AF405 and P407 conjugated with RhoB; Table 

7 in Annex III). The degradation of the NS in GI tract was determined indirectly by analysis of fluorescence 

intensity released into the dialysis water after incubation of the formulation in simulated GI fluids, after 0, 

30, 60 and 120 minutes.  
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Figure 20 – Fluorescence intensity released into the medium after incubation of the NS+[P407+CS LMW] in 
simulated GI fluids (simulate gastric fluid (SGF), duodenum fluid (SDF), proximal ileum fluid (SPIF) and intercellular 
spaces of enterocytes fluid (SISEF)), after 0, 30, 60 and 120 min. Excitation/emission wavelength for FITC, AF405 
and RhoB were 460/480-700 nm, 401/420-700 nm, 554/570-700 nm, respectively. 
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According to the results shown, there was an increase of the fluorescence intensity for AF405 and RhoB 

over time for each simulated fluid, which means that the coatings were released from the NS. This result 

should not be indicative of particle degradation, only coating deaggregation, because FITC was not 

detected in digestive fluids. A quantitative analysis of the polymer amount released in each fluid cannot 

be made because we do not have the controls of each fluorophore alone in each fluid. This would allow 

to determine if the fluorescence intensity of the fluorophores is dependent or not with the variation of pH. 

If no dependence was registered, i.e. if the fluorescence intensity for a defined concentration of 

fluorophore remained constant with the increased pH, then we could directly correlate the overall 

fluorescence intensity with the total amount released from the formulation. 

4.3.3. Section closure 

During the migration through the GI tract, in addition to changes in terms of particle size, the formulation 

may also suffer from degradation of NS, especially considering that they are of protein nature. The stability 

studies in simulated GI fluids showed that particle size of the formulation of NS+[P407+CS LMW] 

increases over the different simulated fluids, which is mainly related with the variations of the pH and the 

CS protonation status. On the other hand, there was an increase of CS and P407 over time for each 

simulated fluid (detected by fluorescence measurements of the conjugated fluorophores), which means 

that the coatings were released from the NS, without degradation of the NS themselves (FITC was not 

detected in digestive fluids). 

The next step would be to test the NS+[P407+CS LMW] nanoformulation in biological models. But the 

size in the nano range is a limitation for the detection methods. Thereafter, emerged the need to develop 

an analytical method which unequivocally prove the permeation of the NS and their integrity after 

transposing the intestinal epithelium. 
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4.4. Detection of the permeated nanospheres - development of an analytical 

method 

4.4.1. Rationale of the method  

One of the objectives proposed for the realization of this project was the development of an analytical 

method capable of identify and quantify the permeated NS in order to clearly detect their presence in the 

receptor fluid of Franz cells (ex vivo model with pig skin) or in the basal side of Caco-2 monolayer (in vitro 

model) in their intact form, i.e. without losing their shape and/or function. 

The main concept of the method relies on the capture of the NS to promote concentration and increase 

particle size, allied to a detection method that could differentiate from degraded components of the NS 

and intact particles. Because the developed formulation is supposed to be surface-functionalized with folic 

acid (FA) in order to target inflamed tissues [84], we develop an assay based on the specificity of FA for 

the folate receptor 1 (FOLR1) and on fluorescence measurements (Figure 21). For this, we produced NS 

containing molecules of fluorescent BSA (BSA-FITC) and molecules of BSA conjugated with FA. 

 

 

Figure 21 – Schematic representation of the method for detection of the permeated NS. Scheme elaborated and 
given by Dr. Joana Cunha. 

 

As capture surface we chose Ni-NTA magnetic beads due to their commercial availability and easiness to 

work. Also, FOLR1 is a recombinant protein with a 6xHis tag, making the functionalization (for specificity) 

of the capture surface very easy, without having to perform chemical conjugations. As basis of the Ni-NTA 

technology, ligation of the 6xHis tag of proteins occurs by metal chelation with Ni2+ (step 1). 
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Next, we proceeded to the ligation of the NS-FA-FITC to FOLR1-Ni-NTA magnetic beads by ligand-receptor 

affinity (step 2). Then, to release the particles from the beads (to prove specificity and possibly use the 

purified (by capture) NS on future assays), we added an excess of FA to displace the NS-FA by ligand 

competition (step 3). At the end, to regenerate the Ni-NTA magnetic beads, we performed a competition 

with a high concentration of imidazole, in the same way as the traditional “elution step” for protein 

purification (step 4). 

In terms of fluorescence measurement, because the NS have fluorescent BSA in different molecules than 

the BSA-FA, the capture of a fluorescent signal coupled to the Ni-NTA magnetic beads is the evidence that 

the particles permeated the epithelium and are intact. 

4.4.2. Flow cytometry as tool for fluorescence measurement  

We chose to measure the fluorescence capture on the beads by flow cytometry. This technique allows to, 

first, select only the beads (with or without captured NS) by gating accordingly with the size (SSC) and 

complexity (FSC) parameters (Figure 22) and, then, evaluate the associated fluorescence (Figure 23).  

 

 

Figure 22 – Dot plot for the identification of the Ni-NTA magnetic beads by size (SSC) and complexity (FSC) 
parameters. 
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The specificity of the NS capture assay was evaluated by incubating the FOLR1-Ni-NTA beads with NS-FA-

FITC and fluorescent NS without FA (NS-FITC) (Figure 23). When the NS-FITC are incubated with the Ni-

NTA-FOLR1 beads, only ≈ 4% of the total sample falls on the beads gate, whereas when NS-FA-FITC are 

analyzed, ≈ 55% of the total sample corresponds to the beads. This means that specific binding occurred 

for the functionalized particles with FA to FOLR1 present on the surface of the beads. 

 

  

Figure 23 – Evaluation of the specificity of the NS capture method. Dot plots of the samples NS-FITC (non-specific 
capture) and NS-FA-FITC (specific capture) incubates with FOLR1-Ni-NTA magnetic beads with gates for the beads 
and free NS. 

 

 

Figure 24 – Histograms of the FITC channel showing the fluorescence for the sample NS-FA-FITC incubated with 
FOLR1-Ni-NTA beads (Figure 23B). The analysis was made separately for the NS captured by the beads (A) or the 
remaining free particles (B). Horizontal bars indicate negative (left side bar) or positive (right side bar) signals for 
fluorescence.   
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Fluorescence analysis was made for FITC and FA. However, we were not expecting that both molecules 

would be detected on the same channel, impeding the differentiated analysis of each probe when captured 

by the beads. Therefore, it would be necessary to have other fluorophore conjugated to BSA that would 

be detected on another channel different from the FITC channel where FA is detected. 

To confirm the selectivity of the assay, we need to have the controls of FOLR1-Ni-NTA beads incubated 

with (1) NS prepared only with BSA-fluorophore (negative control) and fluorescence should not be detected 

on the beads gate, (2) NS prepared only with BSA-FA (positive control) and fluorescence should be 

detected on the beads gate, and (3) a mixture of solutions of BSA-fluorophore and BSA-FA (simulating 

degraded NS) and only fluorescence on the FA channel should be detected on the beads gate. The signal 

that would confirm the integrity of the NS-FA-FITC should be fluorescence on both FA and BSA-fluorophore 

on the beads gate. 

Despite the bad choice of FITC for concomitant analysis of fluorescence with FA by flow cytometry, the 

results obtained showed that the capture is not being selective, since when NS-FITC (without FA) were 

incubated with FOLR1-Ni-NTA beads, FITC fluorescence was detected on the beads gate (Figure 24A). 

Interestingly, the fluorescence signal for the beads incubated with NS-FA-FITC show two very well defined 

peaks, the first superimposed with the fluorescence detected for NS-FITC, and the second one that is 

more intense. We suppose that this increase in the total fluorescence relates with the contribution of both 

FITC and FA. 

The analysis of the gate corresponding to free NS (Figure 24B) show that some particles are not captured 

by the FOLR1-Ni-NTA beads. This could be improved by trying to increase the number of FOLR1 molecules 

by bead or by increasing the amount of FOLR1-Ni-NTA beads per volume of formulation.  

4.4.3. Section closure 

The results are promising in the sense that was possible to verify that there was affinity of NP-FA to FOLR1-

Ni-NTA magnetic beads, which means that occurred specific binding of the functionalized particles with 

FA to the folate receptor present on the surface of the beads. However, the developed method still lacks 

of coherence, consequently emerges the need of optimization in order to clearly prove the results 

obtained.
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5.1. Conclusions  

In the present study, the use of chitosan (CS) and poloxamer 407 (P407) were study as coating polymers 

of protein nanospheres (NS) of bovine serum albumin (BSA) for oral delivery and the formulations were 

optimized. Initially, the BSA nanoemulsions produced on a single-stage high pressure homogenizer were 

coated with two polymers solutions varying on the type of CS used (different molecular weight and 

deacetylation degree (DD)). The following two nanoformulations were prepared: NS coated with P407 

mixed with CS low molecular weight (≈ 150 kDa) and  75-85% DD and NS coated with P407 mixed with 

CS 100-300 kDa and 75% DD. The nanoemulsions were incubated with polymers, resulting in different 

ratios of NS to final volume of 1: 2, 1: 5 and 1:10. Coating with CS 100-300 kDa and also formulations 

with ratio 1:10 were abandoned due to the large particle size and PDI.  

The images obtained by microscopy allowed to understand the interaction of both polymers with the 

particles. STEM analysis revealed some unexpected shapes, which may be artifacts introduced by the 

drying process inherent to the technique, or may be due to aggregation and arrangements of the 

polymers. Confocal microscopy allowed to visualize the deposition of both P407 and CS on the surface 

of the NS. However, CS essentially prevails in the surrounding fluid, confirming the presence of the nets 

that were seen by STEM. Through this analysis emerged the need of optimization of the coating solution 

in terms of concentration of polymers. 

The assays performed to evaluate the possible excess of coating polymers were indeed indicative that 

their concentration should be reduced (40-50% for CS and below 7.5 mg/mL for the final concentration 

of P407). Also, in order to avoid micellization of P407 stock solution and intermediary dilution with CS, 

P407 solutions should be prepared and handled at temperatures below 10 ºC until a final concentration 

below 7.5 mg/mL is reached to allow working at room temperature. 

To further optimize the whole process of production of NS, we sought a different method for producing 

the protein spheres. We had available in the lab a single-stage high pressure homogenizer which is 

capable to promote the emulsification of the oil phase into the aqueous phase, and especially has a 

minimum volume of sample 10 times lower than the double-stage high pressure homogenizer, making 

the process more profitable. 

Stability studies performed in simulated gastrointestinal (GI) fluids showed that the different pH 

encountered by the formulations in digestive tract after oral administration influences the particle size. 

This variation may be associated with the modification of the degree of protonation of CS, when present 
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in environments with pH between the range of the gastric, duodenal and intestinal fluids, promoting 

instability in the packaging of CS around the NS. Also, CS and P407 are continuously released from the 

formulation along the simulated GI tract environment, as shown by fluorescence detection in dialysis 

water of the simulated fluids. However, no structural degradation of the NS seems to happen, because 

FITC fluorescence (from BSA) was not detected in any simulated fluid. 

However, we cannot fully confirm the findings described above, since we do not have the controls of each 

fluorophore alone in each simulated fluid, in order to determine if the fluorescence intensity of the 

fluorophores does not depend on the variation of pH. 

The development of an analytical method which unequivocally proves the permeation of the formulations 

in models of intestinal absorption would also be of great importance for the understanding of the fate of 

our formulation. This was one of the major objectives of this thesis and some results are promising. We 

proved that there is specific binding of NS functionalized with folate (FA) to the FA receptor 1 (FOLR1) 

linked to the surface of Ni-NTA magnetic beads (FOLR1-Ni-NTA beads). However, there is also non-specific 

binding of BSA moieties to the capture beads. Overall, the method still needs optimization in several steps 

in order to improve selectivity and clearly differentiate detection signals from intact or degraded NS. 

5.2. Future perspectives 

Future work will focus on the optimization of the method for detection of the permeated formulations. It 

is necessary to use a different fluorophore coupled to BSA that is analyzed in a different detector from 

the FA in the flow cytometer. Also, some important controls are missing from our first approach that 

would allow to unequivocally affirm the selectivity of the method and the integrity of the NS captured by 

the FOLR1-Ni-NTA beads. 

 Subsequently, when the proof of concept of the method is completed, it is going to be applied in biological 

models of intestinal absorption, such as in vitro transepithelial model using polarized monolayers of 

human colonic epithelial cells (Caco-2 cell line) cultivated on transwell permeable inserts, or in the ex vivo 

transepithelial model using pig intestinal mucosa on diffusion Franz cells (which has been already tested 

with some preliminary results by a member of BBRG group). 
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Annex I – Solutions and reagents 

A. Preparation of the solutions of the coating polymers 

Stock solution of poloxamer 407 

Poloxamer 407 (P407; Sigma-Aldrich, Spain) was dissolved in PBS pH 7.4 by stirring at room temperature 

to a final concentration of 30 mg/mL. The solution was stored at 4 ºC until further use. 

After some results obtained during this thesis, the protocol for the preparation of the stock solution of 

P407 suffered some modifications (Section 3.3.2., Chapter 3). Briefly, dissolution of P407 in PBS pH 7.4 

is done at 10 ºC to a final concentration of 20 mg/mL and stored at 4 ºC until further use. 

 

Stock solution of chitosan 

CS low molecular weight (≈ 150 kDa) (LMW) and deacetylation degree between 75-85% (Sigma-Aldrich, 

Spain) or CS 100-300 kDa and 75% deacetylation degree (Sigma-Aldrich, Spain) were weighted and 

dissolved in aqueous solution of 1% acetic acid (Sigma-Aldrich, Spain) in 1% acetic acid to a final 

concentration of 20 mg/mL. For complete solubilization of the polymers, the solutions were left to stirring 

overnight at about 50 °C. Then, the solutions were cooled to room temperature and filtered through a 

0.45 m pore membrane to remove impurities and any undissolved fraction of the polymers. The stock 

solutions were stored at 4 ºC until further use. 

After some results obtained during this thesis, the stock solutions were prepared following the same 

protocol but with a concentration of 12 mg/mL (Section 3.3.1., Chapter 3). 

 

Polymers coating solution 

A mixture of P407 and CS LMW or P07 and CS 100-300 kDa was prepared using equivolumes of each 

polymer. The polymers coating solution was prepared at room temperature and then added drop-by-drop 

to equal volume of NS undiluted (final ratio 1:2) or diluted 1:2.5 (final ratio 1:5) or 1:5 (final ratio 1:10). 

After some results obtained during this thesis, the preparation of the polymer coating solution was done 

at 10 ºC as well as the addition to the NS (Section 3.3.2., Chapter 3). Afterwards, the coated formulations 

can be brought to room temperature. 
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B. Stock solution of cobalt(II) thiocyanate 

The stock solution of Cobalt(II) thiocyanate results from dissolving 3 mg of cobalt II (Sigma-Aldrich, Spain) 

and 20 g of ammonium thiocyanate (Sigma-Aldrich, Spain) in 100 ml of deionized water (dH2O). 

C. Simulated digestive fluids 

The simulated digestive fluids were prepared according to the published by Feng et al. [93]. 

 SGF – 0.03 M NaCl (Sigma-Aldrich, Spain), pH 1.2 

 SDF – 30% SGF and 70% SPIF, pH 6.0 

 SPIF – 0.05 M KH2PO4 (Sigma-Aldrich, Spain), pH 7.5 

 SISEF – SPIF pH adjusted to 7.4 
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Annex II – Standard curves 

A. Standard curve for BSA (Bradford protein quantification) 
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Figure 25 – Standard curve for BSA with standard concentrations of 0; 31.25; 62.5; 125; 250; 500 g/mL and 
measurement of absorbance at 595 nm after addition of Bradford reagent. One assay with triplicates representative 
of four independently performed. 

B. Standard curve for chitosan (ninhydrin reaction) 
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Figure 26 – Standard curve for chitosan with standard concentrations of 0; 125; 250; 376; 500 g/mL obtained 
after ninhydrin reaction and measurement of absorbance at 555 nm. One assay representative of two 
independently performed. 
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C. Standard curve for poloxamer 407 (cobalt(II) thiocyanate reaction) 
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Figure 27 – Standard curve for poloxamer 407 with standard concentrations of 0; 0.0625; 0.125; 0.25; 0.5; 1; 2 
mg/mL after reaction with cobalt(II) thiocyanate and reading of absorbance at 624 nm. 

D. Standard curve for Alexa Fluor 430 (BSA-conjugated fluorophore) 
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Figure 28 – Standard curve for Alexa Fluor 430 with standard concentrations of 0; 0.0156; 0.0312; 0.0625; 0.125; 
0.25; 0.5; 1 g/mL in dH2O and reading of fluorescence emission at 445-700 nm (excitation at 430 nm). 
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E. Standard curve for Alexa Fluor 405 (CS-conjugated fluorophore) 
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Figure 29 – Standard curve for Alexa Fluor 405 with standard concentrations of 0; 0.0156; 0.03125; 0.0625; 
0.08; 0.125 g/mL in acetic acid and reading of fluorescence emission at 420-700 nm (excitation at 401 nm). 
One assay representative of two independently performed. 

F. Standard curve for Rhodamine B (P407-conjugated fluorophore) 
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Figure 30 – Standard curve for Rhodamine B with standard concentrations of 0; 15.63; 31.25; 62.5; 125; 250; 
500 ng/mL in dH2O and reading of fluorescence emission at 570-620 nm (excitation at 554 nm). 
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Anexx III – Supplementary results 

A. Size, polydispersity index (and zeta potential of nanospheres produced by double-

stage high pressure homogenization and coated with P407 and CS 
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Figure 31 – Size of the NS of the formulations of control (NS+PBS) and coated with P407 mixed with CS LMW and 
mixed with CS 100-300 kDa (NS+[P407+CS LMW] or NS+[P407+CS 100-300]) in different ratios (1:2; 1:5; 1:10). 
Horizontal line represents the size of undiluted NS. Statistically significant differences between the control and the 
coated formulations for each ratio are marked with ** for p<0.01 and *** for p<0.001. 

 



 

85 

NS+
PBS

NS+
[P4

07
+C

S L
MW]

NS+
[P4

07
+C

S 1
00

-30
0] 

NS+
PBS

NS+
[P4

07
+C

S L
MW]

NS+
[P4

07
+C

S 1
00

-30
0] 

NS+
PBS

NS+
[P4

07
+C

S L
MW]

NS+
[P4

07
+C

S 1
00

-30
0] 

0.0

0.1

0.2

0.3

0.4

0.5

1:101:2 1:5

0.17

***
***

***
***

**

***
***

**

PD
I

 

Figure 32 – Polydispersity index (PDI) of the NS of the formulations of control (NS+PBS) and coated with P407 
mixed with CS LMW and mixed with CS 100-300 kDa (NS+[P407+CS LMW] and NS+[P407+CS 100-300]) in 
different ratios (1:2; 1:5; 1:10). Horizontal line represents the size of undiluted NS. Statistically significant 
differences between the control and the coated formulations for each ratio are marked with ** for p<0.01 and *** 
for p<0.001. 
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Figure 33 – ζ potential of the NS of the formulations of control (NS+PBS) and coated with P407 mixed with CS 
LMW and mixed with CS 100-300 kDa (NS+[P407+CS LMW] and NS+[P407+CS 100-300]) in different ratios (1:2; 
1:5; 1:10). Horizontal line represents the ζ potential of undiluted NS. Statistically significant differences between 
the control and the coated formulations for each ratio are marked with ** for p<0.01 and *** for p<0.001. 
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B. Optimization of the process of production of nanospheres by single-stage high pressure 

homogenization  

 

 

Figure 34 – Size distribution by intensity of the NS produced using a single-stage high pressure homogenizer 
(EmulsiFlex-C3, Avestin, Canada) with 15, 30, 45 and 60 cycles of homogenization with 1000 bar or 1500 bar. 
One representative measurement is shown for each condition. 

 

 

 

 

Figure 35 – Size distribution by intensity of the particles obtained after fractionation (upper, intermediate and lower 
phase) of the emulsions prepared with 60 cycles of homogenization with 1000 or 1500 bar. One representative 
measurement is shown. 
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Figure 36 – Particle size distribution by intensity of the total sample and intermediate phase after 15 and 30 cycles 
of homogenization with 1500 bar. One representative measurement is shown. 
 

 

 

  

Figure 37 – Particle size distribution by intensity of the total sample, upper and intermediate phase after 30 cycles 
of homogenization with 1500 bar. One representative measurement is shown. 
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C. Preparation of nanospheres by sonication 

 

 

Figure 38 – Size distribution by intensity of the uncoated NS produced by sonication (lower phase). Duplicate 
measurements are shown. 

 

 

 

Figure 39 – Particle size distribution by intensity of the coated NS produced by sonication (lower phase). Duplicate 
measurements are shown.  
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D. Conjugation efficiency of BSA, CS and P407 with fluorophores 

 

Table 7 –  Conjugation efficiency of BSA, CS and P407 with fluorophores. 

 Conjugation efficiency 

BSA 1.84 mol AF430/mol BSA 

CS 3.24 mol AF405/mol CS 

P407 0.69 mol RhoB/mol P407 

 


