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Abstract

Alginate nanoparticles were prepared from dilute alginate solution by inducing a pre-

gel with calcium counter ions, followed by polyelectrolyte complex coating with 

chitosan. Particles in the nanometer size range were obtained with 0.05% alginate and 

0.9 mM Ca2+. The mean particle size was influenced by time and stirring speed of 

nanoparticle preparation, by alginate guluronic acid content and chitosan molecular 

weight and by the initial alginate:chitosan mass ratio. The association efficiency of 

insulin into alginate nanoparticles, as well as loading capacity were mainly influenced 

by the alginate:chitosan mass ratio. Under optimized size conditions, the association 

efficiency and loading capacities were as high as 92% and 14% respectively. 

Approximately 50% of the protein was partially retained by the nanoparticles in gastric 

pH environment up to 24 hours while a more extensive release, close to 75% was 

observed under intestinal pH conditions. The released insulin maintained its bioactivity 

as evaluated by ELISA. Mild formulation conditions, optimum particle size range, high 

insulin entrapment efficiency and resistance to gastrointestinal release seem to be 

synergic and promising factors toward development of an oral insulin delivery form. 

Insulin nanoparticle interactions at varying pH and polyelectrolyte stoichiometry 

were assessed by differential scanning calorimetry (DSC) and Fourier-transform 

infrared (FTIR) studies. Thermograms of insulin-loaded nanoparticles resulted in shifts 

in the same unloaded nanoparticle peaks and suggested polyelectrolyte-protein

interactions at pH around 4.5-5.0. FTIR spectra of insulin-loaded nanoparticles showed 

amide absorption bands characteristic of protein spectra and revealed the formation of 

new chemical entities.  

Insulin secondary structure was assessed by FTIR and Circular Dichroism (CD) after 

entrapment into nanoparticles and after release from the particles under gastrointestinal

simulated conditions.  FTIR second derivative spectra and area-overlap compared to an 

insulin standard confirmed that no significant conformational changes of insulin 

occurred in terms of -helix and -sheet content. Far-UV-CD spectra corroborated the 

preservation of insulin structure during the nanoparticle production procedure. Thus it 

was shown that the nanoparticulate system preserves insulin structure and therefore 

also, potentially, its bioactivity, as previously predicted by ELISA. 
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The pharmacological activity of insulin-loaded alginate/chitosan nanoparticles was 

evaluated following oral dosage in diabetic rats. Nanoparticles lowered basal serum 

glucose levels by more than 40% with 50 and 100 IU/kg doses sustaining hypoglycemia 

for over 18 h. Pharmacological availability was 6.8 and 3.4% for the 50 and 100 IU/kg 

doses respectively, a significant increase over 1.6%, determined for oral insulin alone in 

solution. Confocal microscopic examinations of FITC-labelled insulin nanoparticles 

showed clear adhesion to rat intestinal epithelium, and internalization of insulin within 

the intestinal mucosa. The results indicate that the encapsulation of insulin into 

mucoadhesive nanoparticles was a key factor in the improvement of the efficiency of its 

oral bioavailability. 

The insulin encapsulated in alginate/chitosan nanoparticles was orally administered 

and exerted physiologic effect, but a premature insulin release under simulated gastric 

conditions was observed, exposing insulin to undesired GI degradation. To overcome 

this drawback and evaluate the improvement of insulin retention within nanoparticle 

matrix during gastric passage, alginate polyanion was substituted for the more anionic 

dextran sulfate and a nanoparticle insulin delivery system was prepared by 

complexation of dextran sulfate and chitosan in aqueous solution. Parameters of the 

formulation such as the final mass of polysaccharides, the mass ratio of the two 

polysaccharides, pH of polysaccharide solution, and insulin initial loading were 

identified as the modulating factors of nanoparticle physical properties. Particles with a 

mean diameter of 500 nm and a zeta potential of approximately -15 mV were produced 

under optimal conditions of dextran sulfate:chitosan mass ratio of 1.5:1 at pH 4.8. 

Nanoparticles showed spherical shape, uniform size and good shelf-life stability. 

Polysaccharide complexation was confirmed by DSC and FTIR spectroscopy, and an 

association efficiency of 85% was obtained. Insulin release at pH below 5.2 was 

negligible up to 24 hours and at pH 6.8, the release was characterized by a sigmoidal 

profile. This suggests that release of insulin is ruled by a dissociation mechanism and 

dextran sulfate/chitosan nanoparticles are pH-sensitive delivery systems. Furthermore, 

the released insulin maintained its immunogenic bioactivity evaluated by ELISA, 

confirming that this new formulation shows promising properties toward the 

development of an oral delivery system for insulin. 
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The pharmacological activity of insulin-loaded dextran sulfate/chitosan nanoparticles 

was evaluated following oral dosage in diabetic rats. Nanoparticulate insulin lowered 

basal serum glucose levels around 35% with 50 and 100 IU/kg doses sustaining 

hypoglycemia for over 24 h. Pharmacological availability was 5.6 and 3.4% for the 50 

and 100 IU/kg doses respectively, higher than 1.6%, determined for oral insulin alone in 

solution. Confocal microscopic examinations of FITC-labelled insulin nanoparticles 

showed adhesion to rat intestinal epithelium, and internalization of insulin within the 

intestinal mucosa. Encapsulation of insulin into dextran sulfate/chitosan nanoparticles 

was fundamental for the improvement of the oral bioavailability over insulin solution.

Alginate/chitosan and dextran sulfate/chitosan cumulative hypoglycemic effect was 

comparable, reflecting similar relative cumulative reduction in blood glucose levels. 

Hypoglycemic results suggest that dextran sulfate/chitosan nanoparticles are able to 

provide insulin absorption on a continuous basis and for a longer time period than 

alginate/chitosan nanoparticles. Alginate/chitosan nanoparticles probably presented 

higher mucoadhesion properties than dextran sulfate/chitosan nanoparticles but the 

latter released insulin in a more sustained manner. In general, alginate/chitosan and 

dextran sulfate/chitosan nanoparticles present similar and promising oral delivery 

systems for insulin and potentially other therapeutic proteins. 
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Resumo

Foram preparadas nanopartículas de alginato por adição de iões de cálcio a uma 

solução diluída de alginato originando um pré-gel revestido por posterior complexação 

com quitosano. Foram obtidas partículas nanoméricas com solução de alginato a 0,05% 

e 0,9 mM Ca2+. O tamanho médio de partícula foi influenciado pelo tempo e velocidade 

de agitação do processo de fabrico das nanopartículas, pelo teor do ácido gulurónico do 

alginato, massa molecular do quitosano e pela relação de massa entre alginato e 

quitosano. A eficiência de associação da insulina assim como a capacidade de 

encapsulação foram influenciadas, principalmente, pela relação de massa entre 

alginato:quitosano. Em condições ideais, a eficácia de associação e capacidade de 

encapsulação atingiram 92 e 14%, respectivamente. Cerca de 50% da proteína foi 

parcialmente retida pelas nanopartículas em meio gástrico durante 24 horas enquanto 

uma libertação superior a 75% foi obtida em condições intestinais ao fim do mesmo 

tempo, mantendo a sua bioactividade imunológica avaliada por ELISA. Condições de 

formulação simples, tamanho de partícula ideal, eficiência de encapsulação da insulina 

elevada, e resistência à libertação gastrointestinal parecem ser sinergismos e factores 

promissores a desenvolver para obter uma forma farmacêutica para administração oral 

da insulina. 

As interacções entre as nanopartículas e a insulina a diferentes valores de pH e 

relações massa:massa dos polissacarídeos foram avaliados por calorimetria diferencial 

de varrimento (DSC) e por espectrofotometria de infravermelho por transformada de 

Fourier (FTIR). Termogramas de nanopartículas contendo insulina originaram pequenos 

deslocamentos nos mesmos picos presentes nas nanopartículas sem insulina e sugerem 

interacções proteína-polissacarídeos a pH 4,5 – 5,0. Espectros de FTIR de 

nanopartículas contendo insulina mostraram bandas de absorção amida características 

do espectro da proteína e revelam a formação de novas entidades químicas. 

A estrutura secundária da insulina foi avaliada por FTIR e por dicroismo circular 

(CD) após encapsulação e depois de libertada das nanopartículas em condições 

gastrointestinais simuladas. O espectro da segunda derivada de FTIR e a sobreposição 

de área comparadas com a insulina padrão confirmou que não houve alterações 

conformacionais significativas da insulina ao nível do conteúdo em -hélix e camada- .
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Espectro de CD no ultravioleta longínquo confirmou a conservação da estrutura da 

insulina durante a produção das nanopartículas. Deste modo, o sistema de 

nanopartículas apresentado preserva a estrutura da insulina e por isso, também, 

potencialmente a sua bioactividade.  

A actividade farmacológica da insulina contida nas nanopartículas de 

alginato/quitosano foi avaliada após administração oral em ratos diabéticos. As 

nanopartículas baixaram os níveis de glucose do sangue nos ratos diabéticos em mais de 

40% em relação ao seu nível basal nas doses de insulina de 50 e 100 UI/kg mantendo a 

hipoglicémia por mais de 18 horas. A biodisponibilidade relativa foi de 6,8 e 3,4% para 

as doses de 50 e 100 UI/kg, respectivamente, correspondendo a um aumento 

significativo em relação à insulina administrada em solução oral em que este valor 

apenas atingiu 1.6%. A adesão das nanopartículas ao epitélio intestinal do rato foi 

demonstrada por microscopia confocal, após administração de nanopartículas com 

insulina marcada. Os resultados indicaram que a encapsulação da insulina em 

nanopartículas mucoadesivas foi o factor responsável pelo aumento da sua absorção 

oral.

As nanopartículas de alginato/quitosano demonstraram o seu potencial para a 

administração oral de insulina mas a formulação também mostrou uma rápida libertação 

de insulina a nível gástrico, expondo a insulina à indesejável degradação no tracto 

gastrointestinal. No sentido de minorar este efeito, e avaliar o efeito do potencial 

aumento da insulina no trato gastrointestinal pela sua libertação controlada, o alginato 

foi substituído pelo sulfato de dextrano, polissacarídeo de carácter aniónico mais 

acentuado e nanopartículas contendo insulina foram preparadas por complexação do 

sulfato de dextrano e do quitosano em solução aquosa. Parâmetros de formulação como 

a massa final de polissacarídeos, a relação de massa entre eles, o pH e a capacidade de 

encapsulação teórica da insulina foram identificados como sendo os principais factores 

responsáveis pelas propriedades físicas das nanopartículas. Partículas com um diâmetro 

médio de 500 nm e potencial zeta de cerca de -15mV foram produzidas numa relação de 

massa entre sulfato de dextrano:quitosano de 1,5:1 e a pH 4,8. As nanopartículas 

apresentaram forma esférica, tamanho uniforme e boa estabilidade. A complexação dos 

polissacarídeos foi confirmada por DSC e FTIR. Foi obtida uma eficácia de associação 

de 85%. A pH abaixo de 5,2 a libertação da insulina foi praticamente inexistente durante 
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24 h, enquanto a pH 6,8 foi libertada segundo uma cinética sigmoide, sugerindo que a 

libertação da insulina foi regida por um mecanismo de dissociação dependente do pH. 

Além disso, a insulina libertada manteve a sua actividade imunogénica, avaliada por 

ELISA, confirmando que esta nova formulação mostra propriedades promissoras para o 

desenvolvimento de um sistema de administração oral de insulina. 

A actividade farmacológica das nanopartículas de sulfato de dextrano/quitosano 

contendo insulina foi avaliada após administração oral em ratos diabéticos. As 

nanopartículas contendo insulina baixaram os níveis de glucose sanguínea em ratos 

diabéticos em cerca de 35% relativamente aos seus valores iniciais nas doses de 50 e 

100 UI/kg, mantendo a hipoglicémia por mais de 18 horas. A biodisponibilidade 

relativa foi de 5,6 e 3,4% para as doses de 50 e 100 UI/kg, respectivamente, 

significativamente mais elevada do que o valor de 1,6% obtido para a insulina 

administrada em solução oral. Mais uma vez, a adesão das nanopartículas ao epitélio 

intestinal e absorção da insulina foram demonstradas por microscopia confocal, após 

administração de nanopartículas contendo insulina marcada com fluoresceína. A 

encapsulação da insulina em nanopartículas de sulfato de dextrano/quitosano foi 

fundamental para incrementar a sua biodisponibilidade oral em relação à administração 

oral da insulina em solução.  

O efeito hipoglicémico total das nanopartículas de alginato/quitosano e sulfato de 

dextrano/quitosano foi comparável, reflectindo uma redução relativa nos níveis 

sanguíneos de glucose semelhante. Os resultados da bioactividade da insulina sugerem 

que as nanopartículas de sulfato de dextrano/quitosano são capazes de permitir a 

absorção de insulina de forma contínua e durante um maior período de tempo do que as 

de alginato/quitosano. As nanopartículas de alginato/quitosano aparentemente 

apresentavam propriedades de mucoadesão superiores às de sulfato de 

dextrano/quitosano, embora estas parecessem ter libertado insulina de uma forma mais 

sustentada. Em conclusão, as nanopartículas de alginato/quitosano e sulfato de 

dextrano/quitosano apresentam-se como sistemas promissores de libertação oral de 

insulina e/ou outras proteínas com utilização terapêutica.  
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Resumen

Las nanopartículas de alginato se han preparado a partir de una disolución de 

alginato, induciendo previamente su gelificación con contra-iones de calcio, a la que se 

sigue un recubrimiento con quitosano por complejación. Utilizando 0.05% (m/v) de 

alginato y 0.9 mM de Ca2+, se han obtenido partículas con un tamaño nanométrico, cuyo 

diámetro mediano depende del tiempo y velocidad de agitación del medio de 

preparación, de la cantidad de ácido gulurónico presente en el alginato, del peso 

molecular del quitosano y de la relación de masa alginato:quitosano. La eficacia de 

asociación de la insulina a las nanopartículas de alginato, así como la capacidad de 

carga de las mismas, se ha visto mayoritariamente influenciada por la relación de masa 

alginato:quitosano. Tras la optimización de las condiciones de tamaño, la eficacia de 

asociación y la capacidad de carga fueron de 92% y 14%, respectivamente. En medio 

gástrico simulado, las nanopartículas retienen aproximadamente el 50% de la proteína 

hasta las 24 horas, mientras a un pH similar al intestinal, se observa una liberación más 

extendida del 75% de la proteína. Factores como condiciones de preparación muy 

suaves, un tamaño de partícula optimizado, una elevada asociación de insulina y la 

resistencia a la liberación gastrointestinal, parecen actuar sinergicamente, constituyendo 

factores muy prometedores para el desarrollo de una formulación adecuada para la 

administración de insulina. Las interacciones de las nanopartículas en condiciones 

variadas de pH y estequiometria de los polielectrolitos, se ha evaluado por calorimetría 

diferencial de barrido (DSC) e infrarrojos con transformada de Fourier (FTIR). Los 

termogramas de las nanopartículas conteniendo insulina originaron pequeñas 

desviaciones en los picos de absorción que se han observado para las nanopartículas sin 

insulina y han sugerido interacciones polielectrolito-proteína a un pH alrededor de 4.5 – 

5.0. El espectro de FTIR de las nanopartículas conteniendo insulina ha demostrado la 

presencia de bandas de absorción de amidas que son características del espectro de la 

proteína y ha revelado la formación de nuevas entidades químicas. 

La estructura secondaria de la insulina fue evaluada por FTIR y dicroismo circular 

(CD) tras su asociación a las nanopartículas y después de su liberación a partir de las 

mismas en medio gástrico y intestinal simulado. La comparación entre el espectro FTIR 

de segunda derivada y area-overlap con un standard de insulina, han confirmado que la 
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proteína no sufre cambios de conformación en lo que se refiere a contenido -hélice y 

camada- .  El espectro Far-UV-CD ha corroborado la preservación de la estructura de la 

insulina durante el procedimiento de preparación de las nanopartículas. De esta forma, 

se comprueba que el sistema nanoparticular desarrollado preserva la estructura de la 

insulina y, por lo tanto, su actividad biológica. La actividad farmacológica de las 

nanopartículas de alginato/quitosano conteniendo insulina se ha evaluado tras su 

administración oral a ratas diabéticas. Las nanopartículas han disminuido los niveles 

séricos de glucosa más de 40% con las dosis de 50 y 100 IU/kg sosteniendo la 

hipoglucemia por más de 18 horas. La disponibilidad farmacológica fue de 6.8 y 3.4% 

para las dosis de 50 y 100 IU/kg, respectivamente, con un aumento significativo 

superior a 1.6%, determinado para una solución oral de insulina. Las observaciones de 

las nanopartículas conteniendo insulina marcada con FITC por microscopia confocal, 

han demostrado una clara adhesión de las nanopartículas al epitelio intestinal de las 

ratas y la internalización de la insulina por la mucosa intestinal. Los resultados indican 

que la encapsulación de insulina en nanopartículas mucoadhesivas fue un factor 

determinante en el aumento de la eficacia de su administración oral. 

Las nanopartículas de alginato/quitosano desarrolladas demostraron su potencial para 

administrar la insulina por vía oral, pero la formulación también ha mostrado una 

liberación prematura de la insulina a nivel gástrico, exponiendo la insulina a una 

degradación GI indeseada. Para suplantar estas limitaciones y evaluar el efecto del 

mejoramiento teórico de la insulina por modelación de su liberación a nivel 

gastrointestinal, el polianión alginato se ha sustituido por sulfato de dextrano y un 

sistema nanoparticular para administración de insulina se ha preparado por 

complejación de sulfato dextrano con quitosano en solución acuosa. Parámetros de la 

formulación tales como la relación de masas de ambos polímeros, pH de las 

disoluciones de los polisacáridos y la carga teórica de insulina, se han identificado como 

factores influyentes de las características físicas de las nanopartículas. Se han producido 

partículas con un diámetro mediano de 500 nm y un potencial zeta de aproximadamente 

-15 mV, obtenidas para unas condiciones óptimas de relación de masa sulfato de 

dextrano/quitosano de 1.5:1 a pH 4.8. Las nanopartículas tienen forma esférica, tamaño 

uniforme y buena estabilidad. La complejación de los polisacáridos se ha confirmado 

DSC y FTIR. Se ha obtenido una eficacia de asociación de 85%. La liberación de 
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insulina a un pH por debajo de 5.2 fue prácticamente nula hasta las 24 horas y a pH 6.8 

la liberación se ha caracterizado por un perfil controlado. Esto sugiere que la liberación 

de insulina se controla por un mecanismo de disociación y que las nanopartículas de 

sulfato de dextrano/quitosano son sistemas de liberación sensibles al pH. Además, la 

insulina liberada ha mantenido completamente su bioactividad inmunogénica evaluada 

por ELISA, confirmando que esta nueva formulación posee propiedades promisoras 

para el desarrollo de un sistema de administración de insulina por vía oral. 

La actividad farmacológica de las nanopartículas de sulfato de dextrano/quitosano 

conteniendo insulina se ha evaluado tras su administración oral a ratas diabéticas. Las 

nanopartículas administradas oralmente redujeron los niveles de glucosa de ratas 

diabéticas aproximadamente 35%, las dosis de 50 y 100 UI/kg sosteniendo la 

hipoglucemia por más de 24 horas. La disponibilidad farmacológica fue 5.6 y 3.4% para 

las dosis de 50 y 100 UI/kg, respectivamente, con un aumento significativo de 1.6% 

determinado para una solución de insulina oral. La observación de las nanopartículas 

conteniendo insulina marcada con FITC ha mostrado su adhesión al epitelio de las ratas 

y la internalización de la insulina por la mucosa intestinal. La encapsulación de insulina 

en las nanopartículas de sulfato de dextrano/quitosano ha sido fundamental para mejorar 

la biodisponibilidad de la insulina por vía oral.

El efecto hipoglucémico cumulativo de las nanopartículas de alginato/quitosano y 

sulfato de dextrano/quitosano fue comparable, reflejando reducciones cumulativas 

relativas similares en los niveles de glucosa sanguínea. Los resultados sugieren que las 

nanopartículas de sulfato de dextrano/quitosano proporcionan una absorción de insulina 

de forma continuada y por un periodo de tiempo más largo comparando con las 

nanopartículas de alginato/quitosano. Las nanopartículas de alginato/quitosano 

probablemente presentan mejores propiedades de mucoadhesión que las nanopartículas 

de sulfato de dextrano/quitosano, pero éstas pueden liberar la insulina de una forma más 

sostenida. En general, las nanopartículas de alginato/quitosano y de sulfato de 

dextrano/quitosano son sistemas igualmente prometedores para la administración oral 

de insulina y/o otras proteínas terapéuticas.
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Advances in biotechnology have accelerated the economical, large-scale production 

of therapeutically active peptides and proteins, making them readily available for 

therapeutic use. The general approach to deliver peptides and proteins has been 

parenteral administration, which is invasive and inconvenient. Alternative routes may 

offer the advantage of being less invasive, and hold great potential for the application of 

controlled delivery systems. Although the oral route is preferred for the administration 

of drugs, particularly those required in chronic therapies like diabetes, this is not 

feasible for the systemic delivery of most peptide and protein drugs. Rapid hydrolytic 

and enzymatic degradation in the gastrointestinal tract and hepatic first-pass elimination 

make oral administration a difficult challenge.

The use of natural polysaccharides has commanded particular interest for protein 

delivery systems due to desirable biocompatible, biodegradable, hydrophilic and 

protective properties [1]. The interaction between biodegradable cationic and anionic 

biopolymers leads to the formation of polyionic hydrogels, which have demonstrated 

favourable characteristics for protein entrapment and delivery. The formulation of 

therapeutic proteins employing mucoadhesive polysaccharides to be delivered at the site 

of protein absorption has offered various advantages for improved uptake [2, 3]. Most 

significant is incorporating the proteins into colloidal carriers like nanoparticles. It has 

been proposed that mucoadhesion of nanoparticles is one of the important properties for 

improving the bioavailability of poorly absorptive drugs like proteins [4, 5] mostly due 

to the ability of nanoparticles to cross the intestinal membrane. Additionally, many of 

these polymers are naturally hydrophilic, which is advantageous since this property is 

thought to contribute to longer circulation times in vivo and allows encapsulation of 

water-soluble biomolecules like proteins [6]. In the case of oral delivery, the hydrolytic 

metabolism of released peptides or proteins by enzymes in the gastrointestinal track and 

by low gastric pH is strongly reduced by such mucoadhesive formulations which are 

able to provide an intimate contact with the intestinal mucosa. In addition, natural 

biopolymers have demonstrated capacity to reduce the physical and chemical 

instabilities of proteins [7, 8]. The rapid clearance of protein from the site of intestinal 

absorption is another barrier to protein absorption. Thus, a prolonged residence time of 

the nanoparticulate protein formulation on the intestinal mucosa leads to an extended 
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time period of protein absorption, and subsequently, to an improved bioavailability. 

Also, the adhesion of nanoparticulate formulations on the mucosal membrane provides 

a high concentration gradient of the drug toward the absorption membrane. This may 

provide a high driving force for passive paracellular uptake.

The potential of chitosan-based nanoparticle systems, [9, 10] designed to specially 

tailor the association and oral delivery of macromolecular compounds such as proteins, 

has been widely described. Because of the high potential and promising field that 

therapeutic peptides and proteins represent, new oral formulations must be developed to 

tackle the difficulties associated with protein oral delivery as mention above.  

The main goal of this research work was to propose, develop and formulate new 

nanoparticles made of natural polysaccharides, specifically of alginate/chitosan and 

dextran sulfate/chitosan, for the encapsulation of insulin and to demonstrate oral 

bioavailability of the peptidic drug. 
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2.1.State of the art in protein delivery 

New protein-based molecules represent approximately 25% of the new 

pharmaceuticals (new molecular entities) coming on the market every year [11]. Peptide 

therapeutics are well positioned in the area of nanomedicine, using nanotechnology for 

medical applications in both the academic and industrial fields [12]. 

Most therapeutic proteins are used for life-threatening and seriously debilitating 

diseases such as diabetes, cancer, rheumatoid arthritis or hepatitis. The high activity and 

specificity of proteins compared to the more conventional, low molecular weight drugs 

often allows for a better treatment of these diseases. However, the production and 

delivery of these proteins occur under unfavorable stress conditions to both protein 

stability in the formulation and patients during disease [13]. 

Proteins must enter the bloodstream to achieve the pharmacological effect, and are 

thus administered parenterally. However, research continues on non-parenteral delivery 

routes but the high molecular weight of proteins, combined with their hydrophilic and 

charged nature, renders transport through membranes difficult. Moreover, various 

proteases are present at potential sites of administration, such as in the gastrointestinal 

tract, lung, buccal epithelium and skin. Finally, cells of the immune system located at 

the point of entry may absorb and eliminate the protein, thus reducing bioavailability 

increasing the potential for an immune response [13]. Nevertheless, substantial progress 

on protein delivery via non-parenteral routes has been reported [11]. 

Marketed products based on nanomedicine are useful tools for the diagnosis and 

treatment of prominent diseases [14]. However, there is still a lack of protein 

nanoparticle formulations. Nanoparticles with diameters ranging from 1 to 1000 nm, 

may be considered as protein delivery systems suitable for most administrative routes. 

Over the past few decades, there has been considerable interest in developing 

biodegradable nanoparticles as effective protein delivery devices. A variety of natural 

and synthetic polymers have been explored for the preparation of nanoparticles because 

of their biocompatibility and biodegradability. Nanoparticles, including nanospheres 

and nanocapsules, are able to adsorb and/or encapsulate proteins, thus providing 

protection against chemical and enzymatic degradation. In recent years, biodegradable 
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polymeric nanoparticles have attracted considerable attention in the controlled release of 

drugs, in targeting particular organs/tissues, as carriers of DNA in gene therapy and in 

the delivery of proteins, peptides, hormones, antibodies and genes [14]. Nanoparticles 

can be used to effectively deliver proteins to a target site and thus increase the 

therapeutic benefit, while minimizing side effects [15]. Furthermore, nanoparticles are 

versatile in the methods and materials of formulation, can be designed to show 

sustained release properties, are of subcellular size, and can be biocompatible with 

tissues and cells. 

The success of a nanoparticle formulation depends not only on the stability of the 

delivery system but also on the ability of the protein to maintain the native structure and 

activity during preparation, delivery, and long-term storage [16]. Stability has been 

identified as one of the major advantages for the encapsulation of proteins. Chemical 

stability of proteins involves the integrity of their amino acid sequence, and the activity 

of small peptides and proteins depends mainly on the primary and secondary structures. 

Thus, it is important to retain high amounts of protein in the nanoparticle formulation, 

but also to ensure that the retained protein is fully active. Degradation products might be 

therapeutically inactive, or cause unpredictable side effects, such as toxicity or 

antigenicity [17]. Forms of chemical degradation include deamidation, isomerization, 

hydrolysis, racemization, oxidation, disulfide formation and -elimination. Physical 

stability is generally defined as the ability of a protein to retain at least its tertiary 

structure that is crucial for biological activity. Physical degradation involves reversible 

or irreversible denaturation through a loss of tertiary structure and unfolding with 

further reactions like chemical degradation, aggregation and precipitation [17]. 

The use of nanoparticles for protein delivery has also been a focus in the field of 

long-term systemic delivery, intended to last for several days or weeks, depending on 

the degradability and erosion of the nanomeric matrix. 

This chapter presents the main contributions in the field of biodegradable 

nanoparticles as protein carriers, the most commonly used materials for formulation, 

methods of preparation, and main proteins with therapeutic applications. 
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2.2.Materials for nanoencapsulation 

2.2.1.Polysaccharides

Polysaccharides are widely abundant in nature, inexpensive, and widely available in 

a variety of structures and properties. Polysaccharides are typical examples of natural 

biodegradable hydrophilic polymers, which exhibit enzymatic degradation behaviour 

and good biocompatibility. They can be easily modified chemically and biochemically, 

and are highly stable, safe, non-toxic, with gel forming properties, suggesting suitability 

for targeted drug delivery systems [18]. A large number of polysaccharides have already 

been tested for potential use as nanoparticulate protein carrier systems, including 

chitosan, alginate, pectin, chondroitin sulfate, cellulose sulfate, cyclodextrins, dextrans, 

starch, glucomannan and others.  

2.2.1.1.Chitosan

Chitosan is a natural polysaccharide consisting of linear poly- -(1-4)-N-acetyl-D-

glucosamine monosaccharide. In contrast to many other natural polymers, chitosan has 

a positive charge and due to its biocompatibility, mucoadhesion, biodegradability, low 

cost and ability to open intercellular tight junctions of enterocytes, constitutes a valuable 

excipient for protein drug delivery systems [19]. Chitosan is obtained from the 

deacetylation of chitin, a naturally occurring substance in the exoskeletons of marine 

arthropods. The acetamide group of chitin can be deacetylated with concentrated alkali 

into an amino group to yield chitosan. Chitin and chitosan represent long-chain 

polymers having molecular mass up to several cents of kDa. Chitosan has an average 

molecular weight ranging between 3.8 to 200 kDa and is 66% to 95% deacetylated. The 

primary amine groups render special properties that make chitosan very useful for 

pharmaceutical applications. Chitosan, being a cationic polysaccharide in neutral or 

basic pH conditions, contains free amino groups and thus is insoluble in water. In acidic 

pH, amino groups can undergo protonation, turning chitosan water soluble. Chitosan is 

non-toxic and easily removable from the human body without causing concurrent side 
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reactions. In addition, it possesses antimicrobial properties [20, 21], absorbs toxic 

metals such as mercury, cadmium and lead [22], and shows very low toxicity (e.g. 

similar to sugar or salt [23]). Various sterilization procedures such as ionizing radiation, 

heat, steam and chemical methods, can be suitably adopted for sterilization of chitosan 

in clinical use [24]. 

The cationic nature of chitosan has been exploited for the development of particulate 

protein delivery systems. Thus far, it has been the most widely used polysaccharide for 

the development of protein-loaded nanoparticles [25]. Apart from its ability to complex 

negatively charged polymers, an important property of chitosan is that it gels in the 

presence of specific polyanions, such as tripolyphosphate (TPP). Gelation is triggered 

by the formation of inter- and intramolecular cross-link mediated by the polyanions [9]. 

Insulin [10, 26-29], bovine serum albumin (BSA) [30, 31] and vaccines [29, 32-34] 

have been encapsulated in chitosan nanoparticles through the process of ionotropic 

gelation. These nanoparticles have shown an improvement in peptide and protein 

absorption by several mucosal routes, such as the nasal and ocular, where the release of 

the active molecules should be fast. 

A similar process has been applied to encapsulate vaccines [35, 36] by cross-linking 

chitosan nanoparticles with sodium sulfate. After coating the nanoparticles with 

alginate, nanoparticles were shown to be taken up by rat Peyer's patches, suggesting that 

they may be promising carriers for mucosal vaccination [37]. 

Chitosan nanoparticles containing salmon calcitonin were prepared by the solvent 

displacement technique. Chitosan molecular weight influenced the size of the 

nanoparticles but not the zeta potential or association efficiency (AE)[38]. These 

nanoparticles exhibited cellular viability in Caco-2 cells and following oral 

administration to rats, chitosan nanoparticles were able to significantly reduce serum 

calcium levels, which were maintained at low levels for at least 24 hours. 

Since chitosan is insoluble at physiological pH, water-soluble derivatives of chitosan 

have been used to produce protein-loaded nanoparticles. N-trimethyl chitosan, a 

partially quaternized chitosan derivative [39-42], n-(2-hydroxyl) propyl-3-trimethyl 

ammonium chitosan chloride [43] and chitosan-graft methyl methacrylate monomers 

[44] have replaced chitosan in the encapsulation of proteins, providing an improved  

stability, due to enhanced electrostatic interactions, which increased the loading 
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efficiency. N-trimethyl chitosan has been PEGylated (i.e., grafted with PEG ) in an 

attempt to increase the solubility of chitosan in water, and to improve its 

biocompatibility [45, 46]. Insulin has been entrapped into these nanoparticles composed 

of PEGylated trimethyl chitosan copolymers, which significantly enhanced uptake by 

Caco-2 cells. 

Amphiphilic modified chitosans show the property of self-aggregation when 

dissolved in water, due to intra and/or intermolecular hydrophobic interactions. In 

comparison to more common procedures for the production of chitosan nanoparticles, 

such as ionic gelation, nanoparticles obtained through the self-assembly of amphiphilic 

chitosans is simpler and more effective, needing no additives. Modified chitosan with 

cholesterol [47], linoleic-acid [48], deoxycholic acid [49], hexanoyl [50] and lactic acid 

[51] are examples of amphiphilic modified chitosans employed as protein carriers. 

Chitosan has also been used as hydrophilic polymeric coating on the surface of 

protein-loaded nanoparticles [52, 53], increasing transport through mucosal surfaces and 

decreasing significantly the elimination rate of the modified nanoparticles. The surface 

composition of the nanoparticles is a key factor for the improvement of the efficiency of 

nanoparticle formulations. Due to the mucoadhesive properties of chitosan, the potential 

of chitosan-coated nanoparticles as carriers for peptide delivery is improved [52]. 

2.2.1.2.Alginate

Alginate is a linear polysaccharide found in the intracellular matrix of seaweed, 

where it exists as a mixed salt of various cations. Alginate contains varying amounts of 

1,4-linked -L-guluronic acid and -D-mannuronic acid, which are arranged in a pattern 

of blocks along the chain. 

This polysaccharide has several properties that have enabled it to be used as an 

optimum material for the encapsulation of a variety of proteins [54]. These properties 

include its ability to form gels in the presence of divalent cations, a high gel porosity, 

which allows for high diffusion rates of macromolecules, the ability to control this 

porosity with simple coating procedures, mucoadhesivity and dissolution, and 

biocompatibity and biodegradation of the nanoparticles under normal physiological 
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conditions [54, 55]. In addition, it is of relatively low cost and the production of 

nanoparticles occurs under ambient temperature and in absence of organic solvents [54]. 

In general, microparticles have been prepared by using alginate matrices to 

encapsulate proteins [54]. However, the development of new technologies and 

nanoscale methodologies has allowed the production of alginate nanomeric matrices. 

Antisense oligonucleotides have been entrapped into nanoparticles prepared by 

gelation of alginate in the presence of calcium ions and further cross-linked with poly-

L-lysine [56, 57]. Sponge-like nanoparticles were prepared using different proportions 

between the components, revealing high AE and loading capacities (LC), being 

therefore promising carriers to increase oligonucleotide bioavailability after intrajejunal 

administration [58]. Alginate nanoparticles were also prepared by nanoemulsion to 

encapsulate insulin with high AE retaining its biological activity [59].

Alginate nanoparticles were used as adjuvant to enhance the efficiency of gene 

transfer by phagocytosis [60] and endocytosis [61]. After adding a second polymer such 

as chitosan, these nanoparticles also demonstrated suitable size, loading and proper 

release characteristics for application in drug and gene delivery systems [6] 

2.2.1.3.Pectin

Pectins are anionic, soluble polysaccharides extracted from the primary cell walls of 

plants, comprising a heterogeneous complex of linear 1,4-linked -D-galacturonic acid, 

broken up by 1,2- linked L-rhamnose residues. Pectin has a few hundred to about one 

thousand monomers per molecule, corresponding to an average molecular weight of 

about 50 to 180 kDa. Pectin forms a gel matrix in contact with divalent cations [62], and 

is used as gelling and thickening agent in the food industries. In recent years, the 

polymer has also been explored as a pharmaceutical excipient. The functional properties 

of pectin are determined by the percentage of carboxyl groups that have been esterified 

or amidated. Pectins with low degree of esterification form gels by controlled calcium-

mediated interchain association to give an extended, uniformly regular junction zone, 

similar to that depicted in the egg-box model proposed for calcium alginate. Drug 

release from these systems is retarded in the upper gastrointestinal tract because of the 
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insolubility of pectin, but it is initiated upon the degradation of the pectin carrier by 

pectinolytic enzymes in the colon.  

Insulin-loaded pectin nanoparticles were prepared as a potential colonic delivery 

system by ionotropic gelation with calcium ions. The effects of pectin molecular weight 

and formulation pH on the characteristics of the nanoparticles were evaluated [63]. 

Formulation pH significantly influenced the AE and stability of the nanoparticles which 

was correlated to the charge density on the pectin molecules as a function of pH. 

Subsequent release of associated insulin from nanoparticles was dependent on the extent 

of dilution of the nanoparticle dispersion and on the pH of the dissolution medium.  

2.2.1.4.Chondroitin sulfate 

Chondroitin sulfate is a physiologically significant glycosaminoglycan. It is 

comprised of alternating units of -1,3-linked glucuronic acid and ( -1,4) N-acetyl-D-

galactosamine with sulfation of either 4 or 6 position of the sugar ring. It is an important 

structural component of connective tissues and cartilage, mostly on the surface of the 

cells and in the extracellular matrix. It can covalently bind with a core protein, 

producing a proteoglycan, such as aggregan, versican, neurocan, phosphacan or others 

[64].

Chondroitin sulfate has been used in nanoparticles comprised of multicomponent 

polymeric complexes to entrap proteins and vaccines [65]. Also, it has been grafted to 

poly-L-lactide forming an amphiphilic polymer [66]. BSA-loaded nanoparticles were 

prepared by the double emulsion/solvent evaporation method using such polymer. 

These particles exhibited lower cytotoxicity and higher hydrolytic degradability than 

poly-L-lactide alone. These new types of nanoparticles were identified as site-specific 

drug delivery systems for intravenous administration [66]. 

2.2.1.5.Cellulose sulfate 

Cellulose sulfate is a non-cytotoxic cellulosic material that is biocompatible, non-

inflammatory upon implantation, and exhibits antimicrobial activity. Cellulose sulfate 

has been used in a new method of assembling nanoparticles that enabled a high product 
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stability in biological fluids and application in viral gene transfer [67]. Also, it has been 

used with multicomponent polymeric complexes to entrap proteins [65] and vaccines 

[68].

2.2.1.6.Cyclodextrins

Cyclodextrins are a series of cyclic polyhydroxy oligosaccharides, consisting of six 

to eight D-glucopyranose residues linked by -1,4-glycosidic bonds into a macrocycle. 

Several cyclodextrin derivatives have also been synthesized and used as novel drug 

carriers, in order to extend the physicochemical properties and inclusion capacity of 

natural cyclodextrins. 

Two applications of cyclodextrins have been found very promising in the design of 

nanoparticles: the enhancement of the loading capacity of nanoparticles, and the 

spontaneous formation of either nanocapsules or nanospheres by nanoprecipitation [69].

Cyclodextrin complexation represents a unique and effective strategy for improving 

protein therapy by stabilizing the proteins against aggregation, thermal denaturation and 

degradation [70]. Cyclodextrin forms a non-covalent inclusion complex with a wide 

variety of proteins and complexation often alters the physicochemical and biological 

properties of guest molecules. 

Hydrophilic cyclodextrins inhibited the adsorption of insulin to hydrophobic 

surfaces, avoiding the self-aggregation of insulin at neutral pH [71]. Hydrophobic side 

chains in the peptides penetrate into the cyclodextrin cavity leading to the formation  of 

non-covalent inclusion complexes and this ability to scavenge hydrophobic moieties 

improves the stability of proteins [70]. Thus, cyclodextrin complexation with proteins 

has been tested to improve the stability and absorption of proteins formulated in 

mucoadhesive nanoparticles [72].  This was intended to achieve higher residence time 

and reduce protein proteolytic degradation. Furthermore,  cyclodextrins are useful in the 

absorption enhancement of several proteins like calcitonin, glucagon, insulin, and 

recombinant human granulocyte colony-stimulating factor [69]. 

Natural cyclodextrins, as well as their hydrophilic derivatives, despite their 

prominent advantage of being powerful drug solubilizers, have the major inconvenience 

of their high external hydrophilicity which reduces the possibility of intimate contact 
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with biological membranes. For this reason, several types of amphiphilic cyclodextrins 

have recently been synthesized [73, 74] and used for the spontaneous formation of 

nanoparticles by nanoprecipitation [74]. 

Grafting polyesters onto cyclodextrins was proposed as an alternative way to prevent 

protein inactivation after encapsulation [75]. Due to the introduction of hydrophilic 

cyclodextrin molecules, the protein can be encapsulated into the co-polymers without 

any deactivation. This approach was found to be feasible for the production of 

nanoparticles used for protein delivery with the enhancement of AE maintaining the 

protein structure. 

2.2.1.7.Starch

Starch is a combination of amylose and amylopectin, two polymeric glucose 

carbohydrates. Amylose is composed of glucose monomer units joined by -1,4

glycosidic bonds. Amylopectin differs from amylose because it is a branched polymer 

occurring every 24-30 glucose monomer units by an -1,6 linkages. Starches from 

various plant sources, such as wheat, maize, rice and potato, have received extensive 

attention in relation to structural and physicochemical properties. 

Anionic starch nanoparticles with a diameter of 50 nm were prepared using a water-

in-oil microemulsion and coated with poly-L-lysine, to encapsulate DNA. It was 

postulated that these nanoparticles may be used as non-virus gene carrier with large load 

of DNA, high transfection efficiency, low cell toxicity and suitable biodegradability 

[76].

2.2.1.8.Dextrans

Dextran is a water-soluble polysaccharide of anhydroglucose units, produced 

industrially, having a wide application in the food and medical fields. Dextran 

nanoparticles can be synthesized by a self-assembly assisted graft copolymerization of 

acrylic acid from dextran, under the presence of a cross-linker in an aqueous solution 

without using any organic solvent or surfactants, with controllable nano-sized 
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dimension and pH sensitivity. The carboxyl groups in the resultant nanoparticles make 

them promising in loading cationic targets [77].

A particular case is related with the application of a dextran derivative, dextran 

sulfate. Dextran sulfate is a biodegradable, biocompatible, anionic and branched chain 

polymer of anhydroglucose units grafted with sulfate groups. The anionic properties 

have allowed the production of nanoparticles by simple coacervation with oppositely 

charged polymers such as chitosan [78] and polyethylenimine [8], for protein and DNA 

[79] encapsulation. A major advantage in the use of dextran sulfate as a component of 

the nanoparticle matrix, is its ability to reach high level of protein entrapment and to 

maintain its bioactive structure.  

Since dextran grafted with polyester side chains copolymers could form 

nanoparticles with a well defined core-shell structure, the ability of the dextran coating 

to modify the interactions of nanoparticles with the biological media has been applied 

[80]. It was found that modification of the surface with dextran significantly reduced 

cytotoxicity toward macrophages [81]. 

2.2.1.9.Glucomannan 

It has been reported that particle uptake by the intestinal M-cells can be enhanced by 

coating with mannose residues due to specific interaction of these sugar ligands with M-

cell receptors. Thus polysaccharides with such sugar residues have been used to deliver 

vaccines and other potential proteins. Glucomannan is a good example of a 

polysaccharide with a high content of mannose residues, used in the uncharged or 

phosphorylated form to coat insulin-loaded [82] and protein complex P1-loaded [82, 83] 

chitosan nanoparticles by a very simple and mild method. Its potential application for 

oral administration of therapeutic proteins was demonstrated. Besides, it has been 

shown that it is not toxic after acute or chronic oral administration. 

Polyelectrolyte complexation between glucomannan and chitosan was also 

investigated in regard to the feasibility to prepare nanoparticles by electrostatic 

interactions [84]. The AE of BSA loaded nanoparticles varied from 30 to 45% 

depending on the initial loading concentration of protein, as well as on the concentration 

of chitosan and glucomannan employed for particle formation [84]. Several formulation 
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factors had a significant effect on the release behavior of the entrapped protein, however 

nanoparticles were able to sustain the release of BSA under simulated gastric conditions 

and release it under simulated colonic conditions [85]. 

2.2.1.10.Agarose

Agarose is a polymer extracted from the cell walls of particular red algae and it is 

made of alternating residues of 3-O-linked -d-galactopyranose and 4-O-linked -l-

galactose.  Ovalbumin, used as a model protein drug, was successfully encapsulated into 

agarose nanoparticles under mild conditions using an emulsification procedure, 

nonetheless free of emulsifying agent. The release pattern of albumin from such 

nanoparticles revealed a temperature dependent diffusion-controlled mechanism [86].  

2.2.2.Proteins

2.2.2.1.Albumin

Albumin is one of the major proteins of human plasma, representing about 60% of 

the total plasma proteins. This protein shows solubilizing properties in dilute salt 

solutions and precipitates at relatively low temperatures. Thermal treatment at elevated 

temperatures (95–170ºC) or the use of chemical agents is the basis for the preparation of 

albumin to form nanoparticles [87]. 

Albumin nanoparticles were prepared by coacervation and chemical cross-linking 

with glutaraldehyde, adsorbing or entrapping interferon [88]. The carriers were able to 

load, mainly by electrostatic interactions, high amounts of the interferon in its bioactive 

form. 

Albumin has been intensively applied for the production of nanoparticles intended 

for the delivery of DNA and oligonucleotides [89]. It was found that the presence of 

albumin during oligonucleotide-protamine complexation led to remarkable 

improvements in particle stability. Furthermore, the introduction of albumin reduced 

considerably the cytotoxic side effects of the nanoparticles compared with those made 
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solely of oligonucleotides and protamine [90]. After cellular uptake, the 

oligonucleotides were distributed within the cytoplasm [90]. 

The use of albumin nanoparticles to deliver oligonucleotides offers a number of 

advantages. This negatively charged system is able to load oligonucleotides, without a 

requirement for positive compounds. Moreover, albumin nanoparticles promote the 

accumulation of the oligonucleotide in the nucleus of cells, without additives 

destabilizing endosomal membrane [91]. Albumin nanoparticles are quickly removed 

from the circulation by opsonization with various serum components followed by 

phagocytosis. Thus, oligonucleotides entrapped into albumin nanoparticles will most 

likely be protected sufficiently long, reaching intact macrophages, where these systems 

would be able to promote adequate intracellular compartmentalization to exert its 

activity.  

Cationic albumin coated PLA-pegylated conjugated nanoparticles containing an 

active fragment analog of arginine vasopressin, were developed by the double 

emulsion/solvent evaporation procedure [92, 93] to promote penetration through the 

blood-brain-barrier via intravenous injection [93]. 

2.2.2.2.Gelatin

Collagen has been widely used in medical applications and in the formulation of 

nanoparticles. Collagen exhibits biodegradability, weak antigenicity, and superior 

biocompatibility compared to other natural polymers, such as albumin [94]. Gelatin 

originates from collagen derived from the prolonged boiling of animal bones and skin. 

It is inexpensive and is readily cross-linked or chemically modified, thus showing large 

potential for the preparation of nanoparticles. 

One of the first approaches to develop gelatin nanoparticles was based on gelatin 

nanoparticles containing albumin as model protein encapsulated within hydrophobic 

PLGA microspheres to form nanoparticle-microsphere composites [95]. This was 

conducted using a phase separation method and a solvent extraction method, separately. 

Release experiments showed that this new system possesses sustained release 

characteristics for proteins, demonstrating as well the ability to protect proteins against 

integrity loss or denaturation. 



Biodegradable nanoparticles as protein delivery carriers 

18

The nanoencapsulation of BSA in gelatin nanoparticles was conducted using a 

modified w/o emulsion method, without use of emulsifiers [96]. The release of BSA 

followed a diffusion-controlled release mechanism.  

A DNA and gelatin nanoparticle coacervate with the cell ligand transferrin 

covalently bound to the gelatin, has been developed as a gene delivery vehicle [97]. 

DNA in the nanoparticle was partially resistant to digestion by DNAse I and the 

biological integrity of the DNA demonstrated. This gene delivery system also allows the 

incorporation of lysosomolytic agents to reduce degradation of the DNA in the 

endosomal and lysosomal compartments of cells, improving the bioavailability of the 

DNA [98]. Furthermore, the nanoparticle can be lyophilized for storage without loss of 

bioactivity [98]. 

Gelatin nanoparticles can be surface modified with sulfhydryl groups, involved in the 

covalent attachment of proteins, such as avidin [99]. Avidin-conjugated gelatin 

nanoparticles were identified as a potential carrier system for peptide nucleic acid 

derivatives in antisense therapy [99, 100]. 

Modified gelatin has also been synthesized and used to prepare nanoparticles. 

Examples are thiol-modified gelatin nanoparticles prepared by desolvation, which have 

been employed to encapsulate DNA with greater transfection efficiency than regular 

gelatin nanoparticles [101]. Also PEGylated gelatin nanoparticles were found to be 

more stable against DNA enzymatic degradation than regular gelatin nanoparticles 

[102], and showed higher transfection efficiencies for systemic delivery of genetic 

constructs to solid tumors [103]. 

2.2.3.Solid lipids 

Highly purified triacylglycerols, complex acylglycerol mixtures and even waxes at 

room and body temperatures are lipids employed in the production of solid lipid 

nanoparticles (SLN). These are colloidal carriers made of non-toxic [104], 

biodegradable and well-tolerate solid lipids dispersed either in water or in an aqueous 

surfactant solution. The effect of  lipid composition on the degradation time of SLN was 

studied and demonstrated that the use of sterically stabilizing surfactants can delay 

degradation by hindering the anchorage of enzyme complexes [105]. 
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A second generation of lipid nanoparticles is the so called nanostructured lipid 

carriers (NLC) [106]. These particles are prepared not from a solid lipid but from a 

blend of solid and liquid (oils) lipids, which must be solid at least at 40ºC. The main 

difference between SLN and NLC is that the latter is formulated by nano-structuring the 

lipid matrix to increase drug loading and prevent drug expulsion. Using spatially 

different lipids leads to larger distances between the fatty acid chains of the 

acylglycerols and general imperfections in the crystal, providing more room to 

accommodate drugs. The highest drug load could be achieved by mixing solid lipids 

with small amounts of liquid lipids. 

Protein-loaded lipid nanoparticles can be prepared by various techniques such as 

high-pressure homogenization [107], double emulsion [108-110], solvent diffusion 

[111] or micro-emulsion [112]. Examples of entrapped proteins are insulin [109], 

cyclosporine [107], calcitonin [52, 113] or gonadorelin [111]. Due to their solid matrix, 

drug release from these particles can be modulated [114], which could be exploited to 

optimize the drug profile in the blood.  

2.2.4.Synthetic polymers   

The advent in the use of synthetic polymers in drug release was based on the 

advantage of sustaining release over a period of days to several weeks compared to 

natural polymers which have a relatively short duration of drug release. 

Aliphatic polyesters such as poly(lactic acid), poly(lactic-co-glycolic acid), poly ( -

caprolactone) and poly(phosphoesters) have attracted significant interest as protein [15, 

115, 116] and DNA [116] carriers, due to their biocompatibility and biodegradability. 

This class of polymers degrades via the hydrolytic cleavage of the ester bonds in their 

backbone, whereas the role of enzymatic involvement in biodegradation is unclear. 

Other examples of synthetic polymers that have been used in protein nanoparticle 

delivery are poly(alkyl cyanoacrylates), poly(ortho esters), polyanhydrides, 

polyacrylamide and poly (methyl methacrylates). The suitability of a polymer designed

for use as a drug carrier system for humans requires that the material has to be 

biocompatible, possibly biodegradable, or at least should be able to be excreted (e.g., by 

the kidneys). 
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2.2.4.1.Poly(lactic acid) 

Polylactic acid (PLA) is a biodegradable polyester derived from lactic acid and 

produced through ring-opening polymerization. The physical properties and 

biodegradability of PLA can be regulated by employing a co-monomer component of 

hydroxy acids or racemization of D- or L-isomer. It is primarily used for medical 

applications including sutures, drug delivery, vascular grafts, artificial skin, and 

orthopaedic implants [117]. 

PLA nanoparticles were firstly produced employing pure poly(lactic acid) polymer 

[118]. The preparation of PLA nanoparticles with bound [119] or entrapped [120] 

human serum albumin (HAS) or protein C was conducted by the double emulsion 

method but some protein activity was lost during the encapsulation process [121]. More 

recently, PLA nanoparticles were designed as a delivery system for protein-based 

vaccines [122], resulting in significantly enhanced humoral and cellular responses in 

different animal models. 

One of the drawbacks associated with PLA nanoparticles is that these nanoparticles 

could be rapidly cleared from blood by the mononuclear phagocyte system. Strategies 

like surface PEGylation and altered co-polymers to improve the stability of PLA 

nanoparticles and to prolong their applications have been used. 

A good example of PEGylation strategy was tested using tetanus toxoid, which was 

encapsulated in PLA and PLA-PEG nanoparticles by a modified w/o/w solvent 

evaporation technique. After oral [123] and nasal [124, 125] administration, the levels 

of encapsulated radioactive antigen in the blood stream and lymphatics were higher for 

PLA-PEG nanoparticles than for PLA nanoparticles. The extent of the absorption of the 

toxoid encapsulated into the particles was dependent on the size of the particle [126]. 

Higher stability was also obtained for encapsulated cyclosporine PLA-PEG 

nanoparticles as compared with conventional PLA nanoparticles [127]. In vitro release 

experiments revealed that PLA-PEG particles provided a more adequate control of 

protein levels. Physico-chemical characterization during the release studies showed that 

the PLA and PLA-PEG nanoparticles were not degraded, which suggests a diffusion-

mediated release mechanism [127, 128]. DNA (pCMV- Gal) encapsulated into PLA-

PEG nanoparticles and administered intranasally led to a significant systemic antibody 
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response to the encoded protein, confirming that plasmid DNA can be encapsulated 

with significant retention of its biological function [125]. Recently, in order to improve 

the absorption of nanoparticles in the brain following nasal administration, a lectin-

conjugated PLA-PEG nanoparticle formulation was developed with negligible cilia-

toxicity after nasal administration and with effective increase in the brain uptake of 

drugs associated to nanoparticles [129]. The technique offered a novel effective non-

invasive system for brain drug delivery, especially for brain protein and gene delivery 

[129].

Another alternative to improve the properties of PLA nanoparticles was attempted 

with the copolymer poly(ethylene oxide)-poly(lactic acid) ( PLA-PEO). The 

nanoparticles made from this diblock copolymer were able to encapsulate and preserve 

the activity of protein C [130] and they were also found to escape from fast 

phagocytosis [119]. 

Conjugating PLA onto ethylenediamino or diethylenetriamino bridged bis( -

cyclodextrin) was also found to be a feasible approach for the nanoparticles production 

for bioactive protein delivery [75]. 

2.2.4.2.Poly(lactic-co-glycolic acid) 

Poly(lactic-co-glycolic acid) (PLGA) copolymers have been the most extensively 

used nanoparticulate formulations because their degradation rate and mechanical 

properties can be precisely controlled by varying the lactic acid/glycolic acid ratio and 

by altering the molecular weight of the polymers [131]. 

Polyester undergoes hydrolysis upon implantation, forming biologically compatible 

and metabolizable moieties (lactic and glycolic acids) that are eventually removed from 

the body by the citric acid cycle. Polymer biodegradation products are formed at a very 

slow rate, and hence, they do not affect normal cell function [116]. The degradation rate 

of PLGA is critical for determining the release rate of the encapsulated drug and 

depends on the crystallinity, hydrophobicity, and molecular weight of the polymer 

[132]. The lactic to glycolic ratio of PLGA is another biodegradation rate factor. Since 

glycolic acid presents higher hydrophilicity than lactic acid, higher glycolic content 

PLGA polymer is related with higher degradation rate than higher lactic content PLGA. 
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Polymer degradation was found to be biphasic in PLGA nanoparticles, with an initial 

rapid degradation during the first 20–30 days followed by a much slower degradation 

phase [133]. In general, glycolic acid-rich PLGA copolymers (up to 70%) are 

amorphous in nature and degrade more rapidly. As the molecular weight of the polymer 

decreases, the degradation becomes faster because of the higher content of carboxylic 

groups at the end of the polymer chain, which accelerates the acid-catalyzed 

degradation. In spite of these promising characteristics of biodegradation, recent studies 

have demonstrated that PLGA copolymers significantly affect the stability and 

biological activity of the peptide and proteins, primarily due to the hydrophobicity of 

the polymers and the presence of acidic degradation products [134]. One primary 

consequence with protein encapsulation in PLGA nanoparticles could be the loss of 

therapeutic efficacy of the protein due to its degradation/denaturation. Inactivation of 

protein could occur through denaturation and aggregation after exposure to organic 

solvents or to acidic environment generated during the degradation of PLGA matrix due 

to the formation of acidic monomers [116]. 

The preparation of PLGA nanoparticles was firstly performed using BSA as model 

protein [135-138]. Stable nanoparticles produced by the double emulsion technique 

were able to encapsulate significant amounts of protein with precisely controlled release 

rates [136, 139]. 

Other proteins like calcitonin [140], insulin [141, 142] and interferon-  [143] were 

nanoencapsulated and in vitro transport against a Caco-2 cell monolayer and the extent 

of in vivo nasal and oral uptake demonstrated. 

Attempts at immunization by means of nanoparticulate systems have been described 

[144]. PLGA nanoparticles containing HBsAg against Hepatitis B were assessed in

vitro [145], and particles containing BPI-3 protein [146] developed higher levels of 

antibody than with soluble viral proteins alone. Also, PLGA nanoparticles for effective 

delivery of proteases to inhibit the tumor-associated activity of intracellular cysteine 

proteases have been developed [147, 148], enabling effective inhibition of intracellular 

proteolysis.

PLGA nanoparticles have been tested as delivery systems for DNA [149]. The direct 

gene transfer coding for VEGF into ischemic rabbit myocardium improved cardiac 

function and increased the number of capillaries [150]. 
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Modifications on the PLGA polymer and on the PLGA nanoparticle surface were 

evaluated concerning the enhancement of the biological properties. The coating of 

PLGA nanoparticles with the mucoadhesive polymer chitosan improved the stability of 

the particles in the presence of lysozyme, enhanced the nasal transport of the 

encapsulated tetanus toxoid [34], and were applied to improve the pulmonary delivery 

of insulin by nebulization [53], and to improve gene delivery [151, 152]. Chitosan 

coating in particular facilitated gene delivery and expression in vivo with increased 

efficiency without causing inflammation, as measured by IL-6 [152].  

Other modifications include a blended matrix formed by PLGA copolymer and 

polyoxyethylene derivatives (PLGA:poloxamer and PLGA:poloxamine compositions) 

as DNA [153, 154] and insulin [155] carriers, PLGA nanoparticles with 

polyethyleneimine (PEI) on their surface as non-viral gene carrier to the pulmonary 

epithelium [156], PLGA-mannosamine nanoparticles as oral insulin carriers [157] and 

PEG–PLGA nanoparticles, which could extend the half-life of BSA in PLGA 

nanoparticles to change the protein biodistribution in rats compared with that of PLGA 

nanoparticles [158].

The in vitro degradation of PLGA-PEG nanoparticles of different composition 

(PLGA/PEG ratio) has been studied [159]. Rapid degradation was observed, which is 

desirable in case of nanoparticle application in drug delivery, resulting in rapid polymer 

removal from the body, preventing polymer accumulation upon multiple nanoparticle 

administration. The rate of degradation increased with increasing the PEG content 

(PEG:PLGA ratio) of nanoparticles [160]. 

2.2.4.3.Poly( -caprolactone)

Poly( -caprolactone) (PCL) is a biodegradable, semi-crystalline polymer having a 

low glass transition temperature (~60 ºC). Due to its crystallinity and hydrophobicity, 

degradation of PCL is very slow, rendering it suitable for long-term delivery over a 

period of more than one year [161]. It has the ability to form compatible blends with 

other polymers, providing opportunities to manipulate the drug release rate. PCL 

nanoparticles maintain their shape and weight during the initial phase of biodegradation, 

where the molecular weight decreases up to 5000 through bulk hydrolysis of the ester 



Biodegradable nanoparticles as protein delivery carriers 

24

bonds. The second phase of PCL degradation is characterized by the onset of weight 

loss because the continuous chain cleavage produces a fragment which is small enough 

to diffuse out of the polymer matrix. On the other hand, the hydrolysis rate is known to 

decrease at the second phase, due to the increased crystallinity. PCL was also observed 

to be a very stable polymer when considering its interaction with lysozyme [162]. 

During the last decades, PCL polymers have been a major area of interest in the 

development of controlled delivery systems, especially for peptides and proteins [161]. 

Encapsulation techniques have been designed to enable incorporation of sensitive 

proteins into PCL polymers under mild conditions [161]. However, despite considerable 

efforts and progress made, the feasibility of injectable PCL nanoparticles as 

protein/peptide or vaccine delivery system remains uncertain. 

BSA-loaded PCL nanoparticles were prepared by means of a modified w/o/w double 

emulsion technique [163, 164]. Due to high solubility of the protein in water, the double 

emulsion technique was chosen as one of the most appropriate method. The 

optimization of the formulations with regard to particle size and monodispersity was 

performed by studying the influence of homogenization time, as well as the amount of 

polymer and surfactant in the external aqueous phase. Drug loading was improved by 

varying the concentration of protein in the inner aqueous phase [165].

Diphtheria toxoid-loaded PCL nanoparticles were also successfully prepared using 

the w/o/w solvent evaporation technique [166]. The integrity of the protein within the 

polymeric nanoparticles was maintained, as confirmed by SDS–PAGE. The difficulties 

of preparing non-aggregated PCL nanoparticles were overcome by the use of ultra-

filtration.

Protein-loaded nanoparticles with a hydrophobic PCL core and a hydrophilic dextran 

corona were also considered [80, 167]. This new family of comb-like co-polymers 

combines hydrophobic polyesters (PCL, PLA or PLGA) covalently grafted onto a 

polysaccharide backbone, e.g. dextran or chitosan [168]. Dextran–PCL co-polymers 

were first synthesized, consisting of a dextran backbone to which pre-formed PCL 

blocks were grafted. The ability of these new co-polymers to form nanoparticles was 

evaluated in comparison with PCL alone. Two different nanoparticle preparation 

methods applied to BSA and lectins have been developed and tested for their efficacy to 

incorporate proteins. These proteins were successfully incorporated into nanoparticles 
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with a mean diameter of 200 nm. Lectins could also be adsorbed onto the surface of 

dextran–PCL nanoparticles. Surface-bound lectin conserved its hem-agglutinating 

activity, suggesting the possible application of this type of surface-modified 

nanoparticles for oral administration [167]. 

BSA has been incorporated into nanoparticles based on polycaprolactone–

poly(ethylene oxide) (PCE) block co-polymers, revealing that the AE of this protein 

was strongly dependent on the hydrophobicity of the comb-like co-polymer [163]. 

Using a relatively hydrophilic PCE, a lower AE of BSA along with a smaller size of 

nanoparticles were observed. 

2.2.4.4.Poly(phosphoesters)

Poly(phosphoesters) (PPE) are a class of biodegradable and biocompatible polymers, 

having phosphoester bonds in their backbone. Examples of PPE are the polyphosphates, 

polyphosphonates and polyphosphoramidates, which degradation products are 

minimally toxic and have good biocompatibility [169]. 

Biodegradable polyphosphoesters have been used for DNA delivery in gene therapy 

[170]. These polycations can successfully bind plasmid DNA, form nanoparticles and 

transfect many cell lines efficiently [169].  

Cationic polyphosphoramidate bearing spermidine side chain was prepared as a non-

viral vector for gene delivery. This new gene nanoparticulate carrier offered significant 

protection to DNA against nuclease degradation and resulted in comparable gene 

expression in mouse brain stem following peripheral intramuscular injection [171]. The 

improvement in transgenic expression was enhanced, due to the protection offered by 

the use of galactosylated polyphosphoramidates [172]. 

2.2.4.5.Poly(alkyl cyanoacrylates) 

Poly(alkylcyanoacrylates) (PACA) and the corresponding monomers, 

alkylcyanoacrylates, have been used for a long time because of their excellent adhesive 

properties [173], resulting from the strong bonds formed with most polar substrates, 

including mucosa, tissues and skin, and absence of toxicological effects [174]. Further 
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bioadhesive properties were found to vary with the size and the surface characteristics 

of the PACA nanoparticles [175, 176]. 

PACA nanoparticles have been described as good protector for proteins against 

proteolytic degradation in intestinal fluids. Furthermore, studies showed that proteins 

like insulin did not react with the akylcyanoacrylate monomer during nanocapsule 

formation and are located within the oily core rather than adsorbed onto the surface 

[177].

PACA degradation products consist of an alkylalcohol and poly(cyanoacrylic acid), 

which are both soluble in water and eliminated in vivo via kidney filtration. This 

degradation is catalyzed by esterases from serum, lysosomes and pancreatic juice [178], 

and is believed to occur as the major degradation pathway in vivo [173]. Production of 

formaldehyde and cyanoacetic ester has also been reported, but is limited in water and 

at physiological pH, yielding only 5% degradation after 24 h [173, 175]. Also, it is 

generally accepted that PACA are more rapidly degradable polymers compared to 

polyesters. PACA nanoparticles are usually degraded within a couple of hours 

depending on the alkyl side chain length of the PACA forming the nanospheres [179].  

PACA nanoparticles formed by polymerization of isobutyl cyanoacrylate in an acidic 

medium were used to encapsulate insulin in its active form [180, 181], protecting the 

protein from the degradation by proteolytic enzymes in vitro [182]. Those particles were 

successfully used for oral administration of insulin in diabetic rats [183], showing a 

significant reduction of blood glucose levels [184]. The capacity of insulin 

nanoparticles to reduce glycemia was explained by their translocation through the 

intestinal barrier, by the paracellular pathway or via M-cells in Peyer’s patches [184]. 

Octreotide, a long-acting somatostatin analogue has also been formulated in PACA 

nanoparticles prepared by interfacial emulsion polymerization of isobutyl 

cyanoacrylate. The system was further tested subcutaneously and orally [185]. 

Administered subcutaneously, nanoparticles suppressed the insulinemia peak by 

depressing insulin secretion. Administered perorally to oestrogen-treated rats, 

nanoparticles significantly improved the reduction of prolactin secretion and slightly 

increased the plasma octreotide level [185]. 
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Other proteins were successfully encapsulated into PACA nanoparticles [186, 187] 

with a major advantage of drastically reducing proteolytic degradation compared to the 

free proteins in solution [187]. 

Growth factors are one of the most explored biomolecules in PACA encapsulation. 

To obtain high and durable bone marrow concentrations, the human recombinant 

granulocyte colony-stimulating factor (rhG-CSF) encapsulated into 

polyisohexylcyanoacrylate and polyisobutylcyanoacrylate nanoparticles prepared either 

by anionic polymerization or by precipitation polymer were considered [188]. After 

injection, rhG-CSF was distributed through the body, maintaining its biological activity. 

DNA is often associated with PACA nanoparticles through the formation of ion pairs 

between the negatively charged oligonucleotides and hydrophobic cations [189]. 

Oligonucleotides bound to either isobutylcyanoacrylate or isohexingylcyanoacrylate  

nanoparticles were found to be protected from nuclease attack and their cellular uptake 

was increased as the result of the capture of nanoparticles by an 

endocytotic/phagocytotic pathway [190, 191]. 

The potential oral immune response carried out by PACA nanoparticles has also 

been tested. Ovalbumin as a model antigen was formulated and administered orally to 

rats resulting in a significantly increased secretory immune response [192]. 

PEGylated PACA nanoparticles showed long-time circulating properties together 

with a reduced liver accumulation and reduced toxicity, compared to the non-PEGylated 

nanoparticles [193, 194]. In addition to the reduced polymer cytotoxicity, the 

pharmacokinetics and biodistribution profile are adequate for proteins that need to 

remain for a longer time in the blood compartment. 

A recent approach to enable design of a useful delivery system with long circulating 

half-life and selective localization in the vascular space against tumors, was the 

employment of polymethoxypolyethyleneglycol cyanoacrylate-co-n-hexadecyl 

cyanoacrylate [195]. Such  nanoparticles loading recombinant human tumor necrosis 

factor-  (rHuTNF- ) were prepared and resulted in an extended half-life of rHuTNF-

in tumor-bearing mice by 24-fold, elevated the peak concentration and increased area 

under the intratumoral rHuTNF-  concentration curve by 7-fold [196].
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2.2.4.6.Poly(ortho esters) 

Poly(ortho esters) (POE) are hydrophobic and bioerodible polymers which, when 

placed in a biological environment, can undergo an erosion process confined to the 

polymer–water interface [197]. Since the late 1970s, four families of POE were 

synthesized to provide bioerodible carriers for drug delivery [198]. POE can be 

extruded at temperature ranges between 50 and 70ºC. Given that this temperature range 

is sufficiently low, many dry proteins will survive the extrusion process with full 

retention of activity [199]. Solvent-free incorporation of peptides and proteins into POE 

matrices may be a valid alternative to encapsulate proteins, if the extrusion is carried out 

at temperatures lower than the temperature at which the protein begins to denature 

[200]. Nevertheless, the application of this polymer to protein nanoencapsulation is still 

limited. 

POE-PLGA double-walled microparticles were loaded with hydrophilic BSA and 

hydrophobic cyclosporine [201]. The BSA and cyclosporine release properties of the 

POE-PLGA microparticles were compared to the neat POE and PLGA microparticles 

and proved to be more advantageous for the delivery of hydrophilic and/or hydrophobic 

proteins than the individual polymeric microparticles. High encapsulation  of proteins 

was achieved [201]. 

2.2.4.7.Polyanhydrides

Polyanhydrides are hydrophobic polymers with hydrolytically labile anhydride 

linkages most commonly synthesized from diacid monomers by polycondensation. This 

class of polymers show minimal inflammatory reaction in vivo and degrade into 

monomeric acids as non-mutagenic and non-cytotoxic products [202]. Polyanhydrides 

are known to undergo surface erosion, a desired property to attain near zero-order drug 

release profiles [203]. Although polyanhydride nanoparticles have been widely 

formulated in drug delivery, the application to proteins is still limited, thus few attempts 

have been made. Nanoparticles have been formulated with co-polymers of maleic 

anhydride/alkyl vinyl ethers of oligo(ethylene glycol), obtained by controlled co-

precipitation [204, 205]. These nanoparticles were designed for liver targeting of 
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proteins with antiviral activity, such as -interferon. The same system was used in 

combination with albumin and myoglobin [206]. 

Furthermore, the use of BSA to coat poly(methylvinylether-co-maleic anhydride) 

nanoparticles enabled the development of protein carriers with a high tropism for the 

stomach mucosa [207]. 

2.2.4.8.Polyacrylamide

Polyacrylamide is a group of synthetic, high molecular weight organic acrylate 

polymers (-CHCHCONH2-) formed from acrylamide subunits that are readily cross-

linked. Poly(N-isopropylacrylamide) is, so far, the most employed polymer. 

Thermosensitive non-ionic poly(N-isopropylacrylamide) matrix nanoparticles [187] and 

nanoparticles having hydrophilic poly(N-isopropylacrylamide) on their surface have 

been formulated by the dispersion co-polymerization method to encapsulate calcitonin 

[208]. After oral administration the absorption of calcitonin was significantly enhanced 

by nanoparticles having poly(N-isopropylacrylamide) chains on their surfaces [208] 

without causing any damage to the intestinal mucosa [209]. Mucoadhesion to the 

gastrointestinal mucosa contributed to the absorption enhancement of calcitonin since 

poly(N-isopropylacrylamide) possesses a strong mucoadhesive property. Those particles 

avoided the degradation of calcitonin by pepsin [210]. 

More complex co-polymers have been developed in order to improve the release 

properties of encapsulated proteins. The thermally responsive cholesteryl end-capped 

poly(N-isopropylacrylamide-co-N,N-dimethylacrylamide) and cholesteryl grafted 

poly[N-isopropylacrylamide-co-N-(hydroxymethyl) acrylamide] amphiphilic polymers 

were used to encapsulate cyclosporine within the core-shell nanoparticles by a 

membrane dialysis method [211]. The core-shell nanoparticles showed a huge ability to 

load cyclosporine providing as well a controlled release profile. Other nano-structured 

polymeric systems were synthesized by polymerization of 3-(N,N-

dimethylamino)propyl acrylamide to encapsulate DNA (pGL3-control plasmid) 

resulting in higher gene expression with little cytotoxicity in cell models  [212].  
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2.2.4.9.Poly(methyl methacrylates) 

Poly(methyl methacrylates) (PMMA) are synthetic polymers composed of methyl 

acrylate units with good degree of biocompatibility and slow rate of biodegradability. 

These are widely employed excipients in the development of classical controlled release 

pharmaceutical dosage forms and in the recent past have been explored for the 

production of nanoparticles. 

 So far, there have been few attempts to encapsulate proteins or DNA in PMMA 

nanoparticles. The  incorporation of bovine para-influenza type 3 virus (BPI-3) was 

reported, using PMMA nanoparticles as vaccine carriers [146]. Higher levels of virus-

specific antibody have been reported in comparison to soluble viral proteins alone. 

Cationic aminoalkylmethacrylate methylmethacrylate co-polymer nanoparticles were 

evaluated for their use as potential anionic antisense oligonucleotide carriers [213]. A 

significant portion of adsorbed oligonucleotides were protected from enzymatic 

degradation. The cellular uptake of oligonucleotides into Vero cells was significantly 

enhanced.

Amphiphilic PMMA-based polymers were used in order to improve the properties of 

nanoparticles. Nanoparticles of poly(methacrylic acid-grafted-poly(ethylene glycol) 

were prepared by dispersion polymerization, to be used for calcitonin delivery 

applications [214]. These nanoparticles exhibited pH-sensitivity release. Similar 

nanoparticles were prepared by emulsion polymerization for DNA vaccine applications 

[215]. The nanoparticles reversibly adsorbed large amounts of DNA, mainly through 

electrostatic interactions, preserved its functional structure, efficiently delivered it 

intracellularly, induced significant antigen-specific humoral and cellular responses and 

greatly increased Th1-type T cell responses and CTLs against HIV-1 Tat and were non-

toxic, in vitro and in vivo.

Nanoparticles consisting of a PMMA surrounded by a cationic branched 

poly(ethyleneimine) shell were synthesized via a graft co-polymerization of methyl 

methacrylate from branched PEI to encapsulate plasmid DNA [216]. 

Poly(ethyleneimine) is able to condense DNA into compact particles and protect DNA 

from enzymatic degradation. Those nanoparticles internalized and released the plasmid 
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DNA into HeLa cells very efficiently, with less toxic effects than DNA associated with 

poly(ethyleneimine) alone [217]. 

2.2.4.10.Other amphiphilic polymers 

Amphiphilic block or graft co-polymers have been found to form self-assembled, 

nanosized micelle-like aggregates of various morphologies in aqueous solution. In 

general, self-assembled nanoparticles are composed of an inner hydrophobic core and 

an outer shell of hydrophilic groups. Hydrophobic blocks form the inner core of the 

structure, which act as a drug incorporation site. 

Hydrophobically modified poly( -glutamic acid) grafted to L-phenylalanine 

ethylester were used to form nanoparticles by a precipitation and dialysis method [218]. 

Poly( -glutamic acid) is a bacterially produced, water-soluble polyamide that is the 

object of current interest, because of its natural origin and biodegradability due to its 

components containing carboxyl functional groups at the side chains. L-phenylalanine 

ethylester is the non-toxic hydrophobic segment. Ovalbumin and other enzymes were 

successfully entrapped into these nanoparticles [219], which showed no cytotoxicity 

against HL-60 cells [218]. 
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2.3.Methods in the formulation of nanoparticles 

2.3.1.Polymerization of monomers 

Polymeric nanoparticles can be prepared by polymerization of monomers. Mostly 

employed are the alkylcyanoacrylates [173], acrylamide [208] and methylmethacrylate 

[213] monomers. To produce nanospheres (i.e. matrix-based nanoparticles), emulsion 

polymerization must be employed; to produce nanocapsules (i.e. shell/core-based 

nanoparticles) interfacial polymerization should be used. 

Emulsion polymerization was first reported to encapsulate daunorubicin, an 

anticancer drug [220], but has since been adapted to proteins. The polymerization 

follows the anionic mechanism since it is initiated in the presence of nucleophilic 

initiators, usually water, but other initiators are also used [213, 221]. Alternatively, 

polymerization can be initiated by a high-energy source such as radiation. The 

monomers are added to an aqueous solution of a surface-active agent under vigorous 

mechanical stirring to polymerize at ambient temperature. 

The process leads to the formation of nanospheres of low molecular mass due to 

rapid polymerization. Drug is dissolved in the polymerization medium either before the 

addition of the monomer or at the end of the polymerization reaction. The nanoparticle 

suspension is then purified by ultracentrifugation or by ressuspending the particles in an 

isotonic surfactant free medium.  

In vivo studies have confirmed that the biological activity of proteins is conserved 

when adsorbed [188] and encapsulated [184] onto PACA nanoparticles prepared by 

anionic emulsion polymerization. 

Methods based on interfacial polymerization have been developed to prepare 

nanocapsules, either in w/o or in o/w emulsion. Nanocapsules consist of a liquid core 

surrounded by a thin polymer envelope. Monomers are soluble in oily solvents but are 

able to polymerize extremely rapidly in the presence of moisture or traces of basic 

components. Thus, they migrate to the interface of the emulsion and start to polymerize 

when reaching the aqueous phase. It is easily understandable that oil-containing 

nanocapsules are obtained by polymerization of monomers at the o/w interface of a very 
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fine o/w emulsion. Consequently, water-containing nanocapsules may be obtained by 

the interfacial polymerization of monomers in w/o emulsions [173]. 

Nanocapsules obtained by this method are of special interest for the encapsulation of 

proteins [182, 222]. Advantages of interfacial polymerization include high loading 

capacity, fast production procedure, and possibility to scale-up.

2.3.2.Solvent emulsification-evaporation 

The solvent emulsification-evaporation method has two alternatives depending on 

the nature of the drug to be entrapped within the nanoparticles: the simple emulsion 

(w/o) and the double emulsion (w/o/w) techniques [159]. In the first technique, which is 

used for the encapsulation of hydrophobic proteins [223], the lipophilic polymer and the 

drug are dissolved in a volatile organic solvent immiscible with water (e.g. 

dichloromethane, ethyl acetate), and the organic phase is emulsified under high speed 

stirring, microfluidisation or probe sonication, into an aqueous phase containing 

appropriate amounts of an emulsifying agent. The organic solvent is allowed to 

evaporate, at normal or reduced pressure, and the nanoparticles formed are usually 

collected by centrifugation. In the second technique, which is used for the encapsulation 

of hydrophilic proteins [136, 138, 166], the drug is dissolved in a small volume of an 

aqueous phase and this is emulsified in an organic phase containing the polymer. The 

w/o emulsion formed is then dispersed in a larger volume of an aqueous phase to form 

the double w/o/w emulsion. The organic solvent is then allowed to evaporate and 

nanoparticles can be easily recovered. 

Several factors, such as the type and concentration of the polymer, molecular weight 

of polymer and the type and concentration of emulsifier, have been shown to affect the 

characteristics of nanoparticles prepared by the solvent emulsification-evaporation 

method [164] as well as the release profile of the encapsulated proteins [135]. 

Sonication has been used to improve the AE of protein compared to other methods such 

as stirring or vortexing [138]. 

This method produces small, monodisperse nanoparticles combined with high AE, 

using a method which is easily controlled, reproducible and offers the potential for 
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scaling up. The maintenance of the integrity of proteins encapsulated within the 

nanoparticles has been reported [166].

2.3.3. Solvent emulsification-diffusion 

The solvent emulsification-diffusion method is a derivation of the solvent 

emulsification-evaporation method described above. In this case, the organic solvent 

used to solubilize both polymer and protein is partly miscible with water. The lipophilic 

polymer and the drug are dissolved in an organic solvent and the organic phase is 

emulsified with an aqueous phase. Instead of solvent evaporation, the precipitation of 

the polymer and the consequent formation of nanoparticles occur after solvent diffusion 

from the dispersed phase to the external aqueous phase by dilution with an excess of 

water. The solubility equilibrium of the organic solvent toward the external phase 

promotes the hardening of the nanoparticles in a solid matrix containing the bioactive 

molecules.

The time of emulsification, stirring rates, type of organic solvent and polymer 

properties influence the final properties of nanoparticles [148]. In addition, by 

controlling the preparation parameters to avoid the use of high energy sources, it is 

possible to ensure that encapsulated proteins retain their bioactive structure [148, 153, 

224].

This simple technique results in high AE, narrow size with high batch-to-batch 

reproducibility, and readily scaleable process. Nanoparticles produced by this method 

have been successfully employed to transport plasmid DNA across the nasal mucosa 

[154].

2.3.4.Salting-out

In the salting out method, the polymer and the protein are dissolved in a water-

miscible solvent (usually acetone) and the solution is emulsified under vigorous 

mechanical stirring in an aqueous gel containing the salting out agent and a colloidal 

stabilizer [159]. This o/w emulsion is diluted with a sufficient volume of water to 

enhance the diffusion of acetone into the aqueous phase, thus inducing the formation of 
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nanoparticles. Examples of salting out agents are electrolytes, such as magnesium 

chloride, sodium chloride or magnesium acetate, and non-electrolytes, such as sucrose 

[225].

This method has provided high AE and optimized yields, being also easy to scale up. 

However, it is mainly used for the encapsulation of lipophilic drugs. The procedure 

requires intensive purification of the nanoparticles and uses salts that can be 

incompatible with many bioactive compounds [226].  

An adaptation of the salting-out method without the formation of an emulsion was 

used to encapsulate insulin via layer-by-layer adsorption of chitosan and poly(malic 

acid) [227]. The innovation was focused on the formation of insulin nano-aggregates 

with a high yield by salting out from a concentrated NaCl solution. The solubility of 

insulin decreased with ion strength because the ions of salts destroy the proteins 

hydrated shell and modify its electric charge. Then, the insulin aggregates were 

alternatively coated with contrary charged polymers. When applying this procedure, 

harsh preparative procedures, organic solvents and high temperatures are avoided, 

minimizing protein loss of activity. Furthermore, the release behavior can be controlled 

since the shell thickness and its permeability can be readily adjusted on the nanometer 

scale by polyelectrolyte adsorption cycles. This method can offer high loading capacity 

and high AE [227]. 

2.3.5.Nanoprecipitation

Nanoprecipitation, also often named solvent displacement, differs from the solvent 

emulsification-diffusion and salting-out methods because no precursor emulsion is 

formed during nanoparticle preparation. This process can be achieved with or without 

mechanical work. Nanoparticle formation is explained in terms of the interfacial 

turbulence and the “diffusion-stranding” processes between two unequilibrated liquid 

phases [228]. The polymer and the protein are dissolved in an organic solvent miscible 

with water (e.g. acetone). The organic phase is slowly transferred to an aqueous phase 

containing a surfactant under mild stirring. A submicron o/w emulsion is spontaneously 

formed due to immediate reduction of the interfacial tension with rapid diffusion of the 

organic solvent into the aqueous phase [159]. Following its diffusion, the nanoparticles 
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are formed by precipitation of polymer and drug. The organic solvent is then removed 

by evaporation and the nanoparticle suspension can be concentrated under reduced 

pressure, and purified by centrifugation or dialysis. The nanoprecipitation technique is 

versatile and flexible, simple and fast, and applies mild shear forces to produce 

nanoparticles [229]. The nanoprecipitation method led to a homogenous population of 

small nanoparticles and, in some cases, also improved protein AE above 90% [230]. 

Nanoprecipitation is more suitable for the encapsulation of drugs with low water 

solubility, because of considerable escape of hydrophilic molecules into the aqueous 

phase during preparation [231]. Alternatively, nanocapsules with an oily core can be 

prepared [232], significantly improving the AE of proteins and prolonging both the in

vitro release and in vivo bioactivity [232]. 

2.3.6.Coacervation

Coacervation is a process of polymer and protein complexation under two 

immiscible liquid phases, mainly caused by ionic interaction in which the dense phase is 

rich in protein and polyelectrolyte, while the dilute phase contains an equilibrium 

mixture of protein and polyelectrolyte [233].  

Protein-loaded nanoparticles can be prepared by a coacervation process under 

extremely mild conditions without involving high temperatures or sonication [78, 234]. 

Experimental parameters, such as pH, surfactant content or ionic strength, have been 

studied regarding their influence on the properties of nanoparticles [235]. 

Despite some concerns regarding the stability of proteins after coacervation [236], 

the bioactive form of several proteins have been maintained using this method [78, 88]. 

Furthermore, nanoparticles were successfully targeted to specific organs after 

intravenous administration [237], and showed suitable properties to be orally 

bioavailable [37].

2.3.7.Ionotropic gelation 

An important property toward the application of some polymers for 

nanoencapsulation of proteins by ionotropic gelation is the fact that when ionizable in 
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solution, they could form reversible gels after being ionically crosslinked with contrary 

charged ions. With mixing and at low concentration, the gel matrix can adopt a 

nanomeric conformation [57]. Particular interest has been paid to alginate and chitosan, 

two natural polymers with intrinsic ionic nature. The interaction between alginate in 

dilute solution with divalent cations occurs at a certain ion concentration. A pre-gel state 

results by inducing the cross-linking gelation of the guluronic units of alginate with the 

ions, avoiding the gel point and forming a continuous system further stabilized with a 

polycationic coating originating well-defined nanoparticles [57, 238]. Such 

nanoparticles have been developed to encapsulate proteins [7, 239] and DNA [6, 57], 

and an additional coating resulted in a significant improvement of the nanoparticle 

physical properties. Pectin nanoparticles, due to the similar properties of pectin to 

alginate, were prepared by the same method [63]. 

When using chitosan or chitosan derivatives, the polymer is dissolved in aqueous 

acidic solution to obtain its cationic state. This solution is then added dropwise under 

constant stirring to polyanionic tripolyphosphate solution. Due to the complexation 

between oppositely charged species, chitosan undergoes ionic gelation and precipitates 

to form spherical particles. It is a very simple and mild method. The reversible physical 

cross-linking by electrostatic interaction, instead of chemical crosslinking, avoids the 

possible toxicity of reagents and other undesirable effects. The ability of chitosan 

nanoparticles to enhance the intestinal [28, 240] and nasal [26, 33] absorption of 

proteins has been reported. 

2.3.8.Supercritical fluid technology 

Supercritical fluids are formed when the pressure and temperature are raised above 

the critical values. Fluids then exist as a single phase with unique properties such as 

liquid-like densities and solvating characteristics similar to those liquids [241]. The 

most commonly used supercritical fluid is CO2 because of its relative inertia in the 

presence of polymers, environmental compatibility compared with organic solvents, and 

low critical point at ambient temperature. Water, ethylene and propylene are also used 

[241].
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The use of supercritical fluids such as supercritical CO2 has provided a clean and 

effective alternative to traditional methods of protein encapsulation. It has a number of 

properties that make it possible to process both bioactive protein and amorphous 

polymers without using organic solvents or elevated temperatures. Furthermore, it 

provides a more controlled and tunable route to produce nanoparticles.

Different techniques have been used for the production of protein-loaded 

nanoparticles. The rapid expansion of supercritical solutions (RESS) when 

depressurized through a nozzle results in the immediate precipitation of the 

nanoparticles into a collecting chamber [241, 242]. Small amounts of solvent can be 

used for biomolecules with low affinity to CO2 since it is removed during the spraying 

processing. Another technique forms particles from gas saturated solutions (PGSS), 

based on the diffusion of a pressurized gas into a solute containing the drug and the 

polymer. By increasing the pressure of the gas, a highly saturated solution is created and 

the particles are formed by depressurizing through a nozzle [241]. Since this technique 

does not require the polymer/protein to be soluble in the gas, it uses lower pressures 

than RESS resulting in lower gas consumption. The bioactivity of proteins 

nanoencapsulated through this procedure has been reported [243]. Alternatively, 

supercritical gas can be used as an anti-solvent to reduce the solvating power of an 

organic solvent in which polymer and protein are contained. Dissolution and expansion 

of the organic solvent into the pressurized gas led to nanoprecipitation of the 

polymer/protein from the organic solution. Insulin [244] and trypsin [245] were 

incorporated into nanoparticles through this technique. Insulin achieved higher loading 

and prolonged release in its bioactive form after encapsulated into PEG/PLA 

nanoparticles [128]. 

2.3.9.High pressure homogenization 

High pressure homogenization (HPH) is a suitable method for the preparation of 

SLN and NLC performed at elevated temperature (hot HPH technique) or below room 

temperature (cold HPH technique) [106]. For hot HPH, the lipid and drug are melted 

(approximately 5-10ºC above the melting point of the lipid) and combined with an 

aqueous emulsifying solution having the same temperature. A hot pre-emulsion is 
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formed by high speed stirring, which is then processed in a temperature controlled high 

pressure homogeniser. The obtained nanoemulsion recrystallises upon cooling down to 

room temperature forming SLN or NLC. Although requiring high temperatures, this 

process is sufficiently fast to process thermolabile proteins [246]. 

The cold HPH is a more suitable technique for processing temperature labile or 

hydrophilic drugs, such as the majority of proteins. Here, the lipid and drug are melted 

together, then rapidly ground under liquid nitrogen forming solid lipid microparticles. A 

pre-suspension is formed by high speed stirring of the particles in a cold aqueous 

emulsifying solution. This pre-suspension is then homogenized at or below room 

temperature forming the lipid nanoparticles [246]. 

The influence of homogenizer type, applied pressure, homogenization cycles and 

temperature on particle size distribution has been studied extensively. Both HPH 

techniques are suitable for processing lipid concentrations of up to 40% and generally 

yield very narrow particle size distributions [247].
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2.4.Proteins entrapped into biodegradable nanoparticles 

2.4.1.Albumin

Albumin was the first industrial plasma product to be produced, and although widely 

applied in plasma protein therapies, has became the selected protein model in the 

development of protein delivery strategies employing nanotechnology. Major uses of 

albumin (especially BSA) are in vitro release profile studies and in pre-clinical trials 

[30, 50, 75, 138, 164, 248], as well as for assessing the physicochemical stability of 

nanoparticles [204]. FITC-albumin loaded nanoparticles have also been used to study 

the uptake of nanoparticles by mucosa through confocal laser microscopy [39]. 

Ovalbumin, the major protein of egg white, is also used as protein model in the 

development of new nanoparticle formulations [218] and as model antigen for mucosal 

vaccination [35]. 

2.4.2.Lysozyme 

Lysozyme is a water-soluble enzyme with anti-bacterial properties as it catalyzes the 

hydrolysis of polysaccharide components on bacterial cell walls. This enzyme is found 

in human secretions, is of widespread distribution in animals and plants, and also widely 

produced industrially. Its applications are focused in the areas of otorinolaringology and 

ophthalmology but it has demonstrate great utility as a model protein in the 

development of new nanoparticle formulations [162, 230].  

Lysozyme has been encapsulated within SLN, applying the cold HPH technique, and 

its stability evaluated [247]. Because of ionic interaction of cationic lysozyme and 

anionic polymers under physiological conditions, the efficient loading and sustained 

release of lysozyme were accomplished. This enables the production of charged 

nanoparticles with a core/shell structure [249]. 
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2.4.3.Calcitonin

Calcitonin is a 32 aminoacid peptide with an N-terminal disulfide bridge and a C-

terminal pralineamide residue produced by cells in the thyroid gland. The peptide plays 

a crucial role in calcium homeostasis and bone remodeling, to potently inhibit bone 

resorption and both basal and stimulated resorption of organ-cultured intact bone. It 

directly and rapidly causes a loss of the border of osteoclasts in bone sections, and 

reduces osteoclast numbers in bone over the longer term. Calcitonin also inhibits 

osteoclast secretory activity [250]. 

Calcitonin solution is usually administered therapeutically through the nasal route. 

Once calcitonin needs to be given on a daily basis over a prolonged period, oral 

administration is a more desirable route of administration and subsequently the most 

studied. Many studies have demonstrated alternative nanoparticle formulations to 

improve the bioavailability of this protein with the mucoadhesive properties of chitosan 

nanoparticles, being one of the most employed strategies [38, 52, 232]. The results of in

vivo studies, following oral administration to rats, indicated that chitosan nanoparticles 

were able to significantly reduce serum calcium levels, and to prolong this reduction for 

at least 24 h [38] without significant cytotoxic effects [232]. The pharmacologic effect 

of oral administration of lipid nanoparticles coated with chitosan was detected up to 120 

h. This extensive pharmacologic effect was attributed to prolonged retention in the 

intestinal mucosa, partly owing to the penetrative property into intestinal mucosa [52, 

251]. Similar observations were taken when calcitonin was administered in chitosan-

coated PLGA nanoparticles [53, 252]. These chitosan-modified PLGA nanoparticles 

were applied to improve the pulmonary delivery of peptide by nebulization, and were 

shown to have enhanced mucoadhesiveness to rat lung [53]. Furthermore, a 

significantly prolonged reduction in blood calcium level after administration of the 

chitosan-modified nanoparticles loaded with calcitonin (100 IU/kg), appeared for over 

24 h compared to the drug solution and to the unmodified PLGA nanoparticles.  

Calcitonin has been encapsulated in nanoparticles composed of synthetic polymers 

[187, 208, 253], and in the form of calcitonin–fatty acid complex nanoparticles [140], to 

render calcitonin more readily soluble in an organic solvent, to increase its AE, and to 

enhance protein partitioning in a nonpolar phase. Oral studies of such systems have 
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demonstrated their relative efficiency to improve the oral bioavailability of the protein 

compared with calcitonin solution controls. Enhancement in the effect of calcitonin 

absorption by nanoparticles is greatly dominated by the chemical structure that is 

closely related to surface characteristics.

2.4.4.Insulin

Insulin therapy is essential to the survival of patients with type 1 diabetes (insulin-

dependent diabetes) and its world market is valued at more than 5 billion Euro annually. 

It is a 5.8 kDa globular protein hormone containing two chains, A (21 aa) and B (30 aa), 

and has an isoelectric pH of 5.3. Insulin is secreted by the  cells of the islets of 

Langerhans in the pancreas and functions in the regulation of the metabolism of 

carbohydrates and fats, especially the conversion of glucose to glycogen, which lowers 

the blood glucose level. It acts by stimulating glucose influx and metabolism in muscle 

and adipocytes and by inhibiting gluconeogenesis by the liver [254]. Insulin action is 

mediated through the insulin receptor, a transmembrane glycoprotein with intrinsic 

protein tyrosine kinase activity. The level of tyrosine kinase activity reflects the serum 

concentration of insulin and appears to mediate the insulin response through tyrosine 

phosphorylation of the receptor itself and substrates like insulin receptor substrate1 

[254]. Although stored in pancreatic  cells as a Zn2+-stabilized hexamer, the hormone 

binds to its receptor as a Zn2+-free monomer [255]. 

Insulin stability has been one of the most studied parameters regarding the 

formulation into novel delivery systems. With the exception of the recently launched 

pulmonary insulin Exubera to the market [256], insulin is mainly commercialized in 

solutions for subcutaneous administration, requiring specific procedures to improve its 

stability. Thus, in solution, insulin exists primarily as a monomer at low concentrations 

(~10-6 M, ~ 0.006mg/mL). The insulin monomer contains many ionizable groups, with 

6 amino acid residues capable of attaining a positive charge and 10 amino acid residues 

capable of attaching a negative charge [257]. Insulin can form different arrangements 

and aggregation states depending on the presence or absence of Zn2+ ions. Investigations 

into the concentration distribution of Zn2+ free insulin over a wide range of 

experimental conditions (pH of 2, 7, and 10, at 25 and 37 °C) showed that the fraction 
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of monomer is nearly 100% at serum concentrations (3 ng/mL), less than 10% at 

pharmacological concentration (3 mg/mL) of insulin solution in the market and 

extremely low at a concentration of 30 mg/mL, with pH around 7 and ionic strength of 

0.1. At concentrations much above the serum level, insulin solutions contain a complex 

mixture of agglomerates of different sizes, dominated by dimers, hexamers and bigger 

associates [258]. Dimer is the most prominent form in the range from 1 to 10 mg/mL 

when ion strength is 0.05 [257]. For concentrations higher that 10 mg/mL, hexamers 

start forming even in the absence of Zn2+.

When zinc is present, the hexameric form of insulin (2 Zn2+/6 monomers of insulin) 

prevails in neutral and moderately alkaline solutions. The Zn2+-insulin complexes are 

soluble at neutral reaction when the Zn2+/hexameric ratio is below 4, but at higher 

concentrations of Zn2+, solubility decreases and at a ratio of 6 Zn2+/hexamer, complete 

precipitation of insulin is observed [257]. At pH 4–8 and concentrations 0.01 mM (0.06 

mg/mL) in the presence of Zn2+, insulin exists primarily in the form of a hexamer with 

an overall molecular weight of 39 kDa [259]. 

Acid pH, combined with agitation, is known to facilitate the dissociation of insulin 

tetramers/dimers into monomers, and to further cause the monomer to adopt a partially 

unfolded fibril intermediate conformation [260]. Rate of insulin fibrillation was 

observed to be higher in acid environments than neutral, and increases in acid solution, 

with an increase in insulin concentration and increase of temperature [260]. Formation 

of insulin fibres from human 2Zn+2-insulin was observed with a lag time of 7.3 and 60 

h, at pH 1.6 and 7.4 respectively, while from Zn+2-free insulin it was 8.9 and 49.4, 

respectively [261]. At concentrations in the range of 0.05mg/mL, 2Zn+2-insulin is 

predominately in a dimer/hexamer form which is a factor in the delay of fibrillation. 

Almost since the initial discovery of insulin, alternative effective routes for insulin 

delivery, other that subcutaneous injection have been an elusive goal for many 

investigators [262, 263]. 

Both natural and synthetic polymers have been used to formulate insulin-loaded 

nanoparticles with different degrees of stability and physiological effects. Usually, 

insulin can be encapsulated under milder conditions, with higher AE, into natural-based 

polymers [44, 46, 63, 83], maintaining its bioactive structure [7, 28, 78]. On the other 

hand, the employment of synthetic polymers has resulted in lower AE, but prolonged 
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insulin controlled release [128, 264] and extended hypoglycaemic effect [183, 184]. 

Chitosan and PACA-based insulin loaded nanoparticles have been the most employed 

polymers, because of the mild ionic nature of the interactions between the protein and 

the positively charged chitosan [265], as well as of the feasibility to prepare insulin-

loaded nanoparticles by interfacial polymerization of alkylcyanoacrylates [184]. Earlier 

reports suggested that insulin encapsulated in poly(isobutylcyanoacrylate) nanoparticles 

has a long-term hypoglycemic effect in diabetic rats after oral administration, up to 20 

days [266]. 

To increase the AE of insulin, the surface charge of the nanoparticles has been 

modified since higher surface charge is associated with higher insulin AE and slower 

release [44]. The increase of liposolubility of insulin by its initial complexation with 

phospholipids prior to its encapsulation can be an attractive way to enhance insulin AE 

into synthetic, hydrophilic polymeric nanoparticles [264]. Moreover, by hydrophobic 

modification of such nanoparticles, an increase of uptake through mucous membranes 

and an improved hypoglycaemic effect has been reported. In addition, the presence of 

protease inhibitors or absorption enhancers seems to enhance the absorption of insulin-

loaded nanoparticles more than the nanoparticles by themselves [267]. 

The encapsulation of insulin into nanoparticles has allowed the preservation of its 

biological activity leading to a prolonged action after oral [28, 268], nasal [46, 269] and 

pulmonary [270] administration. 

2.4.5.Octreotide

Octreotide is a somatostatin octapeptide analogue with a prolonged duration of action 

involved in the regulation of insulin, glucagon, growth hormone, and several other 

hormones and enzymes [271]. Therapeutically, it is used in long-term treatment of 

acromegaly and for the symptomatic treatment of gastroentero-pancreatic endocrine 

tumors. However, despite the extended half-life of octreotide compared to somatostatin, 

long-term treatment still requires daily subcutaneous injections. This provided an 

incentive for the development of alternative delivery methods, such as polymeric 

nanoparticles [185]. 
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Octreotide permeation across the bronchial barrier in vivo after complexation with 

chitosan derivatives suggested its suitability for sustained pulmonary delivery that could 

increase the therapeutic benefits [41]. Octreotide was also able to be substantially 

absorbed in animal model after intrajejunal administration of its nanocomplexes with 

trimethylated chitosan without eliciting deleterious effects on intestinal cell membranes 

[271].

Other studies mentioned the encapsulation of octreotide into PACA nanoparticle for 

its subcutaneous and peroral delivery [185]. Significantly increased plasma octreotide 

levels were obtained compared with the free octreotide. 

2.4.6.Cyclosporine

Cyclosporine is an immunosuppressant lipophilic cyclic undecapeptide widely used 

clinically for the treatment of inflammatory and autoimmune diseases and post-

allogeneic organ transplants, to reduce the activity of the patient's immune system, and 

the risk of organ rejection. 

Due to its lipophilic properties, cyclosporine was successfully marketed as an oil-

based oral solution [272]. However, its oral bioavailability from these conventional 

preparations displayed considerable inter- and intra-individual variability, requiring a 

better controlled formulation [273]. Various nanoparticle formulations have been 

studied to reduce the toxicity associated with cyclosporine, and to achieve a better 

absorption profile, consequently improving the physiologic effect. 

Cyclosporine was entrapped into nanoparticles composed of chitosan [274] or 

amphiphilic conjugates of chitosan and cholesterol 3-hemisuccinate [47] for ocular 

applications, regarding external inflammatory/autoimmune ocular diseases, such as 

keratoconjunctivitis sicca or dry eye disease. These systems showed good retention 

ability at the pre-corneal area and a sustained release of cyclosporine was observed over 

48 h, which reveals their potential for the treatment of external ocular diseases. Similar 

chitosan nanoparticles were responsible for the improvement of cyclosporine oral 

absorption rate [231]. 

Due to its hydrophobic nature, cyclosporine has been an optimum candidate to be 

encapsulated into lipophilic core nanoparticles, namely those composed of lipids. 
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Several studies have demonstrated the ability to develop such nanoparticles with high 

cyclosporine loading and potential in vivo applications [112, 275]. Lipid nanoparticles 

proved to be a suitable delivery system to enhance the oral bioavailability of 

cyclosporine [107]. 

After oral administration of cyclosporine into stearic acid nanoparticles, its release 

was delayed significantly in comparison to a reference emulsion, simultaneously 

triggering a high bioavailability, suggesting a sustained release effect [276]. 

Cyclosporine can be encapsulated in polyester nanoparticles with longer release 

profiles and better shelf-life stability [127, 223, 277], showing more suitable 

pharmacokinetic parameters [278].  

2.4.7.Hormones

The oral administration of luteinizing hormone-releasing hormone (LHRH) 

encapsulated into lipid nanoparticles induced significant ovulation and fertilization rates 

in an animal model [279], whereas the administration within n-butylcyanoacrylate

nanoparticles to male rats decreased both their seminal vesicle and prostate weights by 

approximately 50% and serum testosterone concentrations to approximately 55% of the 

control LHRH free solution [280, 281]. This peptide was also incorporated into SLN 

and its in vitro release in the simulative gastrointestinal fluid exhibited a biphasic 

pattern with an initial burst and prolonged release over 12 days, demonstrating the 

suitability of SLN as a prolonged release formulation for hydrophilic peptides [111]. 

PACA nanoparticles were able to deliver growth hormone releasing factor (GRF) in 

a sustained release profile after subcutaneous administration [282]. Using nanoparticles, 

GRF plasma levels could be maintained constant for at least 24 h after injection, after 

which GRF was still significantly present in the plasma, whereas with free GRF, the 

maximum plasma concentration appeared 2 min after the administration and no GRF 

could be detected after 100 min [282]. 

Recombinant human granulocyte colony-stimulating factor (rhG-CSF), largely used 

in the treatment of neutropenia occurring during chemotherapy, after loading within 

PLGA, nanoparticles exhibited a sustained release profile over an extended period 

without showing any significant alterations in structure [283]. The in vivo studies have 
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confirmed that the rhG-CSF biological activity was conserved when adsorbed onto 

PACA nanoparticles [188]. 

Interferon-gamma (IFN- ) is a glycoprotein endogenously produced by T 

lymphocytes and natural killer (NK) cells [284]. This protein displays a wide variety of 

antiviral, antiproliferative, immunomodulatory, and apoptotic functions by promoting T 

and B cell proliferation, activation of mononuclear phagocytes and neutrophils, 

augmentation of NK cell lytic function, expression of MHC I and II, and suppression of 

IL-4 responses [285]. After the encapsulation of IFN-  onto albumin nanoparticles, 

these carriers were able to load, mainly by electrostatic interactions, high amounts of the 

protein, fully retaining its activity [88]. 

A prominent hormone which has been extensively studied regarding alternative 

administration routes to regular injection is the human growth hormone (hGH). It is a 

polypeptide growth promoting hormone of the anterior pituitary gland. Synthetic human 

growth hormone (hGH, somatropin) is manufactured by recombinant DNA technology. 

Both are 191 amino acid polypeptides (MW 22 kDa) with an amino acid sequence and 

two internal disulphide bridges identical to that of the major component of human 

pituitary growth hormone. Its isoelectric point is 5.0 [286] and it is very soluble in water 

and most aqueous buffers. Therapeutically, hGH is used in children to treat growth 

retardation, due to insufficient growth hormone secretion, and Turner’s syndrome or 

chronic renal insufficiency. In adults, it is used as a treatment for growth hormone 

deficiency and for management of HIV-related wasting and cachexia [287]. Growth 

hormone controls the postnatal somatic growth and reproduction. These functions of 

hGH are mediated by insulin like growth factors and growth related protein kinases 

[288]

Some studies have demonstrated the ability to improve the nasal bioavailability of 

administered hGH by polymeric microparticulate systems [287, 289], the improvement 

of pulmonary absorption [290] and the enhancement of intestinal bioavailability by the 

application of intestinal permeability enhancers[291]. Also the sustained release of hGH 

has been demonstrated from nanoparticles [292] and polymeric microparticles [293-

297]. A sustained release formulation has great potential to enhance patient compliance, 

as well as to increase hGH efficacy. 
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2.4.8.Other proteins 

NC-1900 is an active fragment analog of arginine vasopressin capable of improving 

spatial memory deficits, and promoting memory by modulating the cholinergic system 

in the central nervous system [93]. This peptide has failed to produce significant 

positive effects by intravenous administration. However, the intravenous injection of 

albumin-coated PLA loaded with NC-1900 greatly improved memory impairments to a 

normal level, indicating that albumin was a promising brain delivery enhancer [93]. 

Protein C is a vitamin K-dependent plasma protein that regulates the mechanism of 

blood coagulation by modulating the anticoagulant response. It has been administered 

intravenously to treat thrombophilia provoked by its abnormal physiological production. 

Attempts to develop a PLA nanoparticle formulation to delivery this protein 

demonstrated that it is possible to control release in the bioactive form [121, 130]. 

Cystatin, a protein capable of inhibiting the excessive tumor-associated proteolytic 

activity by proteases, was entrapped into PLGA nanoparticles in its bioactive form 

[148] and taken up by cells after serving as an effective inhibitor of intracellular 

proteolysis [147]. Other enzymes, such as catalase, were also encapsulated in PLGA 

nanoparticles to achieve a prolonged activity when immobilized resulting in a longer 

protection against oxidative stress [298]. Examples of proteins encapsulated into 

different nanoparticles are provided in Table 2.4-I. 

Table 2.4-I Examples of proteins encapsulated in biodegradable nanoparticles.

Protein Polymer 
Method of 

nanoencapsulation 
Application Observations Ref 

Calcitonin Chitosan Solvent displacement Oral Prolonged effect [38] 

Calcitonin PLGA 
Emulsion/Solvent 

diffusion 
Pulmonary 

Bioavailability 

improved by 

chitosan coating 

[53] 

Calcitonin PLGA 
Emulsion/Solvent 

diffusion 
Oral

Calcitonin-fatty 

acid complexes 
[140] 

Calcitonin Polyacrylamide 
Dispersion co-

polymerization 
Oral

Significant 

hypocalcaemia 

effect

[208] 

BSA PLA/Cyclodextrin 
Emulsion/Solvent 

evaporation
-

Stability of 

protein 
[75] 
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BSA PCL 
Emulsion/Solvent 

evaporation
-

Sustained 

release
[164] 

BSA  Chitosan Ionotropic gelation - 
Controlled 

release

[30, 

50] 

BSA Gelatin/PLGA Phase separation - 
Controlled 

release
[248] 

BSA
Maleic anhydride/alkyl 

vinyl ethers of PEG 
Co-precipitation 

Cell

culture 

Hepatocite 

targets 
[204] 

BSA Trimethyl-Chitosan Ionotropic gelation Nasal 
Successful nasal 

uptake 
[39] 

Ovalbumin poly( -glutamic acid) Precipitation /dialysis 
Cell

culture 

No cytotoxic 

effects
[218] 

Ovalbumin Chitosan/Alginate Precipitation/Coacervation Oral Intestinal uptake 
[35, 

37] 

Insulin Pectin Ionotropic gelation - 

pH  

dependency 

release

[63] 

Insulin 
Chitosan/Poly(Methyl 

metacrylate)
Radical polymerization Oral 

Significant 

hypoglycemic 

effect

[44] 

Insulin Trimethyl chitosan Self- assembling Nasal 
Endocytosis 

uptake 

[46, 

269] 

Insulin Alginate/Chitosan Ionotropic pre-gelation Oral 
Insulin structure 

preservation 
[7] 

Insulin Chitosan/Glucomannan Ionotropic gelation Oral 

Stability under 

intestinal 

conditions 

[82] 

Insulin Chitosan Ionotropic gelation Oral 

Significant 

hypoglycemic 

effect

[28] 

Insulin PLA Anti-solvent precipitation - 
Sustained 

release
[128] 

Insulin PACA Interfacial polymerization Oral 

Prolonged 

hypoglycemic 

effect

[183, 

184] 

Insulin SLN Double emulsion Oral 

Prolonged 

hypoglycemic 

effect

[109] 
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Octreotide PACA Interfacial polymerization Oral 

Reduction of 

prolactin 

secretion

[185] 

Octreotide Trimethylated chitosan Self-assembling Pulmonary 

Safely

octreotide 

permeation  

[41] 

Cyclosporine 
Cholesterol-modified 

chitosan 
Self-assembling Ocular 

Good retention 

at the 

procorneal area 

[47] 

Cyclosporine Chitosan 
Emulsion/Solvent 

diffusion 
Oral

Significant 

bioavailability 
[231] 

Cyclosporine SLN 
Emulsion/Ultra 

homogenization 
Oral

Significant 

bioavailability 
[107] 

LHRH SLN Solvent diffusion Oral 

Induction of 

ovulation and 

fertilization 

[279] 

hGH 

Releasing

Factor

PACA Polymerization s.c. 

In vivo 

sustained 

release

[282] 

granulocyte 

stimulating 

factor

PACA Anionic polymerization I.V. 
Preservation of 

activity 
[188] 

Interferon-  Albumin Coacervation 
Cell

culture 

Macrophages 

uptake 
[88] 

Arginine-

vasopressin 

analogue

Albumin/PLA 
Emulsion/Solvent 

evaporation
I.V. 

Successful brain 

delivery 
[93] 

Protein C PLA 
Emulsion/Solvent 

evaporation
-

Maintenance of 

bioactivity 
[121] 

Cystatin PLGA 
Emulsion/Solvent 

diffusion 

Cell

culture 
Protein uptake [147] 
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2.5.Therapeutic applications

2.5.1.Oral delivery 

Oral drug delivery is the preferable route for drug administration because it is non-

invasive, avoids pain and discomfort associated with injections, and decreases risk of 

contamination. It is also physiologically desirable, since the exogenous protein imitates 

the physiological pathway undergoing first hepatic bypass. Moreover, among the non-

invasive routes of administration that have been evaluated for the delivery of proteins, 

the oral route remains the most convenient, although it is not the most efficient for 

peptides and proteins due to their low absorption rate. The main reasons for the low oral 

bioavailability are related to chemical and conformational stabilities, cellular and 

luminal enzymatic degradation in the gastrointestinal tract and poor intrinsic penetration 

of the intestinal membrane [115, 299, 300]. 

The development of an effective oral delivery system for proteins requires a 

comprehensive review of their physicochemical properties, such as molecular weight, 

hydrophobicity, ionization coefficient and pH stability, as well as of the biological 

barriers that limit protein absorption through the gastrointestinal tract [301]. Strategies 

to improve the oral bioavailability have ranged from changing physicochemical 

properties, modification of lipophilicity and enzyme susceptibility, to adding novel 

functionality using transport-carrier molecules that are recognized by endogenous 

transport-carrier systems in the gastrointestinal tract and/or to inclusion in specially 

adapted drug carrier systems [299]. Protein association with colloidal carriers, such as 

polymeric nanoparticles, is one of several approaches proposed to improve oral 

bioavailability. Such nanoparticles are more stable in the gastrointestinal tract than other 

colloidal carriers, such as liposomes, and can protect encapsulated drugs from the 

gastrointestinal environment. The use of different polymers allow the modulation of 

physicochemical and drug release properties and consequently the biological behaviour 

[1]. Additionally, the nanoparticle surface can be easily modified by adsorption or 

chemical grafting of certain molecules such as poly(ethylene glycol), poloxamers, and 

lectins [167]. Moreover, their submicron size and large specific surface area favor 
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absorption compared to larger carriers. Consequently, it has been widely shown that 

nanoencapsulation protects proteins against the harsh environment of the 

gastrointestinal tract and increases transmucosal diffusion [115]. 

Paracellular and transcellular routes have been explored to examine intestinal 

absorption of proteins encapsulated in nanoparticles. The paracellular pathway is 

commonly identified as limiting to protein absorption, due to low surface area and 

tightness of the junctions of the intercellular spaces [302]. Strategies to modify the 

physicochemical properties of the intestinal wall and to modulate the tight junctions 

associated with the paracellular pathway have been mentioned [302]. A particular case 

has been reported for chitosan nanoparticles because this natural polymer shows the 

special feature of adhering to the mucous surface and transiently opening or widening 

the tight junctions between epithelial cells [9, 303]. Mucoadhesive chitosan 

nanoparticles increased the relative pharmacological bioavailability of insulin [10] and 

calcitonin [38] associated with the ability to weaken the intestinal barrier in a reversible 

way. A distinct advantage of proper particle size control is that it improves the drug 

effects [303]. 

One of the advantages of nanoparticles, when administered orally, is that they can be 

absorbed transcellularly, although in small quantities, not only through the membranous 

epithelial cells (M-cells) of the Peyer’s patches in the gut-associated lymphoid tissue 

(GALT), but also through the much more numerous gut enterocytes [304]. The uptake 

of nanoparticles carrying proteins, by enterocytes is a limited but potential process 

[115]. To improve the uptake of nanoparticles, surface modifications [51, 305] and 

enhancing mucoadhesive properties [113, 123] are usually explored effectively to 

promote the contact of proteins with the intestinal epithelium, increasing the 

concentration at the site of absorption. In the gastrointestinal tract, cationic 

nanoparticles are favored to bind to the negatively charged mucous layer, thus cationic 

polymers are selected as preferential mucoadhesive coating. 

Peyer’s patches are specific structures dispersed through the lymphoid nodules of the 

intestinal mucosa called O-MALT (Organized Associated Lymphoid Mucosa). They are 

rich in M cells, specialized for antigen sampling but also a potential portal for oral 

delivery of peptides and proteins since they possess a high transcytotic capacity, and are 

able to transport a broad range of materials, including nanoparticles [306, 307]. Uptake 
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by M-cells has been shown to result in physiologic action of proteins after oral 

administration of nanoparticles [37, 308] serving as a major gateway for nanoparticle 

absorption. Adsorptive endocytosis occurs through clathrin coated pits and vesicles, 

fluid phase endocytosis and phagocytosis [309]. Nanoparticle size, electrical charge and 

surface hydrophobicity, are the main factors that influence the uptake by Peyer’s 

patches. It is well accepted that hydrophobic, negatively charged protein-loaded 

nanoparticles smaller that 1 m potentially show the best absorption rate [140, 310], 

however it is difficult to generalize since other factors can  control the final absorption. 

Figure 2.5.1 summarizes the mechanisms of the intestinal absorption of nanoparticles 

containing proteins. 

Figure 2.5.1 Representation of the three possible mechanisms for the intestinal absorption of 

nanoparticles containing proteins: 1- Paracellular pathway through tight junctions between enterocytes, 2- 

Transcellular pathway involving enterocytes, 3- M-cells of Peyer’s patches pathway involving 

internalization.   

2.5.2.Parenteral delivery 

The most challenging mission in the development of protein pharmaceuticals is to 

deal with physical and chemical instabilities. Instability is one of the major reasons why 

proteins are administered through injection rather than other routes used with most of 

the small molecular weight drugs [311]. Furthermore, properties like high molecular 
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weight, hydrophilicity and charge work against protein transport through membranes 

[13].

Various delivery strategies and specialized companies have evolved over the past 

few years to improve delivery of proteins and peptides. Polymeric nanoparticles have 

overcome some of the issues associated with parenteral delivery protecting labile 

proteins against physiologic aggression and to achieve site-specific delivery. However, 

the potential of injectable nanoparticles can be compromised by rapid elimination from 

the bloodstream and accumulation in the tissues of the mononuclear phagocyte system 

(MPS), like the liver and spleen. Thus, the therapeutic efficacy of proteins associated 

with nanoparticles has certain limitations. Nanoparticles with long-term circulation 

potential can be obtained by modifying surface properties with non-opsonic polymers 

like PEG [158, 159, 312, 313], poloxamine [312] and poloxamers [314]. The stealth 

nanoparticles intended for parenteral delivery compared to non-stealth circulating 

nanoparticles show better shelf stability and ability to control the release of the 

encapsulated proteins [127].

Proteins such as insulin [8, 315], calcitonin [316] or octreotide [185], after parenteral 

administration, have demonstrated prolonged physiologic effect mostly because of the 

low protein cession rates given by the polymeric matrices.  

Parenteral delivery has been effective in carrying proteins across the brain barrier 

[93]. Intravenous injection of nanoparticles loaded with NC-1900, an active fragment 

analog of arginine vasopressin, greatly improved memory impairment to a normal level 

[93]. The parenteral delivery has also been used for gene expression [150, 171] and 

vaccination [215]. 

2.5.3.Pulmonary delivery 

Pulmonary delivery of peptides and proteins has attracted increasing attention, 

because it may become an important new route of non-invasive system administration 

due to higher rates of systemic absorption than other non-invasive routes. The reasons 

for such high absorption rates are based on the large surface area provided by the lung, 

the thinness of the alveolar epithelium where absorption take place, the relatively easy 

permeation of proteins, the extensive vascularization and the relative low enzymatic 
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activity [317]. In addition, the alveoli of the lungs have a slower mucociliary clearance 

than the airways [252].

Although proteins such as insulin are now available as powder replacing the 

traditional parenteral treatment [256], some formulation disadvantages are still 

encountered. There is thus potential for possible systemic absorption of peptides and 

proteins encapsulated in nanoparticles, through the alveolar region of the lungs because 

they can avoid the macrophage clearance mechanisms and long residence times [318]. 

Furthermore, biodegradable polymeric nanoparticles are able to reduce inflammatory 

response compared to non-biodegradable nanoparticles after pulmonary administration 

[318]. The pH, the cationic charge density, and the viscosity of the nanoparticle 

formulation proved to be key factors for optimizing protein carriers for pulmonary 

delivery [41]. 

Several examples can be found in the literature demonstrating the enormous 

advantage of the lung for nanoencapsulated protein delivery. Chitosan-modified PLGA 

nanoparticles are useful for improving delivery of calcitonin and potentially other 

proteins via a pulmonary route due to prolonged mucoadhesion for sustained drug 

release at the absorptive site and the absorption-enhancing action of the surface modifier 

chitosan [53]. PACA nanoparticles have been another alternative to transport proteins 

through the pulmonary route with prolonged physiologic effect [270]. Also, PEI-based 

nanoparticles were used as non-viral gene carriers for lung therapy, comprising 

significantly enhanced transfection efficiency [319].

2.5.4.Gene therapy 

Gene therapy is intended to correct defective genetic disorders responsible for 

disease development. Several approaches for correcting faulty genes by insertion into a 

nonspecific location within the genome resulting in a new genetic sequence to replace a 

nonfunctional gene have been proposed. The use of non-viral delivery systems like 

nanoparticles has numerous advantages in the area of gene therapy, because this 

approach could circumvent the safety issues that may occur when using viral vectors 

and have the potential to be non-immunogenic and more stable in vivo [320]. Table 2.5-

I summarizes some of the applications of nanoparticles as gene carriers. 
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Nanoparticles have shown interesting potential to bind and deliver oligonucleotides, 

not only because they have demonstrated the ability to protect oligonucleotides against 

degradation in vitro and in vivo, but they also significantly enhance pharmacological 

activity both in vivo and in cell culture conditions. Those made of natural biopolymers 

have been proposed as optimum gene delivery systems with high transfection rates, 

namely those made of alginate [58, 60, 61], chitosan [237, 321] and albumin [90, 91].  

Animal in vivo studies showed promising oligonucleotide bioavailability for particles 

based on alginate and poly-L-lysine, after intrajejunal administration in the presence of 

a mixture of permeation enhancers [58]. It is believed that due to the erosion of alginate 

nanoparticles within phagosomes after phagocytosis, the osmotic gradient results in 

vacuolization and the eventual shrinkage of the phagosomes accompanied by the release 

of the reverse transcriptase into the cytosol [60]. DNA has been observed to be 

protected against DNAse degradation by chitosan nanoparticles [237, 321].

DNA can also be protected against enzymatic degradation when formulated into 

albumin nanoparticles and further accumulated in the nucleus of cells [91]. The 

oligonucleotide hybridization capability after enzymatic exposure was largely improved 

for the oligonucleotides inside the nanomeric matrix than when adsorbed on the surface 

of the same nanoparticles. No considerable cytotoxic side effects were observed when 

DNA was transported in albumin nanoparticles [90].

Oligonucleotide-DEAE nanoparticles, were found to be more stable in cell culture 

medium containing 10% foetal calf serum. It was suggested that adsorption of plasma 

protein would form a protective coating on the nanoparticles, preventing the action of 

esterases [322]. DEAE has been shown to be efficient, not only for protecting 

oligonucleotides from degradation by 3 -exonucleases, but also for increasing the 

intracellular capture of oligonucleotides [322]. 

Synthetic nanoparticle polymers have also been thought to maintain a therapeutic 

gene concentration in target tissues for sustained gene delivery. PLGA nanoparticle-

mediated DNA delivery has revealed sustained antiproliferative activity, which could be 

therapeutically beneficial in cancer treatment [149]. The slow release of DNA from 

PLGA nanoparticles intracellularly would be effective in achieving sustained gene 

expression in the target tissue [116]. In vivo gene transfer of VEGF to cardiac myocytes 

for treating ischemic myocardium has been a successful application of PLGA 
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nanoparticles, improving the cardiac function and increasing the angiogenesis [150]. 

The ability to overcome the nasal mucosal barrier and deliver DNA, especially when 

formulated in a blend of PLGA and PEO derivatives has been demonstrated [154]. 

A special focus has been on the intraocular administration of nucleic acids by means 

of nanoparticles, particularly those made of PLA, PLGA [323] and albumin [91]. This 

has offered interesting possibilities for the treatment of ocular diseases like 

cytomegalovirus infection [91]. In another non-viral, non-invasive gene delivery 

system, polyphosphoramidate nanoparticles loaded with DNA resulted in significant 

levels of expression in the mouse brain stem following injection into the tongue, 

suggesting the potential of  polyphosphoramidate as a new gene carrier matrix [171]. 

DNA (plasmid pCMVLuc which codes for luciferase production) was encapsulated 

into polyethylenimine nanoparticles linked to PEG which was intravenously applied for 

targeting human hepatocellular carcinoma xenografts in mice [324]. In these models, 

luciferase marker gene expression levels were drastically higher in tumor tissues than in 

other organ tissues. In fact, polyethylenimine has been demonstrated to be an excellent 

nanoparticle based matrix for gene delivery [319, 322]. 

Table 2.5-I Examples of nanoparticle formulations in gene therapy.

Polymer
Method of 

nanoencapsulation 
Application Observations Ref 

Alginate 
Emulsion/Ionotropic 

gelation 
Cell culture 

Transfection through 

endocytosis
[61] 

Alginate/PLL Ionotropic gelation Oral High oral bioavailability [58] 

Alginate/PLL 
Emulsion/Ionotropic 

gelation 
Cell culture 

High  

retrovirus-mediated gene 

transfer 

[60] 

Albumin Coacervation Cell culture 
Nuclear accumulation of 

oligonucleotides 
[91] 

Albumin Self-assembling Cell culture No cytotoxic effects [90] 

PLGA Solvent diffusion Nasal 
Efficient nasal 

penetration 
[154] 

Polyphosphoramidate Self assembling I.M. Effective CNS delivery [171] 
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2.5.5.Vaccination 

Polymeric nanoparticles with encapsulated antigens have become well established as 

potent antigen delivery systems by direct stimulation of antigen presenting cells or by 

targeting specific immune response areas. Encapsulated antigens are able to be 

protected from unfavorable conditions like pH, bile salts and proteolytic enzymes 

encountered after parenteral or mucosal administration, improving their stability [325]. 

Vaccination by means of nanoparticulate systems may also provide a pulsatile release of 

the antigen, thus potentially allowing the reduction of the number of doses required to 

induce defensive immunity [326].  

Although parenteral nanoparticle vaccination had been the primary alternative to 

simple and classical antigen injection, numerous attempts have been carried out related 

with oral delivery of nanoparticulate systems for immunization [1, 115]. Oral immunity 

is known to be induced after uptake of antigens from the intestinal lumen and their 

transport by M cells to lymphocytes, macrophages and dendritic cells. There is a 

consensus that M cells of the Peyer's patch represent the main entrance for some 

bacteria, viruses and prions, thus providing immunity. 

Nanoparticles have been shown to facilitate the transport of the associated antigen 

across the nasal epithelium, leading to efficient antigen presentation to the immune 

system [144]. The nasal route, rich in nasopharyngeal lymphoid tissue, and the lung 

airway epithelium, also dense in lymphoid nodules, offer a strategy for the facilitation 

of increased residence time and vaccine efficacy [327]. 

Nanoparticles comprised by both natural and synthetic polymers have been used for 

vaccination. Chitosan nanoparticles are probably the most employed, as they are able to 

provide high and long-lasting mucosal and humoral immune responses by both nasal 

and oral routes [33, 40, 328-330].  Also, oral delivery of vaccines using chitosan as a 

carrier material appears to be beneficial for inducing an immune response [331]. 

However, because of its highly vascularised and relatively large absorptive surface, and 

low proteolytic activity, the nasal mucosa has been reported to be more efficient than 

oral immunization [40].Sustained release biodegradable PLGA nanoparticles containing 

tetanus toxoid induced an early and significant systemic immune response [332]. The 

levels of tetanus toxoid antigen in the blood observed after nasal administration of PLA 
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and PEG-PLA nanoparticles were in the same manner significantly higher than after 

administration of a physical mixture of antigen and empty nanoparticles [125]. Also, 

diphtheria toxoid encapsulated in PCL-based nanoparticles resulted in higher 

immunization effect than naked toxoid. These findings corroborate the fact that 

nanoparticles act as transmucosal transporters more than absorption enhancers in several 

animal models, with potential for effectiveness in humans [122]. 

Scientists are now focusing vaccine development on sub-unit of nucleic acids. These 

consist primarily of DNA, RNA or oligonucleotide antigens from the target pathogen. 

Several studies have already described the improvement of DNA vaccines using 

biological and nanoparticle adjuvants [215, 325]. Table 2.5-II summarizes some 

examples of biodegradable nanoparticles for vaccine delivery. 

Table 2.5-II Example of nanoparticle formulation with vaccination application. 

Macromolecule Polymer 
Method of 

nanoencapsulation 
Application Observations Ref 

Tetanus toxoid  PLA 
Emulsion/Solvent 

evaporation
Oral

Lymph nodes 

accumulation 
[123] 

Tetanus toxoid PLA 
Emulsion/Solvent 

evaporation
Nasal

Long term 

immunization 
[125] 

HIV-I Tat 

plasmid 
PMMA 

Emulsion 

polymerization/Adsorption 
I.M. 

Humoral  

immune 

response 

[215] 

Bovine 

parainfluenza 

type 3 virus 

PLGA
Emulsion/Solvent 

evaporation
Nasal

Long term 

immunization 
[146] 

Tetanus toxoid PLGA 
Emulsion/Solvent 

evaporation
s.c.

Long term 

immunization 
[332] 

Diphtheria 

toxoid  
PCL/PLGA

Emulsion/Solvent 

evaporation
I.M./Nasal 

Nasal

immunization 
[166] 

hepatitis B core 

antigen
PLGA

Emulsion/Solvent 

evaporation
s.c.

Strong 

immune 

response 

[333] 

Ovalbumin 
Alginate/Cellulose 

sulfate
Ionic assembling Oral 

Long term 

immunization 
[68] 
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2.6.Summary

The advent of nanotechnology has made possible the development of new drug 

delivery systems to overcome the peptide and protein instability both in vitro and in

vivo. Progress in nanotechnology has provided researchers with materials that can be 

used as matrices to deliver bioactives. Such matrices include natural polymers (e.g. 

chitosan, alginate, pectin, chondroitin sulfate, cellulose sulfate, cyclodextrins, starch, 

dextrans, glucomannan, and other polysaccharides), proteins (e.g. albumin, gelatin), 

solid lipids (e.g. mono-, di-, and triacylglycerols, waxes), and synthetic polymers (e.g., 

PLA, PLGA, PCL, PPE, PACA, POE, polyanhydrides, polyacrilamide, PMMA, and 

other amphiphilic polymers). The selection of the matrix material to be used as delivery 

system for a particular bioactive drug is related to several optimized parameters, i.e. the 

drug molecules must be active upon administration of the developed system, and no 

toxic residues must be produced by metabolization. In addition, formulations should be 

able to demonstrate peptide and protein stability, and to release the bioactive in such a 

quantity to act according to its therapeutic purpose. Nonetheless, peptide and protein 

stability is the major concern when developing delivery systems based on nanoparticles. 

Several methods can be employed to produce nanoparticles, e.g. polymerization of 

monomers, solvent emulsification-evaporation, solvent emulsification-diffusion, 

salting-out, nanoprecipitation, coacervation, ionotropic gelation, supercritical fluid 

technology, and high pressure homogenization. Protein and peptide integrity is affected 

by the production procedure applied. Thus, the choice of a particular method should be 

performed keeping in mind the processing parameters that interfere with peptide and 

protein stability. Therefore, the major challenge of producing biodegradable 

nanoparticles containing stable peptides and proteins is focused around the technical 

obstacles both related to production procedures and administration routes. 

Biodegradable nanoparticles as protein carrier systems have been developed to deliver 

bioactives through oral, parenteral and pulmonary administration, as well as for gene 

therapy and for vaccination. The published scientific literature outline perspectives that 

suggest that in the near future, protein loaded biodegradable nanoparticles will be seen 

as a promising therapeutic means to treat chronic diseases. 
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The overall objective of this thesis research was to improve the oral availability of 

insulin through encapsulation in nanoparticles made by polyelectrolyte complexation. 

Due to its well-established properties, easy acquisition and high medical and social 

importance, insulin was chosen as model protein. Alginate, chitosan and dextran sulfate 

are natural polymers with good biocompatibility, hydrophilicity, biodegradability and 

affinity for physical interaction with proteins and thus were selected to formulate 

nanoparticles. Two different nanoparticulate systems were developed, namely 

alginate/chitosan and dextran sulfate/chitosan nanoparticles. 

Chapter 1 provides a brief introduction to the research work. 

Chapter 2 is an overview of the recent literature about biodegradable nanoparticles 

for protein delivery. It is focused on the principal materials and methods used to 

encapsulate proteins, the main proteins formulated into nanoparticles and their 

therapeutic applications.  

The description of materials, methods and fundamentals used throughout the thesis 

are stated in chapter 4.

Chapter 5 presents experimental results and discussion. This chapter was split in two 

parts, related with results from alginate/chitosan (subchapter 5.1) and dextran 

sulfate/chitosan nanoparticles (subchapter 5.2). The first section of subchapter 5.1 

provides results on the development, optimization and physical characterization of 

insulin-loaded alginate/chitosan nanoparticles. A study was run to understand the 

influence of material properties and formulation parameters on the physical properties 

of alginate/chitosan nanoparticles produced by ionotropic polyelectrolyte pre-gelation as 

well as on the insulin association efficiency, release and stability.  

The second section of chapter 5.1 characterizes insulin-loaded alginate/chitosan 

nanoparticles through differential scanning calorimetry and Fourier transform infrared 

studies. These experiments were designed to verify interactions between polymers and 

between polymers and insulin at different pH of nanoparticle preparation and 

stoichiometric ratios.  

The third section of subchapter 5.1 assessed the stability of insulin after entrapment 

in alginate/chitosan nanoparticles and after release under simulated gastrointestinal 
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conditions. Fourier transform infrared second derivative and circular dichroism 

spectroscopy were used to examine the insulin secondary structure after entrapment. 

The fourth section of subchapter 5.1 presents in vivo results of insulin oral absorption 

using alginate/chitosan nanoparticles tested in a diabetic animal model, compared with 

oral insulin solution, evaluated by measuring the decrease in blood glucose levels and 

presence of insulin in the blood. Some attempts regarding the elucidation on insulin 

absorption mechanisms were performed employing confocal microscopy, by tracking 

labelled insulin in the animal intestinal sections. 

In the second part of this chapter, a different nanoparticle formulation was proposed 

made by complex coacervation between dextran sulfate and chitosan. The factors 

affecting the characteristics of dextran sulfate/chitosan nanoparticles and the optimal 

conditions for their preparation were studied in first section of subchapter 5.2.

In the second section of subchapter 5.2, insulin-loaded dextran sulfate/chitosan 

nanoparticles were characterized through differential scanning calorimetry and Fourier 

transform infrared studies to verify interactions between polymers and between 

polymers and insulin at different pH of nanoparticle preparation and stoichiometric 

ratios.

The third section of subchapter 5.2 presents the results of the effective improvement 

of oral insulin absorption, when entrapped into dextran sulfate/chitosan nanoparticles, 

using a diabetic animal model. The decrease of blood glucose levels and presence of 

insulin in the blood was evaluated. Similar experiments as with alginate/chitosan 

nanoparticles, regarding the elucidation of insulin absorption mechanisms were 

performed.  

Finally, chapter 6 summarizes the conclusions and the perspectives for future 

research.
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4.1.Materials

Low G-content sodium alginate, FG = 0.39 was purchased from Sigma (Oakville, 

Canada), medium G sodium alginate, FG = 0.48 was from Degussa (France) and high G 

sodium alginate Manugel DMB, FG = 0.62, was a gift from ISP Canada. Calcium 

chloride (Lot 0310273) was from Roig Pharma, Terrassa, Spain. Oligochitosan (Lot 

11925MU, MW  5 kDa) was purchased from Sigma (Oakville, Canada), low MW 

chitosan (Lot 10124AB, MW  50 kDa) was from Sigma-Aldrich, (Sintra, Portugal) and 

medium MW chitosan (  500 kDa) was from Natural Biopolymer (Raymond, WA). All 

chitosan polymers had a degree of deacetylation (DA) of 85%. MW data were provided 

by suppliers. Low MW dextran sulfate (Lot 084K1568, 8 kDa) was purchased from 

Sigma-Aldrich (Sintra, Portugal) and high MW dextran sulfate (Lot 99797, 500 kDa) 

was obtained from PKC® (Denmark).  

Alginate 2% (w/w) and dextran sulfate 1% (w/w) stock solutions were prepared in 

deionized water overnight under magnetic stirring and 1% (w/w) chitosan samples were 

dissolved in 1% acetic acid solution in deionized water. Chitosan solutions were filtered 

using a Millipore #2 paper filter and stored at 4oC. Dextran sulfate stock solutions were 

prepared in deionised water (Milli-Q®, Moslheim, France) by overnight magnetic 

stirring.

Recombinant human crystalline zinc-insulin (Lot RS0325, 7.0 mg lyophilized insulin 

per vial) and commercial Humulin Regular  (3.5 mg/mL human insulin) were gifts 

from Lilly Portugal. Somatropin (recombinant human growth hormone) was a gift from 

MerckSerono, Portugal. 

Acetonitrile (Lot I246730, LiChrosolv HPLC grade) and trifluoroacetic acid (TFA) 

(Lot 05341KC) were obtained from Merck® (Darmstadt, Germany). Prior to use, 

acetonitrile and 0.1% TFA aqueous solution prepared with deionised water (Milli-Q®)

were filtered with a 0.45 μm filter and degassed for 15 minutes. All the other chemicals 

were of analytical grade. 

Streptozocin (Lot 1267982) and insulin-FITC from bovine pancreas (Lot I-2383) 

were from Fluka (Sintra, Portugal). Alexa Fluor 594 conjugate (Lot 43897A) was from 

Molecular Probes (Oregon, USA).  
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Human insulin detecting ELISA kits were from Linco (Lot HIEZ126, Missouri, 

USA) and Mercodia, (Lot 13188, Uppsala, Sweden). 

Wistar male rats weighing 200-250 g, were provided by Charles River (Barcelona, 

Spain).
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4.2.Methods

4.2.1.Preparation of nanoparticles 

4.2.1.1.Alginate/chitosan nanoparticles 

4.2.1.1.1.Characterization of alginate polymers   

M:G alginate ratios were determined previously by Nuclear Magnetic Resonance 

(NMR) analysis in our lab. Briefly, NMR was conducted on a Bruker Avance-400 

spectrometer and the 1H-NMR spectra recorded at 80oC. Alginate solution (1 mg.mL-1)

was partially hydrolysed with HCl in a 90 oC waterbath (60 minutes at pH 5.6 and 45 

minutes at pH 3.8) to improve the resolution of the spectrum. After hydrolysis, the 

sample was cooled and neutralized with NaOH to pH 6.8, and then freeze dried. 

Alginate powder (7.5 mg) was dissolved in D2O (0.7 mL) with the addition of 0.3 M 

triethylene tetramine hexacetate, TTHA (20 L) to prevent the interaction of the 

monomer units and cations and 1% trimethylsilyl propionic 2,2,3,3 diacid sodium salt, 

TMS (20 L) as an internal reference signal. Chemical shifts were expressed in part per 

million (ppm) downfield from the signal of sodium 3-(trimethylsilyl) propanesulfonate 

(TMS). The intensities of the peaks in the anomeric regions, which are relative ratios 

with respect to each other, were determined by integration using Bruker Avance 

software. From knowledge of monad, diad, and triad frequencies, the M:G ratio and G-

content were calculated. Each alginate sample was analysed with at least three replicates 

and the results represent means. 

The number average MW was obtained from the limiting viscosity number [ ] in the 

Mark-Houwink equation [ ] = 2.0 X 10-5 MW [334] using an Ubbelohde capillary 

viscometer (Canon Instruments, constant equals to 0.002564 mm2s-2), measuring the 

residence time of serially-diluted alginate solutions containing 0.1M sodium chloride on 

triplicate samples. The intrinsic viscosity was obtained by extrapolating the reduced 

viscosity to concentration zero.
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4.2.1.1.2.Influence of alginate G content on alginate/calcium pre-gelation

The response of alginate with different G-content and Ca2+ counterion concentration 

toward pre-gel formation was characterized by macroscopic observation and viscosity. 

The alginate-Ca2+ systems were prepared as follows: 12 mL of calcium chloride 

solution were added dropwise for 60 min into a 250 mL beaker containing 38 mL of 

stirred alginate solution under 1100 rpm at pH 5 to produce the pre-gel. The alginate 

concentration was kept constant at 0.05% while the concentration of the dripping 

calcium solution was varied from 0 to 4 mM. The viscosity was then evaluated in 

triplicate with a Canon-Ubbelohde semi-micro capillary viscometer (Canon 

Instruments, Corporation, State College, Pa, constant equal to 0.002564 mm2s-2) at 25ºC 

based on Poiseuille’s law: 

lV
PtR

8

4

where R is the capillary radius, P is the pressure difference between the extremes of the 

capillary, l is the capillary length, V is the volume of the liquid and t is the fluency time. 

R, l and V are relative to the viscometer, and P depends on the liquid density. All these 

terms can be cancelled in relative viscosity measurements allowing a comparison of the 

pure solvent with more diluted solutions. 

4.2.1.1.3.Nanoparticle preparation 

Alginate/chitosan nanoparticles were prepared in a two-step procedure (Figure 4.2.1) 

based on the ionotropic gelation of polyanion with calcium chloride followed by 

polycationic crosslinking through an adapted protocol initially described by 

Rajaonarivony et al [238], but modified according to ideal pre-gelation stoichiometric 

ratio under gel point and time of drug association. Unless noted otherwise, formulation 

was as follows: 7.5 mL of 18 mM calcium chloride solution were dropped for 60 min 

under 800 rpm into a beaker containing 117.5 mL of a 0.063% low-G alginate solution 

to provide an alginate pre-gel. These concentrations were deduced according to pre-gel 

viscometric investigations. Then, 25 mL of a 0.07% low MW chitosan solution were 

added dropwise into the pre-gel over 90 min giving a final alginate and chitosan 
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concentration of 0.05% and 0.012% (w/w), respectively (alginate:chitosan mass ratio = 

4.3:1). The pH of alginate and chitosan solutions was initially set to 4.9 and 4.6, 

respectively. A colloidal dispersion at pH 4.7 formed upon polycationic chitosan 

addition, visible as the Tyndall effect. After chitosan addition, nanoparticles were 

maintained with additional stirring for 30 minutes to improve curing and separated by 

centrifugation at 20000g (Sorvall RC-5B Centrifuge) for 45 min at 4ºC. For insulin-

encapsulated particles, 7.0 mg of insulin (equivalent to 200 IU) were mixed with the 

alginate solution before calcium chloride addition giving a final concentration of 

0.005% (w/w).To evaluate the effect of chitosan MW on the nanoparticle diameter and 

to understand the interaction between both polymers, three different chitosan MW were 

tested to produce nanoparticles. In order to study the effect of time on alginate/calcium 

pre-gel formation and the stirring speed of both ingredients on the particle properties, 

several batches were prepared. 

First step 

                  60 min 
                  800 rpm 

Second step 

                  90 min 
                  800 rpm

Figure 4.2.1 Schematic representation of the alginate/chitosan nanoparticle preparation protocol.  

Alginate solution 
117.5 mL 0.063% 

+
Insulin (7.0 mg) 

      pH 4.9 

Calcium chloride 
7.5 mL 18mM 

Chitosan solution 
25 mL 0.07% 

pH 4.6 

Alginate / Calcium 
/Insulin Pre-gel 

Final system: 150 mL 
0,05% Alginate 
0,012% Chitosan 
0,9 mM Calcium 
0,0047% Insulin 
pH 4.7 
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Chitosan solution 60 mL 0.2% 
pH 5.0 

Final system: 120 mL 
0.10 % Chitosan 
0.15 % Dextran sulfate 
0.006 % Insulin 

Peristaltic pump 

Dextran sulfate 60 mL 0.3% 
+

Insulin (7.0 mg) 
pH 3.25 

4.2.1.2.Dextran sulfate/chitosan nanoparticles 

Nanoparticle complexation between dextran sulfate and chitosan was performed 

employing aqueous solutions of oppositely charged polymers in a final volume of 120 

mL (Figure 4.2.2). Unless otherwise mentioned, complexes were obtained after 

dropwise addition of chitosan solution at pH 5.0 to dextran sulfate solution at pH 3.2 

under magnetic stirring followed by additional mixing for 15 min at 600 rpm to final 

concentrations of 0.15% dextran sulfate and 0.10% chitosan (dextran sulfate:chitosan 

mass ratio 1.5:1). For insulin and human growth hormone association, 7 mg of the 

protein was previously dissolved in the dextran sulfate solution before chitosan 

complexation. These conditions were obtained after preliminary studies that provided 

the best results taking into account the desired mean particle size and insulin AE. 

Nanoparticles were collected by centrifugation at 14000 rpm (20000g) for 45 minutes. 

Supernatant was used for protein determination. Nanoparticles were kept at 4oC for 

further experiments. In order to study the effect of some formulation variables and 

dextran sulfate:chitosan mass ratio, several batches were prepared. 
              

Figure 4.2.2 Schematic representation of the dextran sulfate/chitosan nanoparticle preparation protocol.  

15 min 
600 rpm 
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4.2.2.Particle size and zeta potential determination 

There are several properties associated colloidal particles, namely optical, motion 

and electrical, which allow their physical characterization. The optical effect is 

attributed to the scattering of light in a colloid due to the reflection of the light by the 

larger colloidal particles producing a visible beam of light. This optical effect is named 

the Tyndall effect. If a colloid is viewed with a special microscope, the dispersed 

colloidal particle appears to move in a zigzag, random motion through the dispersing 

medium. This motion effect of colloids is one reason why colloidal particles do not 

settle out on standing and keeps the dispersed colloidal particles suspended indefinitely. 

This effect is called Brownian movement. Also, a dispersed colloidal particle can adsorb 

either positive or negative electrically charged particles on its surface. In addition to the 

random motion of the particles, this electrical charge effect also prevents the dispersed 

colloidal particles from coagulating and precipitating since like charges repel each 

other. Finally, colloids, due to their great surface area, have great adsorbing power.

Particles with diameters in the range from 1 to 5000 nm can be measured using the 

method of photon correlation spectroscopy (PCS). Random Brownian motion of 

particles causes the intensity of light scattered from the particles to form a moving 

speckle pattern. This movement can be detected as a change in intensity with time with 

suitable optics and a photomultiplier. Larger particles move more slowly than small 

particles, so that the rate of fluctuation of the light scattered from is also slower. PCS 

uses the rate of change of these light fluctuations to determine the size distribution of 

the particles scattering light. The distribution obtained from a measurement is given in 

z-average number and is based on intensity which is more close to volume rather than 

number distribution. Particle size was measured by PCS with a Malvern Zetasizer and 

Particle Analyzer 5000 (Malvern Instruments, UK). A collective of ten readings was 

performed three times on a sample of aqueous dilute nanoparticle suspension at 25ºC 

with a detection angle of 90º.

Zeta potential is an important parameter in understanding electrostatic nanoparticle 

dispersion stability. Zeta potential is the charge a particle acquires in a particular 

medium. It is dependent upon the pH, ionic strength or concentration of a particular 

component. The mobility of the particles undergoing electrophoresis is measured by the 
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technique of Laser Doppler anemometry (LDA). It is the measurement of the movement 

of colloidal particles placed in an electric field. This measured electrophoretic mobility 

is then converted to zeta potential using established theories. Typically, the particle size 

needs to be less than 10 microns and the sample should be dilute. Therefore, for samples 

that require dilution prior to measurement, it is important to specify the dilution 

medium. The effect on the zeta potential of changes in pH, ionic strength and 

concentration of an additive can be automated to provide information such as the 

isoelectric point of a sample [335]. Zeta potential of nanoparticles was measured by 

LDA on dilute suspension of nanoparticles on aqueous 0.9% KCl solution using a 

Malvern Zetasizer and Particle Analyzer 5000 (Malvern Instruments) (25ºC, n > 6).

4.2.3.Nanoparticle morphology 

4.2.3.1.Scanning electronic microscopy (SEM) 

Electronic microscopy is based on the utilization of an incident accelerated electronic 

beam of radiation to examine and obtain images of materials. In SEM analysis, the 

surface of the sample is scanned by the incident beam and the respective image is 

projected onto a monitor, being the intensity of the image proportional to the intensity 

of the radiation reflected from the surface. Thus, it is possible to examine thick samples 

with different surface radiations on the surface. Samples of nanoparticle dispersion were 

mounted on metal stubs, air-dried, gold coated under vacuum and then examined in a 

JEOL JSM-840 or in a JEOL LSM 6301F SEM (Japan) at 10kV. 

4.2.3.2.Transmission electronic microscopy (TEM) 

TEM microscopy is based on the observation of thin real image samples obtained by 

the passage of a radiation beam projected in a fluorescent screen. In this case, a real 

shadow image is observed requiring higher intensity of radiation than SEM. Samples of 

nanoparticle dispersion were placed in a grid, treated with uranil acetate and observed in 

a Zeiss EM 902A TEM. 
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4.2.3.3.Confocal laser scanning microscope 

Typical fluorescent molecules absorb light at one wavelength and emit light at 

another, longer wavelength. When fluorescent molecules absorb a specific absorption 

wavelength for an electron in a given orbital, the electron rises to a higher energy level, 

the excited state. Electrons in this state are unstable and will return to the ground state, 

releasing energy in the form of light, allowing its visualization under fluorescence 

microscope [336]. A specific fluorescence microscope is the confocal laser scanning 

microscope (CLSM), a sophisticated instrument with the ability to penetrate under the 

surface sample and to acquire much higher resolution images than possible with a 

conventional fluorescence microscope. The CLSM has advanced optics, which 

eliminate all the information outside of a narrow plane of focus, thus yielding a well-

defined image [337]. Samples to be observed must be either autofluorescent or stained 

with fluorescent dyes in order to be viewed with the CLSM. Additionally, labelling with 

fluorescent antibodies can provide molecular localization. 

The use of a laser allows optical slices to be produced. These optical sections can be 

taken at specific focal depths, in unsectioned material, stored and rendered into a 3D 

image, quantified or digitally enhanced using different graphics software.

Fluorescein (FITC) labelled insulin was loaded into nanoparticles and then one drop 

of nanoparticle suspension was mounted on glass slides and observed using a CLSM 

(Leica) with 488 nm laser. 

4.2.4.Nanoparticle characterization 

4.2.4.1.Association efficiency 

The association efficiency (AE) was determined indirectly after separation of 

nanoparticles from the aqueous medium containing non-associated insulin. The amount 

of insulin associated with the nanoparticles was calculated by the difference between the 

total amount used to prepare the particles and the amount of insulin present in the 

supernatant after centrifugation. 
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4.2.4.2.Loading capacity 

The difference between the total insulin amounts initially used to prepare the 

nanoparticles and the amount of residual unassociated insulin after particle separation as 

a percentage of total nanoparticle dry mass is referred to as loading capacity (LC). Dry 

mass was obtained by freeze-drying an aliquot weight of hydrated nanoparticles 

obtained after isolation. 

100X
lesnanoparticofweightTotal

tsupernatanininsulinFreeinsulinofamountTotalLC

4.2.4.3.Evaluation of the shelf-life stability of nanoparticles 

The stability of nanoparticles was determined monitorizing their mean particle size 

and zeta potential over time. After production, nanoparticles were stored at 4ºC in 

aqueous solution and then the size and zeta potential were measured after 0, 7, 14, 28, 

42 and 60 days of shelf-life. 

4.2.4.4.Evaluation of nanoparticle stability in the presence of lysozyme 

The stability of the nanoparticles was analyzed following their incubation in a 

solution of lysozyme as degradation enzyme model in USP phosphate buffer pH 6.8 

(0.2 mg/mL (10000IU/mL), final particle concentration 3.0 mg/ml) at 37 ºC under 100 

rpm for 120 min. At determined times (5, 15, 30, 60 and 120 min), the mean particle 

size and zeta potential were determined (n > 6). 
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4.2.5.Insulin determination 

4.2.5.1.Colorimetric assay 

Insulin concentration was determined spectrophotometrically using the Coomassie 

PlusTM (Pierce, Rockford, USA) modified Bradford assay [338]. The assay is based on 

the shift of the absorbance maximum of Coomassie Brilliant Blue G-250 shifts from 

465 nm to 595 nm when binding to protein under acidic pH. Both hydrophobic and 

ionic interactions stabilize the anionic form of the dye, causing a visible color change.  

Briefly, insulin samples and Bradford reagent were mixed at 1:1 v/v ratio in a 96-

well plate and incubated at room temperature for 15 min. The absorbance was measured 

at 595 nm on a thermomax plate reader (PowerWaveX; Bio-Tek, Winooski, VT, USA). 

Calibration curves were made using supernatant of unloaded particles for association 

efficiency and unloaded nanoparticles for in vitro release profile. All the determinations 

were made in triplicate. Human growth hormone was determined in the same way. 

4.2.5.2.High Performed Liquid Chromatography (HPLC) 

Reversed-phase HPLC, a technique used to separate proteins based on 

hydrophobicity, is probably the most used analytical method for separation and  

determination of peptides and proteins in an extensive range of applications [339]. The 

method is powerful and sensitive, being an accurate way to measure insulin in both 

artificial and biological environments [340-342]. Also, official monographs, namely 

USP and European Pharmacopoeia, present HPLC methods for insulin determination. 

However, these methods usually require long run times and use buffers as mobile 

phases that are often responsible for contamination of HPLC systems due to salt 

precipitations. A reversed-phase high-performance liquid chromatographic method has 

been developed and validated for the determination of insulin in nanoparticulate dosage 

forms. 

A Varian 9012 Gradient Solvent Delivery System Varian 9012 and a Varian 9050 

Variable Wavelength UV-VIS Detector (Varian ®, USA) were used to perform all 

chromatographic runs. The HPLC system was equipped with an XTerra RP 18 column, 
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5 μm particle size, 4.6 mm internal diameter x 250 mm length (Waters®, USA) and a 

LiChrospher ® 100 RP-18, 5 μm particle size guard column (Merck, Germany). 

Equipment control, data acquisition and integration were executed with the Star 

Chromatography Workstation (Varian ®, USA). 

Mobile phase consisted of acetonitrile and 0.1% TFA aqueous solution initially set in 

the ratio 30:70 (v/v), which was linearly changed to 40:60 (v/v) over 5 min. From 5 to 

10 min the ratio 40:60 (v/v) was kept constant. Eluent was pumped at a flow rate of 1 

mL/min, the injection volume was 20 μL and detection wavelength was 214 nm. All 

experiments occurred at room temperature and the total area of peak was used to 

quantify the insulin. These conditions were investigated to provide a simple procedure 

with the best peak resolution regarding symmetry and tailing, reducing run time and 

lowering the cost of analysis. 

Calibration curves for seven human insulin standard solutions were prepared at 

concentrations of 1, 3, 6, 12.5, 25, 50 and 100 μg/mL in USP XXVI acetate buffer pH 

4.7. This pH was chosen due to the pH environments in which the nanoparticles are 

produced and in which the supernatants obtained after centrifugation were analyzed. A 

primary stock solution of 700 μg/mL was accurately prepared followed by dilution with 

the same buffer solution to give secondary standard solutions. Humulin Regular was

appropriately diluted to a final concentration of 35 μg/mL. Freshly prepared stock 

solutions were used for all determinations and were kept at 4ºC between each injection. 

4.2.5.2.1.Validation of the method  

Previous experiments were used to provide a simple procedure with the best 

chromatographic peak resolution, reduce run time and cost of analysis. All these factors 

contribute to the establishment of an analytical method which permits the analysis of a 

large series of samples and avoids possible degradation due to long analysis time. A 

typical chromatogram for the proposed method is depicted in Figure 4.2.3. The 

relatively symmetrical insulin peak has a retention time of 5.614 min.  
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Figure 4.2.3 Representative chromatogram of insulin detection. 

Additionally, no peak from possible degradation products mentioned previously 

[342] was observed in all chromatograms, showing the purity of insulin used and its 

stability in stock solutions.

The method was validated in agreement with International Conference on 

Harmonization guidelines [343], using the following analytical parameters: linearity, 

precision, accuracy, specificity, detection and quantitation limits and robustness. 

Linearity was evaluated by calculation of a regression line using the method of least 

squares. Calibration curves were obtained from seven different concentrations analyzed 

three times. Precision was assessed by testing the repeatability of three different 

standard solutions ten times in the same day (intra-day) and by intermediate precision 

analysis of the same three standard solutions three times at different days (inter-day). 

Accuracy was tested by percentage recoveries of mean of three determinations of 

insulin at three different concentrations precisely prepared and by determination of the 

relative standard deviation (RSD). Specificity was determined by comparing 

nanoparticulate carrier samples with and without insulin, the latter being referred to as 

empty systems. Detection limit (DL) and quantitation limit (QL) were determined based 

on the standard deviation of the response and on the slope of the calibration curve, using 

the following expressions: 

S
3.3DL
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S
10QL

where  is the standard deviation of the response and S is the slope of the calibration 

curve. Robustness was evaluated according to the application of the method and based 

on the variation of the pH of insulin standard solutions. 

Calibration curves for seven human insulin standard solutions of different 

concentrations ranging from 1 to 100 μg/mL at concentrations of 1, 3, 6, 12.5, 25, 50 

and 100 μg/mL were prepared in USP XXVI acetate buffer pH 4.7 solution. A primary 

stock solution was accurately prepared and followed by rigorous dilution to give 

secondary standard solutions. Each sample was analyzed three times. A good linearity 

was obtained in the range of study (Figure 4.2.4).
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Figure 4.2.4 Calibration curve obtained with insulin standard solutions using the proposed HPLC method 
(n=21). 

The calibration curve and regression coefficient were: 

Area = 6652 (± 89)*C + 4799 (± 3455) 

Correlation coefficient (R2) = 0.9996 (n=21). 

The R2 obtained was higher than 0.999, as frequently recommended [344], indicating 

high correlation and good linearity in the proposed range. 

Precision of the assay was determined by analyzing the samples at three different 

concentrations. For the assessment of the intra-day variation, samples were analyzed in 

triplicate (n=3) in three different days, for the inter-day variation they were analyzed ten 

times (n=10) in the same day. As depicted in Table 4.2-I, the intra-day relative standard 

deviation (RSD) ranged from 2.21 to 3.80, 0.87 to 1.62 and 0.18 to 0.45 at 12.5 μg/mL, 

50 μg/mL and 100 μg/mL, respectively. Inter-day RSD was 2.55, 1.42 and 0.25, for the 
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same concentrations of standard solutions. These results indicate good precision of the 

analytical method [345]. 

Table 4.2-I Results of precision tests for the determination of insulin in standard solutions. 

Standard solution 

(μg/mL)
Day

Measured

(μg/mL)

SD

(%) 

RSD

(%) 

Intra-day variation (n=3) 

12.5 0 13.09 0.29 2.21 

 5 12.56 0.44 3.48 

 10 12.76 0.49 3.80 

50 0 51.06 0.45 0.87 

 5 50.71 0.82 1.62 

 10 50.51 0.70 1.39 

100 0 99.74 0.36 0.36 

 5 100.03 0.18 0.18 

 10 99.96 0.44 0.45 

Inter-day variation (n=10) 

12.5  12.95 0.33 2.55 

50  50.99 0.72 1.42 

100  99.90 0.24 0.25 

The accuracy characterizes the proximity between the obtained experimental results 

and the real results, and was assessed by the determination of the percentage recovery of 

a known amount of insulin. Three different standard solutions of 7, 28 and 50 μg/mL 

were precisely prepared as described above, analyzed and a mean recovery of 100.02 

±1.04 % was found. To investigate accuracy using another source of insulin, a 

commercial formulation of insulin, Humulin Regular  was diluted 1:100 in order to 

obtain a final concentration of 35 μg/mL, (within the studied range). A mean recovery 

of 100.37  0.65 % was found.  These results show the agreement between the obtained 

experimental values and theorical ones. Thus, it can be emphasized that this method is 

accurate. Table 4.2-II summaries obtained recoveries from different standard solutions, 

in comparison to a commercial formulation. 
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Table 4.2-II Results of recovery (%) and RSD (%) for insulin from standard solutions (n=3).

Standard solution 

(μg/mL)

 Recovery 

(%) 

 RSD 

(%) 

7 98.86 2.75 

28 100.88 0.77 

50 100.30 0.63 

35 (Diluted Humulin ) 100.37 0.65 

Specificity of method was verified by analyzing potential interfering peaks of the 

formulation components at insulin retention time. Pure aqueous solutions of materials 

used in the development of the different nanoparticle matrix formulations throughout 

the thesis (alginate, chitosan, dextran sulfate, PLGA, lipids) were prepared at the same 

concentrations used for nanoparticulate production. In addition, empty nanoparticles 

were also prepared and further centrifuged to obtain the supernatant. Three injections of 

each solution, i.e. material solutions and supernatant, were performed under the same 

conditions as previously described for insulin detection. The main purpose was to detect 

any retention peak due to any isolated polymer or combination. No interfering peaks 

were observed. However, dextran sulfate was observed to be retained inside the column 

for long periods of time and simultaneously adsorbing insulin nonspecifically. 

Determination of insulin associated with dextran sulfate/chitosan nanoparticle was not 

possible, but this method was found to be specific and applicable for all the other 

formulations. 

The DL can be defined as the lowest concentration of analyzed substance in a certain 

sample that can be detected under certain conditions by a given method. QL is the 

lowest concentration that can be determined at an acceptable precision and accuracy. 

These definitions were first introduced by ICH and are now generally accepted. Several 

alternatives are described to determine DL and QL [344]. In the present work, these 

parameters were established from the SD of the response and the slope of the calibration 

curve. Values of SD were calculated from standard deviation of the free terms taken 

from regression equations of calibration curves obtained using reference samples in the 

region of DL. DL and QL were found to be 0.24 and 0.72 μg/mL, respectively. These 
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values are slightly lower than those found in previous studies [341, 342, 346], which 

can be highlighted as an advantage when comparing results to other methods. 

The evaluation of robustness was based on the recovery and relative standard 

deviation (RSD) values obtained using insulin standard solutions of different pH (Table 

4.2-III). This approach has the advantage of prediction of the application of the method 

to determine insulin concentration not only for small variations of pH during the 

production of nanoparticles, but also for insulin release at simulated gastric and 

intestinal conditions. Insulin solutions (50 μg/mL) prepared with pH 1.2, 4.7 and 6.8 

buffers were tested and values were evaluated in terms of recovery (%) and RSD. The 

low values of RSD (1.17, 2.75 and 2.07) and high values of recovery (99.71, 98.86 and 

100.14%) indicate that this analytical procedure is robust with respect to sample pH and 

allows its use for further insulin determinations from same nanoparticulate systems. 

Table 4.2-III Robustness of proposed method in terms of recovery (%) and RSD (%) for 7 μg/mL insulin 

standard solutions at different pH (n=3).

pH of insulin standard solution
Recovery

(%) 

RSD

(%) 

1.2 99.71 1.17 

4.7 98.86 2.75 

6.8 100.14 2.07 

All parameters determined in the validation of this RP-HPLC method for insulin 

determination according to ICH guidelines were within the limits proposed by those 

guidelines for pharmaceutical formulations, indicating this method is specific, precise, 

accurate and robust with low detection and quantification limits. Furthermore, suitable 

application for insulin in vitro analyzes can be assumed during formulation 

development and characterization, except for dextran sulfate/chitosan nanoparticles. The 

proposed method was used to predict the association efficiency and the release profile 

of insulin from nanoparticulate carriers.  
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4.2.6.In vitro release profile 

Two different approaches were used to evaluate the in vitro release profile of insulin 

from nanoparticles under simulated pH gastrointestinal conditions. To study the release 

profile of insulin under the same pH environment, insulin-loaded nanoparticles (200 

mg) were placed into 20 mL of different pH buffers, namely HCl pH 1.2, acetate pH 

4.5, acetate pH 5.2 and phosphate pH 6.8 USP XXVI buffers [347] and incubated at 

37ºC under magnetic stirring at 100 rpm. At determined times, 0.4 mL of supernatant 

were taken for insulin determination and replaced by fresh medium. Release assays 

were performed in triplicate. 

To study the release profile of insulin mimicking the natural pH pathway in the 

gastrointestinal tract, insulin-loaded nanoparticles (200 mg) were placed into 20 ml of 

HCl buffer at pH 1.2 USP XXVI and incubated at 37ºC for 2 h under magnetic stirring 

at 100 rpm. At determined times, 0.4 mL of supernatant was taken for insulin 

determination and replaced by fresh medium. After 2 hours, the same nanoparticles 

were isolated by centrifugation (20000g/15 min) and were transferred to 20 mL of 

phosphate buffer at pH 6.8 USP XXVI and incubated at 37ºC for an additional 4 h 

under magnetic stirring at 100 rpm. At determined times, 0.4 mL of supernatant was 

taken for insulin determination and replaced by fresh medium. Release assays were 

performed in triplicate. 

4.2.7.Thermal analysis 

Differential scanning calorimetry (DSC) is one of the most widely used thermal 

analysis techniques for the characterization of pharmaceutical solids. Thermal events 

such as melting, recrystallization, desolvation, decomposition and glass transitions can 

be determined [348]. Additionally, quantitative mixture analysis can be performed. It 

also may allow the measurement of heat capacities and the characterization of 

reversible/non-reversible thermal transitions. 

Usually, DSC is used for studying thermal transitions occurring in the course of 

heating under an inert atmosphere. Thermograms are obtained by specific equipment 

when samples contained in pans are heated in a regulated scan on constant discs 
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compared to references. Heat is transferred through the disc and through the sample pan 

to the contained sample and references. The differential heat flow and sample 

temperature are monitored by thermocouples and software linearization on the cell 

calibration is utilized to maintain calorimetric sensitivity [348]. DSC is a very useful 

technique to study the properties of isolated polymers but also interaction between more 

than one material.  

Thermograms were obtained using a Shimadzu DSC-50 system (Shimadzu, Kyoto, 

Japan). Samples of isolated polymers, insulin-free nanoparticles, and insulin and 

insulin-loaded nanoparticles were lyophilized by freezing at -70ºC using liquid nitrogen 

for 10 minutes or freezer at -78ºC and lyophilized for 48 hours at 300 mbar/-50ºC. 

Then, samples were crimped in a standard aluminium pan and heated from 20 to 350 ºC 

at a rate of 10 C/min under constant purging of nitrogen at 20 mL/min. All samples 

were run in duplicate. 

4.2.8.Fourier Transform Infrared (FTIR) spectroscopy 

The atoms within a molecule oscillate around an equilibrium position, even at zero 

Kelvin. This results in changes in bond lengths and bond angles. The frequency of these 

motions is within the infrared (IR) region (1–100 m), and thus, radiation in this energy 

region can excite vibrational motions. The energy of most molecular vibrations 

corresponds to that of the infrared region of electromagnetic spectra. Many of the 

vibrations can be localized to specific bonds or groupings, such as the C=O and O–H 

groups. This has led to the concept of characteristic group frequencies. Typical group 

frequencies of interest to biochemists include C=O, –COOH, COO-, O–H and S–H. 

There are many vibrational modes that do not represent a single type of bond oscillation 

but are strongly coupled to neighboring bonds [349]. Such analyzes are widely applied 

for polymer characterization and interactions [350, 351].

For practical and historical reasons, infrared spectra are often plotted using a 

wavenumber scale. The wavenumber is the reciprocal of the wavelength in cm. Thus, 

the infrared region ranges from 10 to about 10000 cm–1. The vibrational motion of a 

molecule, even with just three atoms, appears complex on first sight. The motion can be 

subdivided into 3N–6 fundamental vibrations (3N–5 for linear molecules), where N is 
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the number of atoms. For proteins, this theoretically results in several thousands, if not 

more, vibrational motions. In addition, these motions may not only be excited to the 

first energy level but also to higher energy levels. However, for a number of reasons, 

these vibrational excitations do not all show up individually in a spectrum.

4.2.8.1.Polymer spectra 

IR-spectra were measured using a Bomem IR-spectrometer (Bomem, Canada). 

Samples were lyophilized as described before, gently mixed with 300 mg of micronized 

KBr powder and compressed into discs at a force of 10 kN for 2 min using a manual 

tablet press (Perkin Elmer, Norwalk, USA). For each spectrum, a 256-scan 

interferogram was collected with a 4 cm-1 resolution in the mid-IR region at room 

temperature and water vapor spectra were collected under identical conditions for blank 

subtraction. All samples were run in triplicate and the data is based on the average of 

three measurements. 

4.2.8.2.Insulin spectra 

IR-spectra were measured using a Bomem IR-spectrometer (Bomem, Canada).  

Insulin samples were lyophilized, gently mixed with 300 mg of micronized KBr powder 

and compressed into discs at a force of 10 kN for 2 minutes using a manual tablet press 

(Perkin Elmer, Norwalk, USA). For each spectrum, a 256-scan interferogram was 

collected with a 4 cm-1 resolution in the mid-IR region at room temperature, and insulin-

free systems and water vapor spectra were collected under identical conditions for blank 

subtraction. All samples were run in triplicate and the data shows the average of three 

measurements. 

4.2.8.3.Insulin second derivative FTIR spectra 

FTIR spectroscopy can provide information about the secondary structure content of 

proteins [352]. The types of secondary structure include the -helices and -sheets, 

which allow the amides to hydrogen bond very efficiently with one another. In an -
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helix, the polypeptide backbone is coiled in a right-handed helix where the hydrogen 

bonding occurs between successive turns of the helix. In -sheets, the strands of 

polypeptide are stretched out and lie either parallel or antiparallel to one another. Other 

elements of secondary structure include -turns, sharp turns that connect the adjacent 

strands in an antiparallel -sheet and unordered structures, and loops which form near 

the surface of proteins and join the other elements of secondary structure. 

FTIR spectroscopy works by focus infrared radiation on a sample and seeing which 

wavelengths of radiation in the infrared region of the spectrum are absorbed by the 

sample. Characteristic bands found in the infrared spectra of proteins and polypeptides 

include the Amide I and Amide II.  

Amide I absorption arise from the amide bonds that link the amino acids and is 

directly related to the backbone conformation with a major contribution from C=O 

stretching vibration and minor contribution from the C-N stretching vibration. 

Absorption for this band occurs in the region 1600-1700 cm-1. It has been found that 

amide I absorption is more useful for protein structure determination. Absorption in the 

region 1500-1600 cm-1 associated with the Amide II band leads primarily to bending 

vibrations of the N—H bond and C-N stretching vibration. Because both the C=O and 

the N—H bonds are involved in the hydrogen bonding that takes place between the 

different elements of secondary structure, the locations of both the Amide I and Amide 

II bands are sensitive to the secondary structure content of a protein. Studies with 

proteins of known structure have been used to correlate systematically the shape of the 

Amide I band to secondary structure content. One difficulty with analyzing the Amide I 

band for secondary structure is that the shifts in the Amide I band are small compared to 

the intrinsic width of the band. Instead of a series of nicely resolved peaks for each type 

of secondary structure, one broad lumpy peak is observed.

Several numerical methods are used to increase the apparent resolution of the Amide 

I band so that estimates can be made of the secondary structure content. Curve fitting is 

the most widely used method for protein secondary structure quantification, mainly 

involving curve fitting of the amide I band. The basic principle of the curve fitting 

procedure is to resolve the original protein spectrum into individual bands that fit the 

spectrum [352]. 
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IR-spectra were measured using a Bomem IR-spectrometer (Bomem, Canada).  

Insulin spectra were obtained according to a double subtraction procedure [353] and 

insulin-free systems and water vapor spectra were collected under identical conditions 

for blank subtraction. Insulin spectra was collected from fresh nanoparticles and from 

nanoparticles collected by centrifugation, storaged for one month at 4ºC and hydrated.  

The second derivative spectra were obtained with a seven-point Savitsky-Golay 

derivative function and the baseline was corrected using a 3 to 4 point adjustment. In 

addition, the spectra were area-normalized in the amide I region from 1710 to 1590 

cm 1 using the Bgrams software (Galactic Industries, Salem, NH) and area-overlap 

compared to an insulin aqueous standard solution of 10 mg/mL, in an appropriate buffer 

(Origin® software). All samples were run in triplicate and the data presented are the 

average of three measurements. 

4.2.9.Circular Dichroism analysis 

Circular Dichroism (CD), the difference in absorption between left- and right-handed 

circularly polarized light, is a manifestation of the optical activity and hence provides 

information on asymmetries in molecules. Because CD is an absorption difference, it is 

observed only in an absorption band [354].

CD spectroscopy, measured in the UV region, uses circularly polarized light to study 

asymmetrical molecules such as proteins. Right or left circularly polarized light is 

differentially absorbed by individual molecules, producing a characteristic spectrum. 

CD spectra can be obtained over either the near- or far-UV range. Over the near-UV 

range (240–340 nm), changes in the tertiary structure around aromatic residues and 

disulphide bonds can be detected, while over the far-UV range (190–240 nm) 

information related to the secondary structure of a protein can be obtained. 

 CD may arise from inherently asymmetric groups, such as the -chiral carbon of the 

peptide bond. CD of such chromophores occurs irrespective of their chemical 

environment, although the latter may modify the optical properties. In many biological 

molecules, the asymmetry is not intrinsic but arises from the environment. In these 

cases, CD provides information on this asymmetric environment. 
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The most widely used application of far-UV CD is estimation of secondary-structure 

content of proteins [354]. The CD spectrum obtained in the far-UV region represents 

the averaged spectrum of all the secondary structural elements, i.e., -helix or -sheet, 

turns and random coil present in a protein, each of which alone producing a distinct 

spectral component. Changes in secondary structure monitored by CD can be compared 

with well defined reference spectra of standard structural elements [355]. 

CD spectra were obtained at room temperature on an Olis DSM 10 

Spectrophotometer (Georgia, USA), using an insulin concentration of 0.2 mg/mL. In the 

far-UV region, CD spectra were recorded in a 0.01 cm cell from 250 to 190 nm, using a 

step size of 0.5 nm, a bandwidth of 1.5 nm, and an averaging time of 5 s, with the lamp 

housing purged with nitrogen to remove oxygen. For all spectra, an average of 5 scans 

was obtained. CD spectra of the appropriate reference were recorded and subtracted 

from the protein spectra. The molar ellipticity for insulin was calculated as the CD 

signal x MRW (115 Da, mean residual weight of each insulin residues)/ [insulin 

concentration (mg/mL) x cell path length (0.1 mm)]. Insulin concentration was 

determined by UV absorption at 276 nm using an extinction coefficient of 1.08 for 1.0 

mg/mL [261].  

4.2.10.In vitro immunological bioactivity of insulin 

The bioactivity of insulin released from nanoparticles was assayed by an Enzyme 

Linked Immuno Sorbent Assay (ELISA test (Mercodia, Uppsala, Sweden). This is a 

solid two-site enzyme immunoassay based on the direct sandwich technique in which 

two monoclonal antibodies are directed against separate antigenic determinants on the 

insulin molecule. During incubation, insulin reacts with peroxidase-conjugated anti-

insulin antibodies and anti-insulin antibodies bound to a microtitration well. Then, a 

simple washing step removes unbound enzyme labelled antibody and the bound 

conjugate is detected by reaction with 3,3’,5,5’-tetramethylbenzidine. The reaction is 

stopped by adding acid to give a colorimetric endpoint that is read 

spectrophotometrically.  

Aliquots of samples taken during release assays were accurately diluted with 

deionized water (Milli-Q®) regarding the ideal concentration range of the method (1-



Materials and Methods 

89

200 mU/L) using the manufacture’s protocol and its relative bioactivity was calculated 

by comparison with values obtained by Coomassie PlusTM Bradford Assay analysis of 

the same aliquots.  

4.2.11.In vivo oral studies in diabetic rats 

The rat model was chosen due to its intestinal correlation to human and wide 

acceptance for evaluating the effectiveness of an oral dosage form of insulin, in 

comparison to other animal models [356-358]. The use of a single nanoparticle 

administration is the most common way of evaluating the oral insulin bioavailability, 

mostly because this assay is performed in fasted animals. Prolonged assay times could 

lead to false decrease of blood glucose levels due to absence of food [359]. Moreover, it 

was demonstrated that blood glucose levels of diabetic rats can be effectively controlled 

by insulin-loaded microparticle administration, following either single or multiple oral 

administration [360]. 

For all studies, the animals were maintained in accordance with the Federation of 

European Laboratory Animal Science Association (FELASA) Guide for the Care and 

Use of Laboratory Animals and the European Union (Council Directive 86/609/EEC). 

Male Wistar rats with 250-300 g were housed in enriched cages with 18 cm height and 

250 cm2 area/rat. The environmental conditions for temperature and relative humidity in 

the housing area were monitored and maintained under 22 ± 2ºC and 45 to 65 %, 

respectively. The rats were fed a laboratory animal with standard diet feed (Mucedola 

Top Certificate, Italy) and were provided tap water ad libitum. The 12 mm pelleted feed 

was composed of 12% water, 18.5% proteins, 3% fat, 6% fiber, 7% of ash and 53.5% of 

nitrogen-free extract. Lighting was on a standard 12 h on /12 h off cycle. The protocols 

for the conduct of these studies were approved by the study site’s Animal Care and Use 

Committee prior to initiation of the studies.  

4.2.11.1.Induction of diabetes

Streptozotocin (STZ, 2-deoxy-2-(3-(methyl-3- nitrosoureido)-D-glucopyranose) is 

synthesized by Streptomycetes achromogenes and is widely used to induce experimental 
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diabetes in animals in doses between 40 and 60 mg/kg [361]. STZ enters the B cell via a 

glucose transporter (GLUT2) and causes alkylation of DNA. DNA damage induces 

activation of poly ADP-ribosylation, a process that is more important for the 

diabetogenicity of streptozotocin than DNA damage itself. This process leads to 

depletion of cellular NAD+, further reduction of the ATP content and subsequent 

inhibition of insulin synthesis and secretion [361].

Rats were rendered diabetic by a single intraperitoneal injection of STZ (50 mg/mL 

in citrate buffer pH 4.5) at 50 mg/kg. After two weeks, rats with fasted blood glucose 

levels above 250 mg/dL were used for experiments. 

4.2.11.2.Blood glucose determination 

Rats were fasted for 12 h before experiments and remained fasted for 24 h during the 

experiment, but were allowed water ad libitum. Test samples were administered 

intragastrically by gavage needle and blood samples (0.2 mL) were collected from the 

tail vein. Sample was separated into two volumes, one to determine plasma glucose 

level and the other for insulin determination.  

Rats were divided into different groups. Nanoparticles were administered at insulin 

doses of 25, 50 and 100 IU/kg. Control rats were similarly administered with equivalent 

volumes of an insulin solution (50 IU/kg), a solution of insulin (50 IU/kg) and empty 

nanoparticles, or a dispersion of blank nanoparticles. The volume of dispersion and 

controls administered was 1.0 mL. Also, a control using subcutaneously injected insulin 

(2.5 IU/kg) was used. Aliquots were collected before and during 24 h period following 

administration. Blood samples were taken from the tip of the tail vein. A 0.2 mL aliquot 

was collected before and 1, 2, 4, 6, 8, 10, 12, 14, 16, 18 and 24 hours after 

administration. 

Plasma glucose levels were plotted against time to evaluate the cumulative 

hypoglycemic effect over time after insulin administration, quantified by the area above 

the curve (AAC), determined using the trapezoidal method. Pharmacological 

availability (PA) of peroral insulin loaded into nanoparticles and in solution was 

determined as the relative measure of the cumulative reduction in glucose blood levels 
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compared to a 100% availability of the control insulin administered subcutaneously at a 

dose of 2.5 IU/kg.

100XPA
scDose / scAAC
oraloral/DoseAAC

Plasma glucose level was determined using the Medisense Precision Xceed Kit, 

(Abbot, Portugal, range 10–600 mg/dL). This system allows rapid measurement of 

blood glucose by using an electrochemical detection technique. The biosensor employs 

a disposable dry reagent strip technology, based on the glucose dehydrogenase method 

for glucose determination. Each test strip consists of an electrode containing the 

microbial enzyme glucose dehydrogenase. When a drop of blood is applied to the target 

area of the test strip, the glucose dehydrogenase catalyses the oxidation of glucose in the 

drop to produce gluconic acid. During the reaction, electrons are transferred by a co-

enzyme and an electrochemical mediator to the electrode surface. This will generate a 

current that is measured. The current generated is proportional to the amount of glucose 

present in the blood giving a reading of the blood glucose concentration. 

Results were expressed as a percent of the baseline plasma glucose level. 

4.2.11.3.Blood insulin determination  

For insulin determination, serum was separated from the blood by centrifugation 

(5000 rpm for 10 min) and stored at 80ºC until analysis. Serum insulin concentration 

was measured by ELISA as described before. Plasma insulin levels were plotted against 

time to evaluate the cumulative amount of insulin delivered to the plasma after insulin 

administration, quantified by area under the curve (AUC). 

4.2.12.Prediction of absorption mechanism of insulin by confocal microscopy 

Fluorescein (FITC) labelled insulin was loaded into nanoparticles to yield 2.0 mg 

FITC-insulin/mL of nanoparticle suspension and administered by oral gavage to Wistar 

diabetic rats fasted overnight. The rats were sacrificed 3 h later and intestinal segments 

localized after laparotomy. After washing with isotonic saline, intestine segments were 

isolated, filled inside with Alexa Fluor 594 solution (0.05% in PBS:glycerol 1:1) and 
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intestinal epithelial cell membranes were stained for 1 h. Tissue was rinsed, mounted on 

glass slides and observed using a CLSM (Leica). Tissue samples were scanned in the 

x,y plane with a z-step of 500 nm. Since the spectra are not overlapping, FITC-insulin 

and Alexa Fluor could be analyzed simultaneously with 488 and 561 nm laser 

respectively. Control rats were dosed with FITC-insulin solution or empty nanoparticles 

4.2.13.Statistical analysis 

Results are shown as the mean (± SD) of at least 3 different batches of the same 

formulation for nanoparticle characterization and as the mean (± SEM) of at least 6 

animals for in vivo studies.

The t-test and the one-way analysis of variance (ANOVA) with the pairwise multiple 

comparison procedures (Student–Newman–Keuls method (S-N-K)) were performed to 

compare two or multiple groups, respectively. The cumulative hypoglycemic effect and 

the cumulative amount of insulin delivered to plasma were calculated for each rat, and a 

one-way ANOVA used to evaluate treatment differences. If the group by each time 

interaction was significantly different (P < 0.05), differences between groups were 

compared within a post-hoc test (S-N-K). All statistical analyses were performed with 

the SPSS software package (SPSS for Windows 14.0, SPSS, Chicago, USA). 
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5.1. Alginate/chitosan nanoparticles 
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5.1.1.Development, optimization and physical characterization of insulin-loaded 

alginate/chitosan nanoparticles 

Three different alginate samples were characterized and selected for this study with 

G content of 0.39, 0.48 and 0.60, refereed to as low, medium and high G alginate, 

respectively. MW was found to be 291, 369 and 447 kDa for low, medium and high G 

alginate, respectively. Also, three different chitosan samples with DA of 85% were used 

with MW of 5, 50 and 500 kDa, referred to as oligochitosan, low and medium MW 

chitosan, respectively. 

The first approaches of the present study were the production and characterization of 

nanoparticles via ionotropic polyelectrolyte pre-gelation. This method involves matrix 

formulation under gentle conditions. Alginate pre-gelation was triggered with Ca2+

counterion, followed by polyelectrolyte complexation with chitosan. Alginate nuclei can 

entrap drugs and may be stabilized when coated with chitosan. Both polymers are able 

to protect proteins against gastrointestinal degradation [362, 363] and improve 

absorption, not only because of the small particle size, but also due to bioadhesive 

contact with intestinal walls [19]. 

One key step for this process is the production of alginate pre-gel. Viscometric 

behaviour was examined to establish concentration regions for both calcium and 

alginate, triggering a pre-gel state. Results in Figure 5.1.1 show an initial relative 

viscosity reduction followed by an increase of viscosity which begins at different 

concentrations of Ca2+ for the various alginates, depending on G-content. Viscosity 

increase begins with high-G, followed by medium-G, and then by low-G alginate, as the 

calcium concentration is increased.  Increasing viscosity at higher Ca2+ concentration 

led to the formation of a continuous gel, as Ca2+ begins to ionically cross-link between 

alginate coiled structures in a form of intermolecular crosslinking. This critical point 

occurred at 2, 2.5 and 3 mM Ca2+ for high, medium and low G alginate, respectively. 
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Figure 5.1.1 Viscosity of alginateinate/calcium pregel for low ( ), medium ( ) and high-G ( ) alginate. 

Alginate concentration was 0.05% and calcium chloride concentration was varied (n=3).

Table 5.1-I Macroscopic evaluation of alginate pre-gels. 

                                     Alginate 0.05%  

CaCl2 (mM) Low-G Medium-G High-G 

0 Sol Sol Sol 

0.5 Sol Sol Sol 

1.0 Sol Sol Sol 

1.5 Sol Sol Sol 

2.0 Sol Sol μgel 

2.5 Sol μgel μgel 

3.0 μgel μgel μgel 

4.0 μgel μgel μgel 

These critical points may also be observed by macroscopic evaluation as shown in 

Table 5.1- I. For Ca2+ < 1.5 mM, the interaction with alginate is similar for alginates of 

all G-content, yet ionic interaction between alginate and calcium ions is more extended 

with increasing G-content. 
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Being a long chain polysaccharide, alginate acts as a viscosifier due to interactions 

between polymer chains that resist free Brownian movement. By increasing alginate 

concentration, the viscosity also increases, therefore interactions become more evident. 

Low Ca2+ initiates intramolecular crosslinking of individual polymer chains, resulting in 

compact coiled chains, leading to the pre-gel state. It is the formed coiled chains that 

start the initial relative viscosity reduction as observed in Figure 5.1.1 and as further 

illustrated schematically in Figure 5.1.2. Relative viscosity compares the viscosity of 

pre-gel with that of the initial alginate solution, as plotted on the ordinate of Fig. 5.1.1. 

Relative viscosity is seen to initially diminish upon addition of Ca2+, probably due to 

intramolecular interactions of alginate that promote a coiled state. Ca2+ ions initially 

interact preferentially with alginate G-blocks within the same polymer chain due to 

close proximity and consequently low steric hindrance, instead of with G-blocks 

between separate but adjacent polymer chains. Draget et al [364], reported that the 

initial step in Ca2+ ion interaction with alginate G-blocks is an association of chain 

segments followed by formation of a larger nucleus. Higher concentrations of Ca2+

would lead to intermolecular crosslinking and a more viscous system, characteristic of 

ionotropic gels. 

In previous studies at higher alginate sol concentration, viscosity initially decreased 

in the presence of Ca2+, then increased with further increase of Ca2+ concentration [365]. 

The initial decrease of viscosity was attributed to rearrangement of the polymer chains 

into coiled shapes decreasing net charge, again confirming the proposed mechanism 

illustrated in Figure 5.1.2.  
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Figure 5.1.2 Schematic of alginate-chitosan nanoparticle formation. Alginate polymer in solution at low 

concentration (A) following addition of low Ca2+ ion (B) form coiled structures with increasing Ca2+ ion 

(C), leading to pregel state (D) characterized by alginate-Ca2+-alginate intermolecular structures forming 

alginate nucleus. Further addition of Ca2+ or reduction in mixing results in continuous alginate gel (E) due 

to ionic interaction. However, addition of chitosan polycation (F) leads to chitosan membrane around 

alginate nucleus leading to nanoparticles.
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Unbranched alginate chains are dispersed in water with continuous stirring (A) 

forming the alginate solution. When Ca2+ ions are added at low concentration (B), they 

interact selectively with guluronic residues on the same alginate chain. The apparent 

chain length effectively decreases due to a coiled structure. At a certain pre-gel 

concentration of Ca2+, alginate-Ca2+-alginate intermolecular connections form a small 

alginate nucleus (C, D). Additional Ca2+ or reduction in stirring may lead to a 

continuous gel (E) due to additional intermolecular interactions. Chitosan complexation 

stabilizes the spongelike nanoparticles (F) providing a permeability barrier to inward or 

outward molecular diffusion.  

Alginate continuous gel was obtained after addition of different amounts of Ca2+,

depending on alginate G-content. It is assumed that for a constant concentration of Ca2+

ions, the number of alginate chains that interact ionically is dependent on the G-content, 

regulating the size of the alginate nucleus. It has also been noted previously that high-G 

alginates result in higher viscosity solution and stronger gels, due to selective 

interactions between Ca2+ and the G-blocks in the alginate polymer [366, 367]. This 

affinity favours intermolecular crosslinking mainly responsible for alginate aggregation, 

gelation and consequent increase of viscosity being more relevant with high-G alginate 

due to increased number of active binding sites. Viscometric results in Table 5-I also 

suggest that the size of the pre-gel alginate nucleus is dependent on alginate G-content 

and probably the mean nanoparticle diameter is related to ionic interactions between 

Ca2+ ions and guluronic acid residues in alginate. To assess this hypothesis, alginates 

with increasing G-content were used to prepare nanoparticles at constant concentration 

of Ca2+ (0.9 mM) and chitosan (0.012%). Results are summarized in Table 5.1-II. The 

mean particle size was significantly different (P < 0.05), increasing with alginate G-

content from 797 to 4895 nm for insulin-loaded and from 781 to 2332 nm for empty 

nanoparticles. However, inclusion of insulin in low-G content alginate nanoparticles did 

not result in significant differences in mean particle size compared to insulin-free 

nanoparticles. Differences were only observed for medium and high-G content alginate 

nanoparticles. Also, nanoparticle size appears to present a relatively narrow distribution 

according to low values of SD obtained. 
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Table 5.1-II The effect of alginate G content on the characteristics of the nanoparticles when prepared 

with constant alginate (0.05% w/w), low MW chitosan (0.012% w/w) and Ca2+ (0.9mM) concentrations 

(n=3, mean ± SD).

Alginate G content Insulin Size (nm)   AE (%) LC (%) 

Low-G No 781  69 - - 

Low-G Yes 797  48 78.9  3.9 13.9  0.7

Medium-G No 2122  202 - - 

Medium-G Yes 1613  306 * 82.1  3.5 7.5  0.3 

High-G No 2332  712 - - 

High-G Yes 4895  477 * 83.3  1.8 8.9  0.2 

* Statistically significant difference from insulin-free nanoparticles (p<0.05). 

When increasing the availability of Ca2+ to the G-residues, alginate with higher G-

content likely encounters a higher degree of ionic interaction in the same alginate chain 

and between chains within the forming nucleus, resulting in a larger final alginate 

nucleus in the pre-gel state. Then, chitosan complexation contributes to alginate nucleus 

size, in proportion to its initial diameter since the larger nuclei have potentially more 

carboxylic groups present to interact with positive chitosan amine groups. The chitosan 

chains are then able to link to the alginate nucleus contributing to the overall particle 

size. Values of insulin association efficiency were not influenced by alginate G-content 

(P > 0.05). The interaction between insulin and nanoparticles is essentially ionic, but 

may also take into account hydrogen bonding and Van der Walls forces between insulin 

and both alginate and chitosan. Positive amino radicals of insulin are strongly and 

electrostatically attracted by alginate carboxylic groups, and thus pH becomes an 

important factor controlling this interaction. Since the pI of insulin is around 5.3, 

positively charged insulin would interact strongly with negatively charged alginate at 

pH 4.7 (pKa ~ 3.4). Positively charged Ca2+ can also establish ionic bridges with 

carboxylic residues of insulin aminoacids improving the interaction with alginate pre-

gel matrix. Thus, ionic equilibrium seems to be the primary factor affecting alginate-

insulin interaction. Since the alginate:insulin mass ratio is constant for the different 

alginate core nanoparticles and the pKa of mannuronic (3.38) and guluronic (3.65) acids 

of alginate are similar [368], it is reasonable to accept that G-content has a minor affect 
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on association efficiency of insulin, as confirmed by the results. Positively charged 

chitosan (pKa ~ 6.3) then forms a complex with free negative alginate acid residues and 

carboxylic residues of insulin. Because of its amphoteric properties, insulin can 

ionically bind with both polymers at pH 4.7, improving its association with the 

particles. This pH is also required to preserve insulin stability since lower pH triggers 

fibrillation [260].

A small particle size is important as particles less than 1000 nm are more efficiently 

absorbed by the intestinal route compared with microparticles [116, 369]. Thus, low-G 

alginate was select for further experimentation since under identical conditions, higher 

G-content alginate resulted in particles in the micron size range. As example, the 

particle size distribution of nanoparticles prepared with low G alginate is depicted in 

Figure 5.1.3. The electrical charge of those nanoparticles increased from -14.5 to -5.6 

mV with the encapsulation of positively charged insulin, most probably due to partial 

deposition on the nanoparticle surface. However, the value did not change significantly 

from -6 mV for all the insulin containing formulations tested. 

Figure 5.1.3 Particle size distribution (z-average) of insulin-loaded nanoparticles prepared with low-G 

alginate 0.05% (w/w) and low MW chitosan 0.012% (w/w). 
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Another factor which could affect the mean particle size is chitosan molecular 

weight. This effect is examined in Table 5.1-III. 

Table 5.1-III The effects of chitosan MW on the characteristics of the nanoparticle prepared with low-G 

alginate 0.05% (w/w), chitosan 0.012% (w/w) and Ca2+ 0.9mM (n=3, mean ± SD).

Chitosan MW (kDa) Insulin Size (nm)  AE (%) LC (%) 

5 No 995  127 - - 

5 Yes 1102  356 71.8  2.5* 10.8  0.4 

50 No 781  69 - - 

50 Yes 797  48 78.9  3.9 13.9  0.7 

500 No 832  113 - - 

500 Yes 778  108 80.1  1.7 11.4  0.2 
* Statistically significant difference (p<0.05). 

Increasing chitosan molecular weight from 5 to 50 kDa resulted in a decrease of 

insulin-loaded particle size from 1102 to 797 nm (P > 0.05). The decrease in size 

comparing 50 and 500 kDa was less pronounced (P > 0.05), from 797 to 778 nm. 

Chitosan is positively charged at pH 4.7 and its extension to higher chain length at 

higher MW, means more binding sites with negatively charged alginate particles [57]. 

The increase of positive active sites with increase of molecular weight reduces the 

number of chitosan molecules interacting with alginate nucleus, resulting in a thinner 

surface coat. Also, lower molecular weight chitosan, being less charged overall, may 

have reduced steric hindrance at the particle surface, and thus diffuse more readily into 

the alginate nucleus forming bulkier complexes [370, 371]. This hypothesis can explain 

the small observed decrease of particle size. 

AE was significantly lower (P < 0.05) when examining very low MW chitosan 

compared to low or medium MW chitosan. Although very low MW chitosan may be 

more strongly integrated within the alginate nucleus, explaining the effect on 

differences in mean particle size, its reinforcing effect on improving entrapment of 

insulin appears lower than chitosan with molecular weight higher than 50 kDa. 

Therefore, due to the desired mean particle size, combined with high association 

efficiency, low MW chitosan was chosen for subsequent experiments. 
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The effect of pH on nanoparticle formation was also examined and is depicted in 

Table 5.1-IV.

Table 5.1-IV The effects of final pH on the characteristics of the nanoparticle prepared with low-G 

alginate 0.05% (w/w), chitosan 0.012% (w/w) and Ca2+ 0.9mM (n=3, mean ± SD).

pH of nanoparticle production Size (nm)  AE (%) LC (%) 

4.2 2858  164* 82.3  2.5 9.1  0.2 

4.7 797  48 78.9  3.9 13.9  0.7 

5.2 1062  108 59.3  2.3* 7.9  0.3 

* Statistically significant difference (p<0.05). 

The pH range was chosen to permit opposite charges of polyelectrolytes leading to 

the ideal conditions for nanocomplex formation. At this pH range, electrostatic 

interactions take place between polymers and proteins. The decrease of pH from 4.7 to 

4.2 led to a slight increase of AE. However, when the pH of the aqueous solution was 

set to 4.2, the particles became much larger (> 2500 nm) and the LC decreased. In this 

pH range, alginate approaches its pKa value (~ 3.5) and a small part starts to precipitate 

as alginic acid. The precipitated alginate can contribute to the increased mean particle 

size measured by PCS and to the decrease in LC because some of the recovered 

nanoparticle mass was composed merely of insoluble alginate. Consequently, insulin 

was partially bound ionically to insoluble alginic acid. Similar conclusions, can be 

drawn when the pH of nanoparticle formation was increased from 4.7 to 5.2, where 

chitosan precipitation may occur (pKa ~ 6). Alginate/insulin interactions are the first to 

occur during the nanoparticle production process and alginate is present in higher 

concentration than chitosan, thus the AE is probably more dependent on opposing 

charges between alginate and insulin than between chitosan and insulin. At pH 4.2, 

insulin is mainly positively charged (pI 5.3) and thus interacts with the partially 

negative alginate, while at pH 5.2 there are less positive charges on the protein that can 

interact with the negative charges on the alginate. Consequently, the insulin AE is 

decreased at pH 5.2. Therefore, pH 4.7 where nanoparticles were formed and high 

insulin association efficiency was obtained was chosen in the subsequent experiments. 
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Since the alginate and Ca2+ used to form the pre-gel are at very low concentration, it 

is expected that ionic interaction is less and slower than that encountered using more 

conventional formulation approaches. Mixing speed would also promote ionic 

interaction. Batches were prepared at three different stirring speeds and three different 

pre-gelation times. The resulting nanoparticles are characterized in Tables 5.1-V and 

5.1-VI.

Table 5.1-V The effect of alginate pre-gelation time on the characteristics of the nanoparticles when 

prepared with constant alginate 0.05% (w/w), low MW chitosan 0.012% (w/w) and Ca2+ 0.9mM 

concentrations (n=3, mean ± SD).

Time of pre-gelation (min) Size (nm) AE (%) LC (%) 

30 778  106 73.8  1.7 14.3  0.3 

60 797  48 78.9  3.9 13.9  0.7 

90 1199  177 * 82.2  2.1 12.1  0.3 

* Statistically significant difference (p<0.05). 

Table 5.1-VI The effect of stirring speed on the nanoparticle characteristics when prepared with constant 

alginate 0.05% (w/w), low MW chitosan 0.012% (w/w) and Ca2+ 0.9mM concentrations (n=3, mean ± 

SD).

Speed of stirring (rpm) Size (nm) AE (%) LC (%) 

600 834  75 68.5  4.6 10.5  0.7 

800 797  48 78.9  3.9 13.9  0.7 

1000 1440  314 * 91.9  2.5 15.2  0.4 

* Statistically significant difference (p<0.05). 

The mean particle diameter was affected by both time and mixing speed of pre-

gelation. Mean particle sizes of 778, 797 and 1199 nm were obtained for 30, 60 and 90 

min pre-gelation time respectively, suggesting that alginate-Ca2+ intermolecular 

crosslinks were enhanced with time resulting in additional interactions between alginate 

chains forming the pre-gel nucleus. The same trend was observed with increasing speed 

of mixing during pre-gelation. A mean particle diameter of 834 nm was obtained at 600 
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rpm. At 800 rpm, this value remained statistically similar at 797 nm but increased to 

1440 nm at 1000 rpm. Mixing intensity seems to influence and promote interaction 

between Ca2+ and alginate G-residues at higher speed intensity, increasing alginate 

intermolecular contact.  

Douglas et al [6] found that stirring times of 30 min and 24 h had no significant 

effect on mean alginate/chitosan particle size, suggesting a rapid nanoparticle formation 

and lack of aggregation over time. A possible cause for the difference between particle 

size distribution obtained by the work of Douglas et al and the results presented in this 

study might be the fact that the size distribution measured in the present case was in 

volume distribution, which is more sensitive to the presence of larger particles or 

aggregates, which had been removed before measurement in the work presented by 

those authors.

It appears that time of mixing and stirring speed can be controlled to obtain particle 

size in the nanorange. It is desired to reduce particle size to facilitate intestinal 

absorption. However, sufficient matrix is required to retain and stabilize the protein. For 

the conditions studied, time of pre-gelation between 30 and 60 min and mixing rates 

between 600 and 800 rpm provided an acceptable particle size, within the range of 778 

to 834 nm. 

Insulin association efficiency increased concomitant with the increase of mean 

particle size with time of pre-gelation, and with increase in stirring speed (P < 0.05). 

These observations again support the hypothesis that the interaction between insulin and 

polysaccharides are mainly ionic and are promoted by a longer and closer contact 

between opposite charges.

The influence of alginate:chitosan mass ratio on nanoparticle properties was 

examined. It was intended to determine the quantity of stabilizing polycationic needed 

to entrap the maximum amount of insulin during formulation. Results are shown in 

Table 5.1-VII.  
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Table 5.1-VII Characterization of alginate/chitosan nanoparticles in terms of mean size, insulin 

association efficiency and loading capacity as a function of alginate:chitosan mass ratio (n=3, mean ± 

SD).

Alginate:chitosan mass ratio (w/w) Size (nm)  AE (%) LC (%) 

6.0 : 1 764  76 74.9  4.6 9.8  0.7 

4.3 : 1 797  48 78.9  3.9 13.9  0.7

3.1 : 1 948  65 84.1  2.0 8.3  0.3 

2.5 : 1 2190  216 97.6  0.2 7.4  0.1 

2.0 : 1 5271  2073 * 97.7  0.2 5.2  0.1 

* Statistically significant difference (p<0.05). 

The mean particle size increased with the decrease of alginate:chitosan mass ratio. In 

fact, for a ratio of 2.5:1 and lower, microparticles started forming instead of 

nanoparticles, visible as the replacement of the typical colloidal Tyndall effect with a 

more opaque suspension. Not only did additional chitosan contribute to the increase of 

nanoparticle size, but also nanoparticle aggregation could be responsible for overall 

increase in particle size. 

More insulin was entrapped when the initial alginate:chitosan mass ratio decreased, 

likely by promoting higher chitosan concentrations to coat alginate nuclei. This seems 

to indicate that not only the increase of chitosan molecular weight as described above, 

but also the increase of chitosan coating improved insulin retention. It is expected that 

insulin associates with alginate before chitosan coating, however chitosan may 

minimize release of entrapped protein as soon as the particles are formed [372]. Thus, 

the positively charged chitosan at pH 4.7 can interact with the alginate negative nucleus, 

penetrating into the porous gel. Higher chitosan concentration improves this protection 

until ionic radicals are saturated and additional chitosan provides no further benefit as 

can be observed when decreasing alginate:chitosan mass ratio from 2.5:1 to 2.0:1.  

The values of insulin association efficiency obtained for particles smaller than 1000 

nm were in the range of 70-90%, levels that also have been reported for other 

nanoparticulate systems. Poly(isobutylcyanoacrylate) nanoparticles for instance, 

provided 72% [373] and 80% [184] efficiency levels. Insulin-loaded  polyethylenimine–

dextran sulfate nanoparticles were produced with protein association efficiency of 80-
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90% [8]. Values of approximately 87% [26] and 60-80% [10] have been obtained for 

insulin-loaded chitosan nanoparticles. The loading capacity decreased significantly from 

13.9 to 5.2% when alginate:chitosan mass ratio changed from 4.3:1 to 2.0:1. Thus, the 

more chitosan initially in contact with alginate, the higher is the resulting nanoparticle 

mass, decreasing the contribution of insulin to final nanoparticle mass. Nanoparticles 

formulated with alginate:chitosan mass ratio of 4.3:1 prepared with a gelation time of 

60 min at 800 rpm were selected as optimized formulation. The visual feature of 

nanoparticle dispersion is shown in Figure 5.1.4. The Tyndall effect was clearly visible 

throughout the dispersion. 

Figure 5.1.4 Colloidal dispersion of insulin loaded nanoparticles prepared with 0.05% (w/w) alginate and 

0.012% (w/w) chitosan. 

Morphology of unloaded and insulin loaded nanoparticles prepared with alginate 

(0.05% w/w) and low MW chitosan (0.012% w/w) was observed by SEM and is 

depicted in Figures 5.1.5 and 5.1.6, respectively. The entrapment of insulin did not 

cause any significant alteration to the morphology of nanoparticles. A broad spherical 

shape is evident, with a smooth surface and observed size is consistent with the size 

obtained from PCS measurements. Furthermore, the external morphology remained the 

same no matter the alginate:chitosan mass ratio used to prepared the nanoparticles. A 

larger magnification reinforces the spherical shape and smoothness of the nanoparticle 

surface.



Results and discussion from alginate/chitosan nanoparticles 

109

Figure 5.1.5 SEM image of unloaded nanoparticles prepared with 0.05% (w/w) alginate and 0.012% 

(w/w) chitosan. 

Figure 5.1.6 SEM image of insulin loaded nanoparticles prepared with 0.05% (w/w) alginate and 0.012% 

(w/w) chitosan. 

TEM imaging was also performed to evaluate the physical robustness. Nanoparticles 

appeared homogeneous at higher magnification, and the presence of a fluffy corona 

attached to the dense alginate nucleus, may be attributed to the chitosan molecules 

(Figure 5.1.7). This coating represents a potential improvement to the mucoadhesivity 

of these nanoparticles [2]. Although nanoparticles partially aggregated as observed in 
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Figure 5.1.7, this was due to sample treatment during the preparation for microscopy 

and nanoparticles were readily ressuspended after storage and after isolation by 

centrifugation. 

Figure 5.1.7 TEM image of insulin loaded nanoparticles prepared with 0.05% (w/w) alginate and 0.012% 

(w/w) chitosan. 

Stability of nanoparticles with time can help define properties in terms of biologic 

applications and insulin retention. Thus, it is required that particle size remains constant 

to ensure intestinal uptake [36, 374] and the nanoparticle matrix should be sufficiently 

strong to retain entrapped insulin. The assessment of mean nanoparticle size 

immediately after production is shown in Figure 5.1.8, and it may be seen that the size 

did not change significantly with time. The small increase in the first days is probably 

attributed to reversible electrostatic aggregation.  

The physical stability was also evaluated regarding possible aggregation or surface 

alteration upon incubation with lysozyme as model enzyme [27, 34]. Figure 5.1.9 shows 

mean particle size and zeta potential during incubation with lysozyme dissolved in USP 

phosphate buffer pH 6.8 which is close to both the intestinal pH and the optimal pH for 

lysozyme enzymatic activity (pH 6.4) [162]. The incubation of control lysozyme with 

PBS under the same conditions did not result in formation of aggregates. 
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Figure 5.1.8 Evaluation of the alginate/chitosan nanoparticle size with time at 4ºC for 28 days (n = 3, 

mean ± SD).
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Figure 5.1.9 Evaluation of the alginate/chitosan nanoparticle size and zeta potential following incubation 

in a lysozyme solution in USP phosphate buffer pH 6.8 at 37 ºC for 2 h (n = 3, mean ± SD).
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The enzyme concentration of 0.2 mg/mL (10000IU/mL) was used taking into 

account that it was found that this was the maximum lysozyme concentration in human 

secretions like saliva and stomach [375, 376]. The mean particle size remained 

unchanged for 2 h in the lysozyme solution, but the zeta potential increased from -6 to -

9 mV. It is possible that degradation of the chitosan is catalyzed by lysozyme [34], 

hydrolyzing the glycoside bonds between the acetylglucosamine units [377]. Thus, it is 

possible that lysozyme can interact with chitosan coating and change its organization at 

the surface of the nanoparticles. Such degradation is able to slightly decrease the barrier 

on the surface of the alginate nanoparticles, exposing the negative charged alginate 

close to the surface of the nanoparticle, giving a lower zeta potential value. The 

contribution of chitosan to the overall nanoparticle mass is relatively small, thus the 

effect of charge on the surface of the nanoparticles is more sensitive to degradation than 

the size variation. Nevertheless, significant changes were only observed after 1 h of 

assay, which suggests that nanoparticles have a meaningful capacity to resist lysozyme 

enzymatic degradation.  

The release profile of insulin from nanoparticles produced with alginate:chitosan 

mass ratio of 4.3:1, in different pH buffers is plotted in Figure 5.1.10. Up to 25% of the 

insulin was released from nanoparticles within 5 min contact with pH 1.2 and increased 

to 45% after 3 h and to 50% after 24 h. Concerning intestinal pH 6.8 conditions, 

approximately 20% of the insulin was immediately released but release continued, 

reaching 70% after 3 h and 75% after 24 h. Thus, both low gastric and neutral intestinal 

pH conditions are characterized by an immediate release but a higher amount of insulin 

was released from nanoparticles at pH 6.8 than at pH 1.2 based on nanoparticle pH-

dependent complexation properties. The observed initial release of insulin may be 

related to release from the nanoparticle surfaces. However, a considerable fraction of 

insulin, 50 and 25% respectively, can remain within the nanoparticles in both simulated 

gastric and intestinal release medium for 24 h. Partial gastric protection against insulin 

release can be attributed to the more effective protection of the alginate network that 

precipitated alginate provides at low pH against insulin diffusion [372, 378]. At pH 6.8, 

alginate swells as it forms an ionic state, contributing to a higher degree of insulin 

release.
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As previously mentioned, the interaction between insulin and polyelectrolytes is 

essentially ionic. Taking into account these considerations, one can predict that insulin 

release must be lower at the pH value of nanoparticle production (4.7), since it was 

selected in order to provide best interaction conditions. To assess this hypothesis, 

nanoparticles were placed into pH 4.5 and 5.2 buffers and insulin concentration 

determined at different times. As observed from Figure 5.1.10, less than 4% of the 

insulin was released up to 24 h at pH 4.5, and at pH 5.2, just 25% of the insulin was 

released. As insulin association efficiency was highest at pH 4.5-4.7, it appears that a 

dissociation mechanism is responsible for insulin release. 

Neither hydrolysis nor deamination degradation products of insulin were detected 

and only a well-defined peak appeared on the chromatogram, similarly to Figure 4.2.3, 

indicating that insulin retained its primary structure after exposure to the stomach or 

intestinal pH. 
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Figure 5.1.10 Cumulative insulin release from alginate/chitosan nanoparticles produced with 

alginate:chitosan mass ratio of 4.3:1 in pH buffer of 1.2 ( ), 4.5 ( ), 5.2 ( )  and 6.8 ( ) (n = 3, mean ± 

SD).

Similar release profiles were observed with different alginate:chitosan mass ratio 

used to formulate nanoparticles. Figure 5.1.11 displays the cumulative release profiles 

of insulin at pH buffer 1.2. It shows that insulin release from different nanoparticles 

occurred rapidly during the first minutes, followed by a rapid decrease in the rate of 

release. It is likely that a significant amount of insulin was associated to the surface of 
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the nanoparticles, and the alginate nucleus probably did not have the capacity to entrap 

all of the protein. However, the decrease in the amount of chitosan in the formulation 

led to a further increase in released insulin. After 2 h, nanoparticles with an 

alginate:chitosan mass ratio of 6:1 released 75.9% of the insulin, 30% more than 

nanoparticles with an alginate:chitosan mass ratio of 4.3:1 and 3.1:1. These results seem 

to indicate a partial protective role of chitosan against insulin diffusion from the alginate 

matrix due to the formation of an alginate/chitosan complex film on the surface of the 

nanoparticles. The protective role of chitosan against insulin diffusion did not increase 

when the mass ratio decreased from 4.3:1 to 3.1:1, which suggests that chitosan serves 

as a limiting barrier against insulin diffusion from alginate nucleus. The effect of 

alginate/chitosan interaction on modified protein release has been observed by others 

[379, 380].
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Figure 5.1.11 Cumulative insulin release in pH buffer 1.2 from alginate/chitosan produced with 

alginate:chitosan mass ratio of 6:1 ( ), 4.3:1 ( ) and 3.3:1 ( ) (n=3, mean ± SD). 

The cumulative release profile of insulin from the same formulations in pH buffer 

6.8 is shown in Figure 5.1.12. All formulations resulted in a significant insulin burst 

release, more evident for the formulation containing an alginate:chitosan mass ratio of 

6:1. Also, for all formulations, the release pattern was similar to those in pH buffer 1.2, 



Results and discussion from alginate/chitosan nanoparticles

116

but with higher cumulative amounts. Here, also, additional chitosan at an 

alginate:chitosan mass ratio of 3.1:1 did not yield a significantly different cumulative 

profile than the 4.3:1 ratio. After 2 h, the amount of insulin released from nanoparticles 

was around 15% higher than in pH 1.2 for all formulations. 
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Figure 5.1.12 Cumulative insulin release in pH buffer 6.8 from alginate/chitosan produced with 

alginate:chitosan mass ratio of 6:1 ( ), 4.3:1 ( ) and 3.3:1 ( ) (n=3, mean ± SD). 

Ability of nanoparticles to retain insulin under gastric simulated pH conditions 

followed by intestinal simulated pH conditions was also investigated. The formulation 

with alginate:chitosan mass ratio of 4.3:1 was selected and the release profile was 

characterized by an initial rapid release within the first 15 min at gastric pH followed by 

a plateau state as seen in Figure 5.1.13. After 2 h, 45% of the insulin was released. 

Nanoparticles were then transferred to pH 6.8 buffer simulating intestinal conditions 

and insulin was released at a sustained rate to 70% of the initial amount. Thus, the total 

amount and the release profile of insulin obtained separately in pH buffer 1.2 and 6.8 

seems to be similar to that obtained under pH 1.2 immediately followed by pH 6.8. 

Thus, the nanoparticle matrix appears to provide physical robustness against drastic pH 

variation.
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Figure 5.1.13 Cumulative insulin release from alginate/chitosan nanoparticles produced with 

alginate:chitosan mass ratio of 4.3:1 in gastric pH 1.2 simulated fluid for 2h followed by 4h intestinal pH 

6.8 simulated fluid at 37ºC (n=3, mean ± SD). 

To assess the relative immunological bioactivity of insulin after release from 

nanoparticles under simulated intestinal pH conditions, a specific ELISA was applied. It 

is desired that proteins keep their bioactive form after formulation since the success of a 

formulation depends on the ability of the protein to maintain the native structure and 

activity during preparation and delivery as well as during shipping and long-term 

storage of the formulation [16]. As shown in Figure 5.1.14, the insulin fully retained its 

immunogenicity for at least 24 hours. These results seem to indicate that the insulin did 

not suffer degradation, namely hydrolysis or fibrillation, but maintained its active form. 

This issue is more fully discussed in section 5.1.3. 
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Figure 5.1.14 The ELISA relative immunological bioactivity of insulin released at pH 6.8 from 

alginate/chitosan nanoparticles produced with alginate:chitosan mass ratio of 4.3:1 (n=3, mean ± SD).

In summary, low-G alginate (FG = 0.39) and low MW chitosan (  50 KDa) were 

used in concentrations of 0.05 and 0.012% (w/w) respectively, to produce particles 

having a mean size in the nanoscale range, as assessed by photon spectroscopy and 

confirmed by electronic microscopy. The nanoparticle size range pre-requisite below 

1000 nm is important to ensure that particles can be absorbed in the intestinal tract, 

since smaller particles are better absorbed. Time of pre-gel formation and stirring speed 

influenced final particle size. Applying 800 rpm during 60 min provided the most 

favorable conditions to obtain the range of desired particle sizes.  Insulin was 

encapsulated without significant influence on particle size. Association efficiency seems 

to depend slightly on preparation conditions but is not dependent on alginate G content. 

Highest insulin association efficiency values were obtained by decreasing 

alginate:chitosan mass ratio by incorporation of higher chitosan coating material, 

however this resulted in larger particles, into the micron size range. 

The application of polyelectrolyte alginate/chitosan nanoparticles produced by 

ionotropic pre-gelation to deliver insulin can provide stable protein and mild 

formulation conditions without the need for organic solvents, resulting in high protein 

association efficiency. Partial insulin retention was obtained after contact of 
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nanoparticles with gastric simulated fluid, but insulin was broadly released at intestinal 

pH maintaining its bioactive form. However, insulin release was drastically reduced at 

intermediate pH values. A delayed release pattern is desired to provide higher insulin 

stability during gastrointestinal uptake. 

Polyelectrolyte ionotropic pre-gelation is a promising approach to produce 

nanoparticles containing insulin, as well as potentially other therapeutic polypeptides 

for oral delivery. The purpose of the entrapment of insulin in alginate/chitosan 

nanoparticles is to protect this protein against the aggressive environment of the 

stomach when administered orally. Although being sub-optimized, the release profile of 

insulin obtained was slower under simulated gastric pH in comparison to simulated 

intestinal pH. The results show that these systems present size properties and insulin 

release profile suitable for insulin drug delivery.
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5.1.2.Characterization of insulin-loaded alginate/chitosan nanoparticles through 

Differential Scanning Calorimetry (DSC) and Fourier Transform Infrared 

(FTIR) studies 

 DSC can be used to characterize the thermal behaviour of polyelectrolytes and 

biomolecules which is correlated to their structure, hydrophilic properties and 

association state. It is based on the heat capacity of the sample as a function of the 

temperature. The temperature profile of the Gibbs energy change is associated with the 

loss of water in polymers, with the denaturation process in proteins and with 

depolymerization at high temperatures. Shifts of exothermic and endothermic peaks are 

usually associated with interactions between drugs and polymer [35, 380, 381]. FTIR 

analysis has also been proposed to examine interactions between polyelectrolyte 

complexes [380, 382].  

It was the intent to examine the complexation of contrary charged polyelectrolytes as 

insulin nanoparticulate carriers. Mixtures resulting from complexation of 

polyelectrolytes at varying pH and stoichiometric relationship between polyelectrolytes 

were lyophilized, and analyzed by DSC and FTIR to verify interactions between 

polyelectrolytes and between polymers and insulin. 

Table 5.1-VIII presents the endothermic and exothermic peaks and enthalpies 

associated with each peak for insulin, alginate, chitosan, physical mixtures, and 

nanoparticles obtained by complexation of polyelectrolytes at pH 4.7. Also, the 

thermogram of insulin-loaded alginate/chitosan nanoparticles is summarized.  

In Figure 5.1.15 are plotted the thermograms of alginate and chitosan which show 

initial endothermic peaks at 86.6 and 62.0 ºC and higher exothermic peaks at 247.8 and 

311.0 ºC, respectively. Endothermic peaks are correlated with loss of water associated 

with hydrophilic groups of polymers while exothermic peaks resulted from degradation 

of polyelectrolytes due to dehydration and depolymerization reactions, most probably to 

the partial decarboxylation of the protonated carboxylic groups and oxidation reactions 

of the polyelectrolytes [383-385]. The thermogram of the alginate/chitosan physical 

mixture show a broader endothermic peak at 76.7 ºC, which probably represents the 

coalescence of both isolated endothermic polymer peaks and exothermic peaks at 250.4 
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and 309.6 ºC resulting from the individual contributions of alginate and chitosan, 

respectively.  

Table 5.1-VIII Peak temperatures and enthalpy changes in the DSC thermograms collected from insulin, 

polysaccharides, physical mixtures and nanoparticles. Unloaded and insulin-loaded nanoparticles were 

obtained by chitosan/alginate complexation at pH 4.7 and mass ratio of 4.3:1.  

Temperature (ºC) 
Sample

Onset Peak Endset 
H(J/g)

37.5 86.6 128.0 -143.2alginate 212.2 247.8 266.1 64.6
    

30.0 62.0 108.5 -578.5chitosan 279.8 311.0 329.8 23.0
    

32.8 76.5 116.4 -387.2
231.8 250.4 263.4 159.2
290.2 309.6 324.5 59.5alginate/chitosan physical mixture 

   
48.1 62.3 72.3 -22.1
72.3 83.0 95.2 -27.4insulin

192.6 251.1 266.6 54.3
    

45.3 73.2 111.7 -218.4alginate/insulin pregel 224.8 249.4 267.9 277.6
    

39.0 76.5 121.0 -324.9alginate/chitosan nanoparticles 227.2 287.7 287.7 48.0
    

36.2 72.9 108.5 -210.5insulin-loaded alginate/chitosan 
nanoparticles 206.2 281.8 281.8 67.1
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Figure 5.1.15 Thermograms of (a) alginate at pH 4.9, (b) chitosan at pH 4.6, (c) chitosan/alginate 

physical mixture and (d) alginate/chitosan nanoparticles produced at pH 4.7. 

It may be seen that the peaks of the complexes were shifted from those of the 

physical mixture. Peaks of the physical mixture appeared to be combinations of each 

material but they are different from those of nanoparticles probably because 

complexation of polyelectrolytes resulted in new ionic interactions between different 

functional groups. The exothermic peak of alginate/chitosan nanoparticles was 

registered at 287.7 ºC, an intermediate and broader peak value compared with isolated 

polyelectrolytes, which was interpreted as an interaction between both components.  

Thermograms of alginate/chitosan nanoparticles prepared at three different pH 

levels, are shown in Figure 5.1.16. Both endothermic and exothermic peaks shifted to 

higher temperature values when pH of the nanoparticle preparation was decreased from 

5.2 to 4.2. Lower pH resulted in higher stability of complexes, thus more energy was 

required to remove residual water adsorbed with the nanoparticles (also endothermic 

peak shifts to higher value), and less energy was released by blocking ionic interactions 
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and during nanoparticle thermal decomposition (also exothermic peak shift to higher 

value).
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Figure 5.1.16 Thermograms of alginate/chitosan nanoparticles produced at (a) pH 4.2, (b) 4.7 and (c) 5.2. 

The pK values of mannuronic (M) and guluronic acid (G) in the alginate chain are 

pKM 3.38 and pKG 3.65, respectively [368] and the pK value of chitosan is ~ 6.3 [386]. 

Amine groups of chitosan are known to have stronger affinity to M than G residues of 

alginate [382]. The alginate used for these experiments is a high-M (FM = 0.61), which 

means that overall pK of the particular alginate is close to pKM and the maximum ionic 

interaction between alginate and chitosan is attained at lower pH as compared to a high-

G alginate. Also, alginate gel shrinks at lower pH values resulting in a reduction in the 

pore size of the alginate matrix [54], especially in the case of low G content alginate 

used in the present work that will shrink to a higher extent, than that of a high G 

alginate. Therefore, at pH 4.2 it is possible that nanoparticles were stronger than at pH 

4.7 and more so than pH 5.2. The interaction between alginate and chitosan is known to 

be pH-dependent and stronger complexes were also obtained at pH around 4.5 – 5.0 

[370, 387]. 
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The effect of alginate:chitosan mass ratio on the nanoparticles was also evaluated 

through calorimetry and is depicted in Figure 5.1.17. By increasing the final amount of 

chitosan in the nanoparticle composition, an increase of the value of exothermic peak 

was observed. Nanoparticles produced with alginate:chitosan mass ratio of 6:1, 4.3:1 

and 3.1:1 presented an exothermic peak at 270.1, 287.7 and 337.7 ºC, respectively. 

However, the increasing effect of final amount of chitosan on the value of initial 

endothermic peak was less evident than the one observed for the influence of pH. The 

results obtained could lead to the assumption that decreasing alginate:chitosan mass 

ratio by increasing initial chitosan mass on the nanoparticles initiated different degrees 

of interaction between polymers, forming more stable polyelectrolyte complexes with a 

higher amount of chitosan.  
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Figure 5.1.17 Thermograms of alginate/chitosan nanoparticles produced with alginate:chitosan mass ratio 

of (a) 6:1, (b) 4.3:1 and (c) 3.1:1.
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Table 5.1-IX Peak temperatures and enthalpy changes in the DSC thermograms collected from 

nanoparticulate complexes obtained with a varying stoichiometry of alginate/chitosan at varying pH. 

Temperature (ºC) H (J/g)Sample

Onset Peak Endset 
alginate:chitosan mass ratio 4.3:1     

     
41.9 79.3 125.5 -374.2 pH 4.2 233.8 320.2 320.2 128.2 

     
39.0 76.5 121.0 -324.9 pH 4.7 227.2 287.7 287.7 48.0 

     
43.95 67.5 111.2 -306.5 pH 5.2 229.7 275.6 275.6 32.11 

     
    alginate/chitosan nanoparticles pH 4.7

     

alginate:chitosan mass ratio 6:1 44.6
224.0

73.4
286.8

112.9
292.8

-448.1
89.55

     
39.0 76.5 121.0 -324.9 alginate:chitosan mass ratio 4.3:1 227.2 287.7 287.7 48.0 

     
39.2 75.9 101.2 -200.9 alginate:chitosan mass ratio 3.1:1 305.5 337.7 346.8 8.73 

Figures 5.1.18 and 5.1.19 represent the thermal differences of alginate pre-gel and 

alginate/chitosan nanoparticles, respectively, before and after insulin entrapment. The 

thermogram of zinc-insulin showed two endothermic peaks at 62.3 and 83.0 ºC and a 

small but broad exothermic peak at 251.1 ºC. This thermogram pattern of insulin is in 

agreement with that of others reported in literature [388, 389]. This biphasic 

denaturation of the zinc-insulin complex is a result of the coupling between insulin 

denaturation and zinc binding equilibria. Compared to zinc-free insulin, the endotherm 

of insulin hexamers involves both dissociation and unfolding whereas the endotherm of 

zinc-free insulin does not show dissociation behaviour [390].
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Figure 5.1.18 Thermograms of (a) insulin, (b) alginate at pH 4.9 and (c) insulin-loaded alginate pre-gel.
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Figure 5.1.19 Thermograms of (a) insulin, (b) alginate/chitosan nanoparticles and (c) insulin-loaded 

alginate/chitosan nanoparticles produced at pH 4.7. 
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The two endothermic peaks associated to insulin which are attributed to denaturation 

and water loss, became indistinct and transform themselves into a single peak after 

insulin entrapment into the alginate pre-gel and alginate/chitosan nanoparticles. Insulin-

loaded systems reached this endothermic condition at lower temperature values 

compared to unloaded nanoparticles, thus an interaction between the protein and the 

polyelectrolytes could have occurred. Also, comparing the exothermic peak of insulin-

loaded alginate/chitosan nanoparticles to the one obtained with unloaded nanoparticles, 

the former started at lower temperature, which is a possible evidence of the presence of 

insulin once its decomposition started at lower temperature 251.1 ºC when comparing to 

unloaded nanoparticles. 

In order to examine the relationship between components of nanoparticulate systems, 

preliminary concerns were taken over polyelectrolyte interactions and insulin 

entrapment. It is well established that the carboxyl group (–COO-) of the anionic 

polymer may interact with the amino group (–NH3
+) of chitosan and form an ionic 

complex between the two compounds [380]. As a result, there are changes in the FTIR 

spectra in the absorption bands of the amino groups, carboxyl groups, and amide bonds. 

Figure 5.1.20 represents FTIR spectra of pure alginate, chitosan, and 

alginate/chitosan nanoparticles. Alginate presented carbonyl peaks at 1613 cm-1 

(symmetric COO  stretching vibration) and 1415 cm-1 (asymmetric COO  stretching 

vibration) and one peak at 1033 cm-1 that correspond to vibrations of the carbohydrate 

ring. The FTIR spectrum of chitosan also shows a peak of amide bond at 1641 cm-1 (C-

N stretching vibration, C=O stretching vibration) and a strong protonated amino peak at 

1569 cm-1(N-H blending vibration) because it is obtained from partial N-deacetylation 

of chitosan. Alginate peaks enlarged and slightly shifted from 1613 to 1610 and 1414 to 

1415 after complexation with chitosan. Both chitosan peaks were similarly changed 

after complexation with alginate, amide peak into singlet band at 1610 cm-1 and amino 

peak to 1534 cm-1. In addition, the peak intensity of amino groups of chitosan at 1153 

cm-1 (N-H blending vibration) also decreased after complexation. Observed changes in 

the absorption bands of the amino groups, carboxyl groups, and amide bonds can be 

attributed to an ionic interaction between the carbonyl group of alginate and the amino 

group of chitosan [380]. Similar alginate/chitosan interaction considerations were noted 

previously for complex films of alginate and chitosan [391], revealing complex 
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formation. Thus, the results presented here suggest an effective interaction between 

polymers after complexation and the production of nanoparticles made by opposite 

charged alginate and chitosan, as occurred for larger microparticles, since the peaks of 

the molecular groups responsible for the ionic interaction had been altered. 
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Figure 5.1.20 FTIR spectra of solid (a) alginate, (b) chitosan and (c) alginate/chitosan nanoparticles 

produced with alginate:chitosan mass ratio of 4.3:1 at pH 4.7.

The introduction of insulin into nanoparticles was also investigated by FTIR analysis 

of insulin-loaded nanoparticles. The obtained spectra are represented in Figure 5.1.21 

and revealed two additional shoulders on the insulin-loaded nanoparticle absorption 

bands in the Amide I ( 1650 cm-1) and Amide II ( 1540 cm-1) compared to insulin-free 

nanoparticle spectrum. These peaks are characteristic of protein spectrum, and possibly 

demonstrative of the entrapment of insulin into alginate/chitosan nanoparticles. 
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Figure 5.1.21 FTIR spectra of solid (a) alginate/chitosan nanoparticles, (b) insulin and (c) insulin-loaded 

alginate/chitosan nanoparticles produced with alginate:chitosan mass ratio of 4.3:1 at pH 4.7. 

In summary, DSC and FTIR were successfully used to characterize the 

nanoparticulate systems made up by polyelectrolyte complexes. Shifts on endothermic 

and exothermic peaks and shifts on maximum infrared peaks observed between 

individual polyelectrolytes and final nanoparticle carriers were understood as successful 

nanoparticle formation and insulin entrapment, resulting in ionic interactions which led 

to the formation of new chemical entities with different thermal and absorption 

properties.
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5.1.3.Probing insulin’s secondary structure after entrapment into alginate/chitosan 
nanoparticles

Although nanoencapsulation shows promise for oral protein delivery, little attention 

has been paid to the effect of nanoencapsulation methodology on protein structure. 

Different types of forces are responsible for insulin and general protein physicochemical 

stability, such as hydrophobic and electrostatic interactions, covalent bonding, hydrogen 

bonding and van der Waals forces. The complex interaction between these forces places 

hydrophobic residues toward the interior of the protein while directing hydrophilic 

residues to the outside, where they interact with the aqueous solvent. Manipulation of 

proteins can lead to conformational changes, thus exposing hydrophobic areas, resulting 

in reduced solubility and an increased tendency to aggregation [355]. Also, physical 

forces related to various processes, such as stirring, pumping, filtration, chromatography 

and centrifugation can expose proteins to air/liquid and liquid/solid interfaces resulting 

in similar undesired effects and loss of structural integrity. Thus, it was considered 

important to examine the structural integrity of insulin upon entrapment in 

alginate/chitosan nanoparticles produced by ionotropic polyelectrolyte pre-gelation. 

Because of their importance to protein physical stability analysis [8, 134, 236, 261, 355, 

392], FTIR and CD spectroscopy were used to examine the insulin structure and 

interactions between insulin and polymeric matrices after entrapment. 

The second derivative FTIR spectrum of insulin in solution is presented in Figure 

5.1.22. Insulin is dominated by an -helix (1654 cm-1), but also -sheet and -turn 

minor components (1684 and 1632 cm-1) are present [392, 393]. The spectrum of insulin 

solution prepared at pH 4.7 was almost equal to that at pH 1.2, representing an area 

overlap of 0.98 indicating that the native conformation was practically unchanged in 

this pH range. 
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Figure 5.1.22 Second-derivative FTIR spectrum of human insulin 10mg/ml in 0.01M HCl pH 1.2 ( ), 

entrapped into fresh alginate/chitosan nanoparticles ( ) and entrapped into alginate/chitosan 

nanoparticles after one month of hydrate storage at 4ºC ( ) (n=2).

FTIR insulin spectra were also collected after insulin encapsulation. Figure 5.1.21 

also represents spectra of insulin entrapped into nanoparticles (alginate:chitosan mass 

ratio 4.3:1) collected immediately after production and after one month of storage at 

4ºC. The results indicate that the insulin structure was only slightly affected after 

association with the nanoparticles. The -helix band became narrower after 

encapsulation, but visually appeared to keep the same area intensity. Ionic interactions 

that occur between opposite charges of the protein and the polymers could be 

responsible for small rearrangements of the protein structure and a simple subtraction of 

empty nanoparticle spectrum may not be complete because the protein also slightly 

affects the polymers through ionic interactions. However, the main peaks corresponding 

to -sheet and especially -helix remained almost unchanged, which indicates that the 

protein secondary structure was not significantly altered. 

The area overlap reflects the degree of overall structural changes of proteins upon 

incorporation. The area-overlap between the insulin spectrum in acetate buffer pH 4.7, 
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and spectra of insulin entrapped into fresh and stored nanoparticles (one month) was 

found to be 0.95 (  0.01) and 0.94 (  0.02). The structural changes of insulin after one 

month entrapped into nanoparticles was very similar to insulin in nanoparticles without 

storage, which is a good indicator of formulation stability in terms of maintaining 

protein structure during the period of time studied. 

Table 5.1-X Area-overlap of baseline-corrected area normalized FTIR-spectra of freshly prepared insulin 

entrapped in alginate/chitosan nanoparticles and after storage compared with insulin in solutions at 

various pH (n=2).

Insulin-loaded alginate/chitosan nanoparticle Area-overlap  

pH 1.2* 

Area-overlap  

pH 4.7** 

Fresh 0.90 (  0.01) 0.95 (  0.01)

Stored 0.89 (  0.01) 0.94 (  0.02)

* vs 10 mg/mL insulin solution in 0.01M HCl pH 1.2   ** vs 10 mg/mL insulin solution in 
acetate buffer pH 4.7.  

The influence of pH in the nanoparticle formation and the alginate:chitosan mass 

ratio on entrapped insulin structure was also determined and results are shown in Figure 

5.1.23. The pH during nanoparticle production appeared to be responsible for small 

differences between entrapped insulin structures. Variation of pH in the nanoparticle 

formation from 4.2 to 5.2 caused a variation in the area-overlap from 0.95 (  0.01) to 

0.90 (  0.01) (Table 5.1-XI) when compared to an insulin solution at pH 4.7. Two 

effects can explain this behaviour. Firstly, different degrees of insulin protonation in the 

pH range could lead to small differences in secondary structure. Secondly, due the ionic 

nature of interaction between polymers and insulin, different pH values made insulin 

more or less vulnerable to deviations from the native structure, mainly on the surface of 

the insulin molecule. Nevertheless, nanoparticles produced at pH 4.7 appear to have 

little effect on insulin secondary structure, as deduced from Table 5.1-XI. 
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Figure 5.1.23 A Second-derivative FTIR spectrum of human insulin in solution, 10 mg/ml, acetate buffer 

pH 4.7 ( ) and entrapped into fresh nanoparticles produced with alginate:chitosan mass ratio of 4.3:1 

prepared at pH 5.2 ( ), 4.7 ( ) and 4.2  ( ) . B Second-derivative FTIR spectrum of human 

insulin in solution at pH 4.7 ( ) and entrapped into fresh nanoparticles produced at pH 4.7 with 

alginate:chitosan  mass ratio of 6:1 ( ), 4.3:1 ( ) and 3.1:1. ( ) (n=2). 
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Table 5.1-XI Area-overlap of baseline-corrected area normalized spectra of an insulin solution and 

insulin entrapped in alginate/chitosan nanoparticles produced at different pH and alginate:chitosan mass 

ratio conditions (n=2).

Alginate:chitosan mass ratio pH of production Area-overlap* 

6 : 1 4.7 0.97 (  0.02) 

3.1 : 1 4.7 0.93 (  0.02) 

4.3 : 1 4.2 0.92 (  0.01) 

4.3 : 1 4.7 0.95 (  0.01) 

4.3 : 1 5.2 0.90 (  0.01) 

* vs 10 mg/mL insulin solution in acetate buffer pH 4.7.  

Variation of alginate:chitosan mass ratio on nanoparticle production presented a less 

pronounced effect on change in insulin secondary structure, as seen in Figure 5.1.23B. 

Visually, no significant protection or destabilization of insulin was found in the mass 

ratio range studied, which is also supported by the area-overlap values. 

Subsequently, the structure of insulin was studied after release from nanoparticles in 

different pH environments. As control, free insulin in solution was agitated under the 

same conditions as the nanoparticles, and after two hours, samples for FTIR were 

collected. The area-overlap of insulin solution after two hours in contact with  pH 1.2 

buffer vs the standard insulin solution was 0.97 (  0.01). These results indicate the 

absence of any significant insulin fibrillation, although it has been shown that low pH 

accelerates fibrillation [394]. This discrepancy with results in the literature can possibly 

be explained by the time interval and speed of stirring chosen to simulate the passage of 

nanoparticles through the gastric environment, conditions which were less severe that 

those used by Nielsen et al. Insulin fibrils are characterized by an increase in -sheet

bands and a simultaneous decrease in -helix, but these changes were not observed in 

the present case. 

More extensive changes were observed at pH 6.8 where the area-overlap of insulin 

after two hours in contact with pH 6.8 buffer vs the standard insulin solution was 0.92 ( 

 0.02) which could be attributed to a different protonation of insulin. Since its pI is 

around 5.3, at pH 6.8 insulin is negatively charged and with a different overall charge, a 
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small alteration of secondary structure can be hypothesized. In fact, the FTIR spectrum 

of insulin in phosphate buffer 10 mM at pH 7.4, a pH value close to pH 6.8, presented a 

more apparent -sheet band in the range of 1685–1695 cm-1 [393]  than spectra obtained 

in buffer at pH 1.2 and 4.7. 

These observations are very useful when comparing FTIR insulin spectra after 

release from nanoparticle formulations in various pH solutions. Spectra are shown in 

Figure 5.1.24 for nanoparticles with alginate:chitosan mass ratio of 4.3:1 prepared at pH 

4.7.
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Figure 5.1.24 Second-derivative FTIR spectrum of human insulin in solution, 10 mg/ml acetate buffer 

pH 4.7 ( ), insulin entrapped into fresh alginate/chitosan nanoparticles ( ), insulin released into 

USPXXVI HCl pH 1.2 buffer from alginate/chitosan nanoparticles ( ) and insulin released into 

USPXXVI Phosphate pH 6.8 buffer from alginate/chitosan nanoparticles ( ) prepared with 

alginate:chitosan mass ratio of 4.3:1 and prepared at pH 4.7 (n=2).

The FTIR spectra of insulin released from nanoparticles were comparable to the 

FTIR spectra of entrapped insulin but the band for -helix increased in magnitude. The 

area-overlap was determined as 0.95 (  0.01) for entrapped insulin, 0.92 (  0.02) for 

insulin released at pH 1.2, and 0.94 (  0.01) for insulin released at pH 6.8. According to 

these values, structural changes observed after entrapment remained after insulin was 
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released. However, more insulin was released from the nanoparticles at intestinal pH 

compared to gastric pH. After 2 h, a substantial fraction of insulin was still associated 

with the nanoparticles (i.e., not released) and it is possible that this associated insulin 

contributed to the FTIR spectra. The area-overlap of insulin released at pH 6.8 is more 

consistent with free insulin, although possibly the polymer signal could not be 

completely subtracted using a blank formulation as in the gastric assay.  

The insulin solutions were also analyzed using circular dichroism spectroscopy. The 

CD spectrum of 0.2 mg/mL insulin standard solution in 0.01M HCl displays two 

minima at 209 and 222 nm, which is typical of predominant -helix structure proteins. It 

is in close agreement with the spectra obtained by other authors [8, 395]. Also, the CD 

spectra of different pH standard solutions, namely 4.7 and 6.8, were found to be 

coincident with the ones collected at pH 1.2, which indicated that in these conditions, 

pH variation was not responsible for significant changes in -helix/ -sheet structure. 

Similar conclusions were drawn from the FTIR spectra.

After entrapment in alginate/chitosan nanoparticles, only minor differences were 

observed in the insulin spectrum (Figure 5.1.25A). No substantial alterations were noted 

in the two -helix minima but a slight shift around 205 nm could be observed. Probably, 

this shift occurs due to interference from the polymers or the nanoparticles, which 

cannot be eliminated by subtraction of insulin-free formulation. Similar issues were 

identified in the FTIR spectral analysis but the rise in signal for the CD spectra may 

well be due to scattering, while in the FTIR spectrum, there could be a change in the 

absorbance of the nanoparticles upon insulin adsorption. 
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Figure 5.1.25 A Far-UV CD spectrum of human insulin in 0.01M HCl solution ( ) and entrapped in 

alginate/chitosan nanoparticles prepared with alginate:chitosan mass ratio of 4.3:1 at pH 4.7 ( ). B 

Far-UV CD spectrum of human insulin in solution ( ), insulin released into pH 1.2 buffer from 

alginate/chitosan nanoparticles ( ) and insulin released into pH 6.8 buffer from alginate/chitosan 

nanoparticles ( ) prepared with alginate:chitosan mass ratio of 4.3:1 prepared at pH 4.7. 

Insulin spectra after release in both simulated gastric and intestinal environments 

were collected to investigate potential changes in insulin structure. Figure 5.1.25B 
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shows the results of these studies. Insulin released from alginate/chitosan nanoparticles 

at pH 1.2 produced only minor differences compared with entrapped insulin. However, 

free insulin after two hours agitation at pH 1.2 did not show an altered structure 

compared to standard insulin. Perhaps some influence from the nanoparticle 

components could explain this small difference, because such a difference was not 

observed when insulin was released from the same formulation at pH 6.8. At low pH, 

the degree of interaction between insulin and alginate is higher and, therefore, ionic 

interactions are more favorable. Thus, some spectral changes could come from the ionic 

interaction. 

It was observed by FTIR assessments that the pH of nanoparticle formation in the 

range of 4.2 to 5.2 and an alginate:chitosan mass ratio between 6:1 and 3.1:1 were only 

minor parameters of influence to changes in insulin secondary structure. To confirm, the 

same structure of insulin after being released from nanoparticles produced with different 

alginate:chitosan mass ratio and different pH values of preparation were analyzed by 

far-UV-CD. For all formulations, CD spectra were very similar to the insulin standard 

solution, suggesting minor, if any, changes of insulin secondary structure after being 

released from nanoparticles (Figure 5.1.26). Thus, these systems seem to be sufficiently 

stable to carry and release insulin, while preserving structure, and thus maintain insulin 

activity. 
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Figure 5.1.26 A. Far-UV CD spectrum of human insulin in solution ( ) and insulin after release into 

pH 6.8 buffer from alginate/chitosan nanoparticles with alginate:chitosan mass ratio of 4.3:1 prepared at 

pH 5.2 ( ), 4.7  ( ) and 4.2 ( ). B Far-UV CD spectrum of human insulin in solution 

( ) and insulin after release into pH 6.8 buffer from alginate/chitosan nanoparticles prepared at pH 4.7 

with alginate:chitosan mass ratio of 6:1  ( ),  4.3:1  ( ) and 3.3:1 ( ).

Brange et al observed that the rate of insulin fibrillation was higher in acid 

environments than at neutral pH, and increases with an increase in insulin concentration 
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and an increase of temperature [260]. The low concentration of insulin and performing 

the preparation at room temperature in the present method to produce the insulin-loaded 

nanoparticles contributes to a low fibrillation rate [261]. Consequently, it is reasonable 

to assume that insulin did not fibrillate during the 2h nanoparticle production procedure, 

or during storage. Neither the proposed method for nanoparticle formation nor the 

natural polysaccharides used as nanoparticulate carrier matrix acted as stress factors for 

insulin instability, as often reported for other polymers and/or methods [134]. 

The fibrillation process of insulin could be one of the obstacles to assure structural 

preservation of insulin after entrapment. However, neither FTIR nor CD analysis 

indicated fibril formation. Furthermore, as insulin fibrils are insoluble in most aqueous 

media [260], almost 100% of insulin present in chromatographs when quantified by 

HPLC, indicate an absence of fibrils both in free-insulin solution as well as for insulin 

released from nanoparticles. 

In summary, it was shown by FTIR and CD assessments that insulin preserved its 

intrinsic conformation after the entrapment process and following release in both gastric 

and intestinal simulated conditions.  
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5.1.4.Effectiveness of alginate/chitosan nanoparticles for oral insulin delivery 

The objective then was to determine whether insulin-loaded alginate/chitosan 

nanoparticles induced a hypoglycemic effect after oral administration, and to examine 

the mechanism of insulin absorption from the GI tract. In vivo activity was evaluated by 

measuring the decrease in blood glucose concentrations in streptozotocin-induced 

diabetic rats after oral administration and FITC-labelled insulin tracked by confocal 

microscopy. 

The pharmacological effect of insulin loaded nanoparticles was evaluated in diabetic 

rats dosed orally with 25, 50 and 100 IU/kg. Changes in plasma glucose compared to 

those dosed subcutaneously at 2.5 IU/kg and with empty nanoparticles are shown in 

Figure 5.1.27. A significant difference in plasma glucose reduction between insulin-

loaded and empty nanoparticles was observed, especially 8 to 14 h after administration 

(p<0.05).
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Figure 5.1.27 * Plasma glucose levels after administration of insulin-loaded 25 ( ), 50 ( ) and 100 ( )

IU/kg and empty nanoparticles ( ), compared to 2.5 IU/kg delivered sub-cutaneously ( ). Data represents 

the mean ± SEM, n=6 per group. *50 IU/kg and **100 IU/kg dose showed statistically significant 

differences from negative empty nanoparticle control (p<0.05). 
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At an insulin dose of 100 IU/kg, a faster onset of action was elicited compared with 

doses of 25 or 50 IU/kg. The reduction in blood glucose was less in the animals 

receiving the dose of 25 IU/kg compared with those dosed with 50 and 100 IU/kg. 

However, the overall plasma glucose levels were similar for doses of 50 and 100 IU/kg. 

The values of cumulative hypoglycemic effect for both 50 and 100 IU/kg groups and 

their minimum relative blood glucose around 55% of the basal glucose level were 

similar as seen in Table 5.1-XII. A dose-response effect was observed between doses of 

25 and 50 IU/kg but absent between doses of 50 and 100 IU/kg, which may be 

understood as a saturation of the sites of absorption of insulin at 50 IU/kg. The 

reduction in blood glucose was less for animals receiving 25 IU/kg, which could 

indicate that the level of absorption saturation had not been reached. The absence of 

hypoglycemic effect after administration of empty nanoparticles confirms that the 

decrease of glucose blood levels was exclusively due to the physiologic effect of 

insulin.

Table 5.1-XII Pharmacodynamic parameters after oral administration of insulin-loaded nanoparticles in 

both 50 and 100 IU/kg doses and insulin solution 50 IU/kg. Data represents the mean ± SD, n=6 per 

group.

Hypoglycemic effect 

(%)

PA

 (%) 

Tmax 

(h)

Cmin 

(% basal glucose) 

Insulin-loaded nanoparticles 

25 IU/kg 
19.9 ± 5.5 7.1 ± 1.7* 8 75.7 ± 1.0 

Insulin-loaded nanoparticles 

50 IU/kg 
27.1 ± 6.7* 6.8 ± 1.7* 14 58.8 ± 5.4* 

Insulin-loaded nanoparticles 

100 IU/kg 
27.4 ± 8.9* 3.4 ± 1.7 14 55.2 ± 5.5* 

Oral solution 50 IU/kg  10.8 ± 1.6 1.6 ± 0.7 6 80.8 ± 8.3 

*Statistically significant differences from oral insulin solution control (p<0.05). Hypoglycemic effect 
determined based on AAC, Tmax- Time at minimum relative basal glucose concentration in the blood, 
Cmin- Minimum relative basal glucose concentration in the blood.  

To investigate whether nanoparticles enabled intestinal absorption of free insulin, 

diabetic rats were administered a suspension of empty nanoparticles in insulin solution 

(50 IU/kg), and comparisons drawn to a group administered insulin solution alone (50 
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IU/kg). As observed in Figure 5.1.28, both groups showed small hypoglycemic effects 

between 2 and 8 h after administration. However, this effect appeared sooner and was 

minor compared to the hypoglycemic effect of the insulin-loaded nanoparticles. A small 

fraction of the insulin could be absorbed through the intestinal wall exerting a 

hypoglycemic effect as observed by others [10, 28]. In fact, a small amount of human 

insulin after oral solution administration was detected in the blood by ELISA (Figure 

5.1.29), indicating that it was directly absorbed. The direct uptake of insulin has been 

attributed to specific insulin receptors in intestinal enterocytes [396, 397] and rapid 

internalization by the epithelial cells to the interstitial space from which it reached the 

blood circulation. The upper intestinal area seems to be the most active region in the 

intestine for insulin absorption [398], improved in the absence of food in fasting 

conditions [399]. The observed and prolonged hypoglycemic effect of insulin-loaded 

nanoparticles compared to the minor effect in animals treated with oral insulin solution 

leads to the assumption that alginate/chitosan nanoparticles were to some extent able to 

stabilize and protect entrapped insulin from degradation in the gastrointestinal track. 

The overall variability of the results obtained was closely similar to other comparable 

studies [10, 28, 400] and mainly due to the intrinsic intraspecies variability. 

The presence of empty alginate/chitosan nanoparticles did not enhance the minor 

hypoglycemic effect of oral insulin solution, and therefore did not act as insulin 

absorption enhancers. Only the encapsulation of insulin into nanoparticles and the 

resulting protective effect highlighted the role of the nanoparticulate delivery of insulin 

in producing a biological response.

It was also observed previously that the physiologic effect of orally dosed insulin 

encapsulated in chitosan mucoadhesive nanoparticles [28, 401], and of antitubercular 

drugs encapsulated in alginate/chitosan nanoparticles [402] appeared later than the 

effect obtained after free drug oral administration. Also, the relative bioavailabilities 

were significantly higher compared with free drugs, consistent with the results obtained 

in this study. However, the formulation developed in the present study was able to 

prolong the hypoglycemic effect of insulin for up to 24 h compared with nanoparticles 

exclusively composed by chitosan where the hypoglycemic effect was observed for less 

than 12 h [401] or to a lower extent [28]. The presence of a core material composed of 

counter-charged alginate, complexed with a shell material of chitosan, may improve 
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nanoparticle stability better retaining insulin within the nanoparticle matrix. Thus, the 

presence of an alginate core might explain the improved physiologic effect by 

increasing two-fold the PA from 4% obtained for chitosan nanoparticles [28] to 7% 

found in the present work.
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Figure 5.1.28 Plasma glucose levels after oral administration of insulin-loaded nanoparticles 50 IU/kg 

( ), oral insulin solution 50 IU/kg ( ), empty nanoparticles ( ) and physical mixture of empty 

nanoparticles and insulin solution 50 IU/kg ( ). Data represents the mean ± SEM, n=6 per group.

Serum insulin levels following intragastric administration of insulin-loaded 

nanoparticles are shown in Figure 5.1.29, and pharmacokinetic parameters summarized 

in Table 5.1-XIII.  

Increasing serum insulin levels were observed during the first 2 h followed by lower 

stable levels for 12 and 16 h with doses of 50 and 100 IU/kg, respectively. The initial 

insulin peak is probably related to the free insulin initially released from nanoparticles, 

directly absorbed and then eliminated from the blood by physiologic excretion. Then 

subsequent continuous absorption resulting in a stable level may be explained by 

continuous arrival of nanoparticles at the absorptive sites, and sustained release of 

insulin from the nanoparticles. Temporary retention of the mucoadhesive nanoparticles 
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in the upper intestine and late arrival to the preferred sites for insulin absorption [398] 

and for nanoparticle uptake in the posterior ileum [264, 310] may contribute to the 

delayed prolonged insulinemia values. Adhering nanoparticles remain at the insulin 

uptake sites for longer than that of released insulin, and thus continue to release insulin 

in a sustained manner. In addition, the extent of release within the gastrointestinal tract 

may be much less than observed in vitro due to the viscous lumen and fasted animal 

conditions.
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Figure 5.1.29 Serum insulin levels after oral administration of insulin-loaded nanoparticles in 50 ( ) and 

100 ( ) IU/kg doses, and oral insulin solution at 50 IU/kg ( ). Data represents the mean ± SD, n=6 per 

group.

The removal of insulin from the site of absorption may be considered to be one of the 

barriers against insulin absorption. For this reason, increasing the retention time of 

insulin on the mucosa due to adhesive particles can result in the improvement of its 

bioavailability [403, 404], which is concluded from Table 5.1.XIII. It is also possible 

that uptake of nanoparticles by Peyer’s patches in the posterior ileum [115] can 

contribute to the maintenance of insulinemia and consequent hypoglycemic effect. 
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Table 5.1-XIII Pharmacokinetic parameters for serum insulin levels after oral administration of insulin-

loaded nanoparticles in both 50 and 100 IU/kg doses and insulin solution 50 IU/kg. Data represents the 

mean ± SD, n=6 per group.

Bioavailability

 (ng/mL h) 

Tmax  

(h)

Cmax 

(ng/mL)

Insulin-loaded nanoparticles 50 IU/kg 5.1 ± 2.1* 2 0.59 ± 0.30 

Insulin-loaded nanoparticles 100 IU/kg 9.5 ± 3.7* 2 1.66 ± 0.86 

Oral insulin solution 50 IU/kg 2.1 ± 0.9 1 0.20 ± 0.10 

*Statistically significant differences from oral insulin solution control (p<0.05). Bioavailability 
determined based on AUC, Tmax- Time at maximum concentration of insulin in the blood, Cmax-
Maximum concentration of insulin in the blood. 

In general, bioavailability for reported oral insulin trials has been low. For instance, 

pH-responsive poly(methacrylic-g-ethylene glycol) hydrogel microparticles as oral 

insulin delivery systems to diabetic rats resulted in bioavailability less than 2.5 % [400] 

and chitosan nanoparticles resulted in bioavailability around 4 % [28]. Even for the new 

oral insulin formulations under clinical evaluation, the bioavailability is still limited 

[405]. However, the bioavailability of 7% obtained in the present work is considerably 

higher than that of previous studies showing improved insulin absorption. 

The mechanism and location of insulin absorption was examined using FITC-insulin. 

Figure 5.1.30 shows confocal images of intestinal sections after oral nanoparticle 

administration. Fluorescence was observed throughout the ileum tissue, both on the 

surface of the intestinal enterocytes and on the M-cells. As suggested above, the 

retention of insulin on the mucosa due to nanoparticle mucoadhesion and further insulin 

absorption appears to be demonstrated by the presence of FITC-insulin on the apical 

membrane of the intestine 3 h after administration. Also the dense Peyer’s patches 

region of the posterior ileum appeared labelled as seen in Figure 5.1.30D. Interaction of 

nanoparticles with M-cells of the Peyer’s patches would suggest that nanoparticles were 

concentrated on the follicle associate epithelium promoting the absorption of the 

insulin. Peyer’s patches have previously been associated with nanoparticle uptake [115, 

299, 406], occurring through adsorptive endocytosis [407]. The location of the 

fluorescent insulin may be seen below the surface layer of the enterocytes inside the 

intestinal wall in the three-dimensional section of Figures 5.1.30E and 5.1.30F (lateral 

X-Z plan) suggesting that the insulin is at various stages of internalization in the ileum. 
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In the negative control of rats treated with empty nanoparticles, autofluorescence 

associated with the intestinal tissue was not observed (Figure 5.1.30C). After oral 

administration of FITC-insulin solution, slight green fluorescence is visible associated 

with the intestinal walls and its mucus, even after rinsing with isotonic solution (Figure 

5.1.30B), possibly due to residual fluorescent products attached to the mucus associated 

with the intestinal walls. 

No one mechanism appears dominant in insulin uptake. Besides providing protection 

from degradation in the gastrointestinal tract, the mucoadhesive [408] and absorption-

enhancing properties of chitosan [9, 19, 409] and alginate [55] may contribute to the 

high insulin concentration on the surface of the intestinal wall and to its diffusion 

through the epithelium, promoting insulin absorption. Furthermore, chitosan is able to 

reversibly alter tight junctions without provoking damage to the cell membrane and 

without affecting the viability of intestinal epithelial cells [2, 28]. Mucoadhesive 

nanoparticles penetrating the mucous layer are able to prolong the residence time and 

the insulin released can interact deeply and permeate the intestinal barrier to the 

bloodstream. Simultaneously, paracellular absorption and endocytosis may be 

considered as synergic mechanisms for insulin absorption [115]. The paracellular 

pathway has been observed to contribute to protein absorption since it has been shown 

that most protein and polypeptide drugs diffuse through the aqueous-filled tight 

junctional pathway due to their hydrophilic nature [302]. However, it is commonly 

identified as limiting the absorption rate, due to the low surface area and tightness of the 

junctions of the intercellular spaces [302]. Internalization of insulin via adsorptive 

endocytosis occurring by non-specific interactions of nanoparticles with the cell 

membrane [46] or through clathrin mediated interactions [410] has been demonstrated 

as valid mechanisms for insulin absorption. Also, the direct uptake of nanoparticles 

carrying proteins by enterocytes is a limited but potential process, as recently reviewed 

[115], contributing to the total amount of absorbed insulin. Furthermore, the uptake of 

the nanoparticles by the M cells overlaying the Peyer’s patches can contribute to a 

longer hypoglycemic response [28, 240].  
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Figure 5.1.30 Confocal scanning microscopy images showing the association of FITC-insulin (green) to 

intestinal tissue (cell membranes in red). (A) Control intestinal section showing the villi (B) Inner apical 

intestinal section of rat treated with FITC-insulin oral solution (C) Intestinal section of rat treated with 

empty nanoparticles and Alexa Fluor colorant (D) Inner apical intestinal section of rat with Peyer’s 

patches (PP) treated with FITC-insulin nanoparticles. Peyer’s area show a deep green fluorescence (E) 

Inner apical intestinal section of Peyer’s patch areas of rat treated with FITC-insulin nanoparticles (F) 

Inner apical upper intestinal section of rat treated with FITC-insulin nanoparticles. The three-dimensional 

plan shows the internalization of labelled insulin. Grey lines indicate the plans where pictures were 

analyzed.

In summary, insulin-loaded alginate/chitosan nanoparticles produced by ionotropic 

pre-gelation/polyelectrolyte complexation, provided markedly enhanced intestinal 

absorption of insulin following oral administration. Nanoparticles lowered serum 

glucose levels of streptozotocin-induced diabetic rats at insulin doses of 50 and 100 

IU/kg up to 59 and 55% respectively, of their basal glucose level. The hypoglycemic 

effect and insulinemia levels due to insulin nanoparticles were significantly higher than 

that obtained from oral insulin solution and physical mixture of oral insulin and empty 

nanoparticles, revealing two to four fold improvement of oral relative pharmacological 

availability. In addition, the physiological effect was observed for more than 16 h. The 

mechanism of insulin absorption seems to be a combination of both insulin 

internalization, probably through vesicular structures in enterocytes and insulin-loaded 

nanoparticle uptake by Peyer patches. Alginate-chitosan nanoparticles appear promising 

as an oral delivery system for insulin and potentially for other therapeutical proteins.  
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5.2.Dextran sulfate/chitosan nanoparticles 
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5.2.1.Development, optimization and physical characterization of protein-loaded 

dextran sulfate/chitosan nanoparticles 

As mentioned previously, gentle nanoencapsulation conditions must be provided to 

assure the maintenance of the structural bioactivity of proteins. Particular attention has 

been given to protein-loaded chitosan-based nanoparticles [35, 234, 411]. Chitosan is 

characterized for its biodegradable, non-toxic and biocompatible properties providing 

several biomedical, pharmaceutical and food applications [19]. Moreover, chitosan has 

the significant potential of reducing transepithelial electrical resistance and transiently 

opening tight conjunction between epithelial cells [409]. In addition, its mucoadhesive 

property [408] is another advantage for promoting drug adsorption due to combination 

with anionic substructures such as sialic acid moieties of the mucosa layer. The 

adhesion of chitosan at the site of drug absorption offers various advantages for an 

improved uptake of therapeutic peptides [2, 3]. However, chitosan is highly soluble in 

acidic pH leading to premature protein release in the stomach when protein-loaded 

chitosan nanoparticles are administered orally [29]. Additional coincorporation of 

highly charged density polyanions onto chitosan nanoparticles can improve nanoparticle 

properties concerning protein association efficiency and modulation of drug release 

[412, 413]. It has been previously noted that the stronger the protein-polyions complex 

is, the slower will be the rate of protein release due to enhance of electrostatic 

interactions [414].

Taking into account these considerations, dextran sulfate and chitosan have been 

formulated as polyelectrolyte complex gels with swelling characteristics [415] and 

controlled release properties [416] and have been extensively used as multilayer films 

for cell culture [417]. Additionally, they are intrinsically hydrophilic, which contributes 

to longer circulation times in vivo and allows the encapsulation of water-soluble 

proteins.

Complex coacervation between chitosan and dextran sulfate is a mild process that 

was used to prepare nanoparticles at ambient temperature without using sonication or 

organic solvents. The physical and morphological properties of nanoparticles were 
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investigated in accordance with formulation parameters and the release profile of insulin 

was also determined regarding its potential for oral delivery.

The resulting dextran sulfate/chitosan nanoparticle colloidal suspension showed an 

intense and typical Tyndall effect. Thus, it is a suitable procedure to encapsulate 

materials such as proteins, which are sensitive to different stress factors [134]. Given 

that insulin is an amphoteric molecule, it is able to be electrostatically attached to 

nanoparticles composed of dextran sulfate and chitosan with a high avidity, allowing its 

association with the stable colloidal drug carrier.

Factors affecting the characteristics of dextran sulfate/chitosan nanoparticles and the 

optimal conditions for their preparation were studied. Primary assays were done in order 

to establish the range of polyelectrolyte concentrations to produce nanoparticles with an 

appropriate submicron size and a significant value of insulin AE. Therefore, 

concentrations ranging from 0.05% to 0.20% for both chitosan and dextran sulfate were 

used to prepare nanoparticles in the proportion of 1:1, at final pH of 4.8. Results are 

depicted in Table 5.2-I. 

Table 5.2-I Influence of polyelectrolytes concentration on nanoparticle properties. The ratio between 

chitosan and dextran sulfate was kept at 1:1 (w/w) (n=3, mean ± SD).

DS (%) Chitosan (%) Size (nm) AE (%) Zeta potential (mV) 
0.05 0.05 479 ± 118* 54.7 ± 4.8* 0.2 ± 0.1 

0.10 0.10 665 ± 210 71.5 ± 2.9* -0.4 ± 0.1 

0.15 0.15 846 ± 100 87.4 ± 2.7* 1.2 ± 0.3 

0.20 0.20 1012 ± 187* 96.4 ± 4.3* 3.2 ± 0.4 
* Statistically significant difference (p<0.05). 

As expected, increasing the polyelectrolyte concentration led to an increase of 

nanoparticle mean size in a linear dependency. Zeta potential was near zero for all 

formulations, which indicates that the balance between positive and negative charges is 

similar, as expected from positive and negative mass of both polyelectrolytes.  

The AE of insulin was also directly related to the polyelectrolyte concentrations. This 

trend is in agreement with the mechanism of protein association to polyelectrolyte 

nanoparticles mediated by ionic interactions. The presence of higher concentrations of 

polyelectrolytes probably shifts the ionic equilibrium between insulin and 
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polyelectrolytes toward the associated complexes. A similar conclusion was also drawn 

from insulin-loaded chitosan/TPP nanoparticles [10]. Considering the desired nanoscale 

size and insulin AE, 0.10% chitosan concentration was chosen for further experiments. 

Then, attempts to find the best dextran sulfate:chitosan mass ratio were done using 

stoichiometries shown in Table 5.2-II. 

Table 5.2-II Influence of dextran sulfate:chitosan mass ratio on nanoparticle properties (n=3, mean ± 

SD).

DS (%) Chitosan (%) DS: Chitosan 
mass ratio Size (nm) AE (%) Zeta potential 

(mV)
0.05 0.10 1:2 1612 ± 248* 48.6 ± 7.7* 2.4 ± 0.1* 

0.075 0.10 1:1.5 1577 ± 230* 34.0  1.7* 4.5 ± 7.5 

0.10 0.10 1:1 665 ± 210 71.5 ± 2.9* -0.4 ± 0.1* 

0.15 0.10 1.5:1 489 ±  11 85.4 ± 0.5 -14.2 ± 0.5* 

0.20 0.10 2:1 598 ± 25 87.2 ± 0.9 -16.7 ± 0.9* 

0.25 0.10 2.5:1 619 ± 39 90.6 ± 1.2 -21.5 ± 1.6* 
* Statistically significant difference (p<0.05). 

Nanoparticles formulated with a dextran sulfate:chitosan mass ratio of 1:2 showed 

higher mean particle size than those obtained with polysaccharide ratios of 1:1, 1.5:1, 

2:1 and 2.5:1 (P < 0.05), but no significant differences were found between these last 

four mass ratios. The finding that the ideal dextran sulfate:chitosan mass ratio is higher 

than 1:1 indicates that dextran sulfate is possibly a colloidal protector preventing 

particle aggregation and simultaneously a robustness factor influencing nanoparticle 

strength. In fact, only chitosan shows gelling properties. Dextran sulfate does not swell 

in aqueous environments, probably inducing a compressive effect on the nanoparticle 

matrix by increasing the final dextran sulfate:chitosan mass ratio. 

Zeta potential of the nanoparticles was dependent on the polyelectrolyte mass ratios. 

The zeta potential was almost zero for a dextran sulfate:chitosan mass ratio of 1:1, but 

decreased to -14.2 mV when more negative charged dextran sulfate was added (1.5:1) 

and even more (-16.7) when that ratio reached 2:1. Thus, it appears that the excess of 

dextran sulfate is placed mainly on the surface of the nanoparticle, which may interact 

with positively charged insulin and therefore causing an increase of insulin AE. 
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The obtained values for insulin AE showed a dextran sulfate:chitosan mass ratio 

dependency. The increase in dextran sulfate:chitosan ratio from 1:2 to 1.5:1 allowed the 

entrapment of more insulin although higher mass ratio than 1.5:1 did not cause any 

variation on insulin AE (P > 0.05). It can be postulated that the affinity of insulin to 

sulfate groups of dextran sulfate is higher than for amine groups of chitosan due the 

stronger electrostatic interaction between positively charged protein and negative sulfate 

groups. Thus, the dextran sulfate:chitosan mass ratio of 1.5:1 appeared to be adequate to 

entrap a higher amount of  insulin. Nanoparticles formulated with a dextran 

sulfate:chitosan mass ratio of 1.5:1 (0.15% dextran sulfate and 0.1% chitosan) were then 

selected to analyse the effect of additional curing time on nanoparticles properties. In 

order to assess this parameter, nanoparticles were produced and additionally stirred for 

5, 15 and 30 minutes. The obtained results are summarized in Table 5.2-III. The effect 

of nanoparticle curing time did not show any statistical difference on the mean size 

(P>0.05), which suggests a fast complexation between polyelectrolytes and a 

stabilization effect during additional stirring. The decrease of zeta potential with the 

curing time can be explained by the surface attachment of additional negative dextran 

sulfate molecules in excess in the surrounding aqueous medium, which is accompanied 

by a slight increase of particle mean size. Furthermore, insulin AE was independent of 

additional curing time since obtained results for different curing times were statistically 

similar (P > 0.05). It may be assumed that insulin interaction with polyelectrolytes 

happens very fast retaining the protein entrapped within the nanoparticles. 

Table 5.2-III Influence of curing time on nanoparticle properties (n=3, mean ± SD). 

DS (%) Chitosan
(%) 

Time of curing 
(min) Size (nm) AE (%) Zeta potential 

(mV)
0.15 0.10 5 452 ± 45 84.3 ± 1.5 -9.3± 0.3* 

0.15 0.10 15 489 ± 11 85.4 ± 0.5 -14.2 ± 0.5* 

0.15 0.10 30 543 ± 76 85.2 ± 2.0 -17.0 ± 0.3* 
* Statistically significant difference (p<0.05). 

Nanoparticles were then produced with a different MW dextran sulfate. 

Nanoparticles produced with both 8 and 500 kDa MW dextran sulfate resulted in 

practically the same mean particle size of around 490 nm and zeta potential around -15 
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mV, but the decrease of dextran sulfate MW from 500 to 8 kDa resulted in a small 

decrease of insulin AE from 85.4 to 81.4% (P < 0.05). Apparently, a longer polyanion 

chain has the capacity to bind proteins in a stronger complex [414]. Dextran sulfate is 

probably the component which is mainly responsible for the association of insulin to 

nanoparticles and therefore its MW can be important in determining the degree of 

association to insulin.  

The effect of initial amount of insulin was investigated by varying the 

polymer:insulin mass ratio to produce different nanoparticles and the results are 

depicted in Table 5.2-IV. Mean particle size was found to be statistically independent of 

the initial insulin loading as well as the insulin AE. In the range of initial insulin 

concentration studied, the insulin loading capacity varied from 0.5 to 3.8% (w/w). 

These values are relative low to expect a significant effect of insulin concentration on 

the final nanoparticle properties, as observed. Therefore, the insulin saturation capacity 

of the nanoparticles seems not to have been reached in this insulin concentration range, 

and consequently, the ionic nature of insulin association to nanoparticles is highlighted 

here. Zeta potential of nanoparticles slightly decreased with increasing initial insulin 

amount, indicating that a significant fraction of the protein is attached to the surface of 

the nanoparticles. 

Table 5.2-IV Influence of polymer:insulin mass ratio on nanoparticle properties (n=3, mean ± SD).

DS
(%) 

Chitosan
(%) 

Insulin
mass (%) Size (nm) AE (%) Zeta potential 

(mV)
0.15 0.10 0 493 ± 86 - -16.4 ± 2.6 

0.15 0.10 0.0012 504 ± 53 86.7 ± 1.9 -18.9  ± 0.5 

0.15 0.10 0.0035 527 ± 44 84.2 ± 0.8 -15.7  ± 0.1 

0.15 0.10 0.007 489 ± 11 85.4 ± 0.5 -14.2  ± 0.5 

0.15 0.10 0.01 603 ± 26 87.3 ± 1.9 -10.5  ± 0.1* 
* Statistically significant difference (p<0.05). 

Because of the acidic properties of dextran sulfate (pKa < 1), it probably shows 

negative sulfate groups in a wide range of pH. Chitosan as an ionizable polymer 

contains different properties according to the pH environment where it is dissolved. 

Consequently, nanoparticle properties are probably dependent on the pH of the aqueous 
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solution where they are produced. To assess this hypothesis, different nanoparticles 

were formulated, varying the final pH of the colloidal system by using chitosan 

solutions at different pH (Table 5.2-V). 

Table 5.2-V Influence of pH of chitosan solution on nanoparticle properties (n=3, mean ± SD).

DS pH Chitosan pH Final pH Size (nm) AE (%) Zeta potential 
(mV)

3.25 5.0 4.8 489 ± 11 85.4 ± 0.5 -14.2  ± 0.5 

3.25 4.0 3.9 505 ± 8 90.8 ± 1.3* -8.9  ± 0.5* 

3.25 3.0 3.2 522 ± 19 93.0 ± 1.5* -5.7  ± 0.1* 
* Statistically significant difference (p<0.05). 

The variation of the final pH of nanoparticle production between 4.8 and 3.2 did not 

significantly influence mean particle size. However, it decreased the value of zeta 

potential, probably because the degree of ionization of dextran sulfate shifts towards its 

protonated form. Insulin AE increased with the decrease of the final pH from 4.8 to 3.2 

mostly because insulin must be highly protonated at lower pH and, probably, the 

alteration of ionizable state of the protein promotes its interaction with sulfate groups of 

dextran sulfate.

Regarding the expected size range and insulin association efficiency, nanoparticles 

formulated with dextran sulfate:chitosan mass ratio of 1.5:1 prepared at final pK of 4.8 

and curing time of 15 min were selected as optimized formulation. Their morphology is 

depicted in Figures 5.2.1 and 5.2.2. SEM micrographs of dextran sulfate/chitosan 

nanoparticles (Figure 5.2.1) show irregular particles and unimodal size, in agreement 

with photon spectroscopy analysis.
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Figure 5.2.1 SEM micrographs of dextran sulfate/chitosan nanoparticles produced with a dextran 

sulfate:chitosan mass ratio of 1.5:1 at pH 4.8 at low concentration (left) and aggregated (right).

TEM images revealed a compact, condensed nanoparticle matrix with the same 

irregular structure observed by SEM. This irregular structure, highly aggregated is 

attributed to a strong interaction between polyions [418, 419], occurring very rapidly by 

random incorporation of different polymeric chains into the particle structure. The inner 

dark color is probably due to a deposition of the stain suggesting a relatively high 

density of nanoparticle matrix.  

Figure 5.2.2 TEM micrographs of dextran sulfate/chitosan nanoparticles produced with dextran 

sulfate:chitosan mass ratio of 1.5:1 at pH 4.8.
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Figure 5.2.3 Evaluation of the dextran sulfate/chitosan nanoparticle size during storage at 4ºC for 60 days 

(n = 3, mean ± SD). * Statistically significant difference (p<0.05).

The stability of nanoparticles was determined by the variation of mean particle size 

and zeta potential with the time. After production, nanoparticles were stored at 4ºC in 

aqueous suspension, and at pre-determined times, size and zeta potential were 

measured. Figure 5.2.3 shows that the results did not show significant differences in 

mean size or zeta potential up to 28 days of storage. An increasing effect was observed 

on size and zeta potential, after 28 and 42 days, respectively, possibly due aggregation. 

The physical stability was also evaluated regarding possible aggregation or surface 

alteration upon incubation with lysozyme as model degradation enzyme [27, 34]. Figure 

5.2.4 shows mean particle size and zeta potential during incubation with lysozyme 

dissolved in USP phosphate buffer pH 6.8 which is close to both the intestinal pH and 

the optimal pH for lysozyme enzymatic activity (pH 6.4) [162]. The incubation of 

control lysozyme with PBS under the same conditions did not result in formation of 

aggregates.
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Figure 5.2.4 Evaluation of the dextran sulfate/chitosan nanoparticle size and zeta potential following 

incubation in a lysozyme solution in USP phosphate buffer pH 6.8 at 37 ºC for 2 h (n = 3, mean ± SD). 

The mean particle size is seen to increase slightly in the first 15 min in lysozyme, but 

after 2 h, mean particle size dropped by 10%. It would appear that the nanoparticle 

structure was not significantly altered by lysozyme but surface properties may have 

been modified to some extent. It may be assumed that nanoparticles are relatively inert 

to lysozyme degradation. Although, glycoside bonds between the acetylglucosamine 

units of chitosan may be hydrolyzed [377], it is possible that lysozyme only interacts 

with chitosan on the surface on the nanoparticles without significantly altering its 

properties. Furthermore, ionically-crosslinked N-acetylglucosamine units of chitosan 

with negatively charged counter polyanions like dextran sulfate and tripolyphosphate 

have been shown to be resistent to lysozyme digestion in the form of bigger and porous 

microparticles [420]. The zeta potential was observed to slightly increase its initial 

absolute value during lysozyme treatment, from approximately -20 to -24 mV, which 

was the value of zeta potential obtained for insulin-free nanoparticles.  

It has been reported that complexation between polyelectrolytes having significant 

differences in their molecular weights and in nonstoichiometric ratios leads to the 
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formation of water-stable nanoparticles [418, 421]. Dextran sulfate is highly flexible, 

more charged than chitosan and used in excess for the formation of anionic 

nanoparticles. The conformational adaptation of dextran sulfate for a complete ion-

pairing with chitosan let enough unpaired sulfate groups without interact with any 

amine groups of chitosan to participate in the colloidal stabilization [421]. Electrostatic 

stabilization was probably able to provide relative inaccessibility to the enzymatic 

digestion of the nanoparticles. The more negative charged surface of dextran 

sulfate/chitosan nanoparticles may be attributed to the absence of positively charged 

insulin in the external layer of nanoparticles, desadsorbed from the surface.

Insulin release behaviour from dextran sulfate/chitosan nanoparticle was evaluated in 

different aqueous pH buffers and the results are plotted in Figure 5.2.5. 
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Figure 5.2.5 Cumulative insulin release from dextran sulfate/chitosan nanoparticles produced with 

dextran sulfate:chitosan mass ratio of 1.5:1 at  final pH of 4.8 in pH buffer of 1.2 ( ), 4.5 ( ), 5.2 ( ) and 

6.8 ( ) (n = 3, mean ± SD). 

Insulin was not released from nanoparticles at pH of 1.2, 4.5 or 5.2, but at pH 6.8, a 

sustained release profile was observed with 40% of the insulin being released within the 

first 15 minutes followed by a lower release rate. After 2 h, the amount of insulin 

released at pH 1.2 and 4.5 was insignificant and at pH 5.2, less than 4 % of insulin was 
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liberated. At pH lower than the pI of insulin (5.3) [257], insulin has an overall positive 

charge that is able to strongly interact with the polyanionic charge of nanoparticles 

provided by dextran sulfate. Within this pH range, the strong electrostatic interactions 

between insulin and dextran sulfate may contribute to retaining insulin within the 

dextran sulfate/chitosan network. Additionally, dextran sulfate/chitosan nanoparticles 

appear to preserve their physical integrity which also contributes to minimizing insulin 

release by nanoparticle erosion. After 2 h of assay at pH 6.8, 60% of the insulin was 

released and reached 73% after 24 h. The initial stage of insulin release at pH 6.8 is 

attributed to the insulin located at the surface and the remainder of the unreleased 

insulin is likely entrapped within the nanoparticles. These results lead to the assumption 

that the in vitro release behaviour of insulin from dextran sulfate/chitosan nanoparticles 

followed a dissociation mechanism and dextran sulfate/chitosan nanoparticles are pH-

sensitive delivery systems.  

To confirm whether the pH-dependent release from dextran sulfate/chitosan 

nanoparticles was mainly ruled by the physical-chemical properties of proteins, a 

different protein, hGH was formulated into dextran sulfate/chitosan nanoparticles in the 

same manner as insulin. Particles with mean size of 673 ± 254 nm, zeta potential of -5.2 

± 0.4 mV and hGH association efficiency of 86.9 ± 3.3% (n=3), properties close to 

insulin-loaded nanoparticles, resulted in release profiles in different pH buffers in 

accordance with those for insulin, as plotted in Figure 5.2.6. At pH lower than the pI of

hGH (5.0), the protein has an overall positive charge that is able to strongly interact 

with the high anionic charge density of nanoparticles provided by dextran sulfate. The 

strong electrostatic interactions between hGH and polyelectrolytes at this pH range may 

be responsible for the permanent hGH retention as also observed for insulin 

encapsulated in dextran sulfate/chitosan nanoparticles.
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Figure 5.2.6 Cumulative hGH release from dextran sulfate/chitosan nanoparticles produced with dextran 

sulfate:chitosan mass ratio of 1.5:1 at final pH of 4.8 in pH buffer of 1.2 ( ), 4.5 ( ), 5.2 ( ) and 6.8 ( )

(n = 3, mean ± SD).

The effect of dextran sulfate:chitosan mass ratio on the insulin cumulative release at 

pH 6.8 was then studied. As outlined in Figure 5.2.7, the increase of dextran 

sulfate:chitosan mass ratio from 1:1 to 2:1 decreased the insulin cumulative release. 

After 24 h, insulin release from nanoparticles prepared with dextran sulfate:chitosan 

mass ratio of 1:1. 1.5:1 and 2:1 was 76, 73 and 59 %, respectively. This finding 

suggested once more than dextran sulfate plays a key role in insulin entrapment as well 

on the sustained effect of insulin release.  
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Figure 5.2.7 Cumulative insulin release in pH buffer 6.8 from dextran sulfate/chitosan produced with 

dextran sulfate:chitosan mass ratio of 1:1 ( ), 1.5:1 ( )  and 2:1 ( ) (n=3, mean ± SD).

The retention of insulin in gastric followed by intestinal media, simulating the 

passage from stomach to intestine was investigated. Figure 5.2.8 shows that insulin was 

retained at gastric pH for 2 h. Following a pH change to 6.8, a two-step release pattern 

was observed, characterized by an initial rapid release during the first hour followed by 

a delayed release up to 6 h. Release of insulin at gastric followed by neutral pH appears 

to occur by a slow dissociation of insulin from the dextran sulfate-chitosan polymers 

and is pH-dependent. Ideally, insulin remains associated with nanoparticles in gastric 

conditions, and is only released at intestinal pH where absorption potential is optimal. 

Compared to other chitosan based nanoparticle formulations, and especially 

alginate/chitosan nanoparticles [239, 422], it may be deduced that dextran sulfate 

prevented premature release of insulin by provided higher insulin retention capacity 

than alginate at gastric pH, predicting lower insulin gastric degradation and higher 

availability of active insulin for absorption in the intestine.  
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Figure 5.2.8 Insulin release from dextran sulfate/chitosan nanoparticles produced with dextran 

sulfate:chitosan mass ratio of 1.5:1 in gastric pH 1.2 simulated fluid for 2h followed by 4h intestinal pH 

6.8 simulated fluid at 37ºC (n=3, mean ± SD).

The pharmaceutical properties of therapeutic proteins generally depend on the 

retention of their biological activity. Consequently, the pharmaceutical efficacy  should 

be assessed by monitoring the biological activity of protein at the end of the formulation 

process [17]. To determine the relative immunogenic bioactivity of insulin, a specific 

solid phase two-site enzyme-linked immunosorbent assay (ELISA) was applied. 

Electrostatic as well as hydrophobic interactions play a role in the interaction between 

paratope of antibody and epitope of insulin and, thus, it is assumed that protein epitopes 

are to some extent conformation dependent [423]. Upon coating of the ELISA plate 

with insulin, the possible loss of epitopes could be a consequence of insulin structural 

change. As shown in Figure 5.2.9, insulin released from nanoparticles in simulated 

intestinal pH without enzymes, fully retained  its bioactivity for at least 24 hours. These 

results seem to indicate that the insulin did not suffer degradation either through 

hydrolysis or fibrillation, but maintained its active form. 



Results and discussion from dextran sulfate/chitosan nanoparticles 

168

0

20

40

60

80

100

0.25 0.5 1 2 4 24
Time of release (h)

%
 in

su
lin

 b
io

ac
tiv

ity

Figure 5.2.9 The ELISA relative bioactivity of insulin released at pH 6.8 from dextran sulfate/chitosan 

nanoparticles produced with a dextran sulfate:chitosan mass ratio of 1.5:1 (black bars) and 2.1 (white 

bars) (n=3, mean ± SD).

Regarding the insulin fibrillation process, the formation of insulin fibers from human 

insulin at simulated intestinal pH with a lag time of 49.4 h has been reported [261]. 

Also, at the concentration range of 0.05 mg/mL, the same obtained in the present work, 

insulin was described as predominately in a dimer/hexamer form which is a factor of 

fibrillation delay [259]. Consequently, it is reasonable to assume that insulin molecules 

did not suffer fibrillation either during nanoparticle production or during release up to 

24 hours. 

In summary, dextran sulfate/chitosan nanoparticles produced by a mild coacervation 

method were suggested as a valid method to encapsulate insulin. Nanoparticles 

formulated by dropwise addition of a chitosan solution at pH 5 into a dextran 

sulfate/insulin solution at pH 3.2 according to a dextran sulfate:chitosan mass ratio of 

1.5:1, followed by 15 min of curing time, were selected as the optimized formulation. 

Morphology was assessed by electronic microscopy, confirming obtained granulometric 

analysis performed by photon correlation spectroscopy. Release studies established the 

ability of these nanoparticles to retain insulin at simulated gastric medium and pH 

buffers of 4.5 and 5.2 value, followed by a sustained release profile up to 24 hours in 
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simulated intestinal medium. Quantification of insulin released from nanoparticles by 

ELISA showed the preservation of its immunogenic bioactivity, opening good 

perspectives to the application of these nanoparticles as oral delivery systems for 

insulin.
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5.2.2.Characterization of insulin-loaded dextran sulfate/chitosan nanoparticles 

through Differential Scanning Calorimetry (DSC) and Fourier-transform Infra 

Red (FTIR) studies 

As mention before, DSC and FTIR can be used to characterize the interaction 

between polymers and between polymers and proteins [35, 380-382]. The thermograms 

of dextran sulfate/chitosan nanoparticles and isolated polymers are depicted in Figures 

5.2.10 and Table 5.2-VI.  Isolated polymers were characterized by the presence of initial 

endothermic peaks at 62.0 and 60.6 ºC for chitosan and dextran sulfate, respectively, 

and higher exothermic peaks at 311.0 and 210.5 ºC, respectively The dextran 

sulfate/chitosan nanoparticles exhibited a DSC broad endothermic peak between 50 and 

110 ºC and an exothermic peak at 222.5ºC, an intermediate value of the exothermic 

peaks obtained for isolated polyelectrolytes. Endothermic peaks have been correlated 

with evaporation of water associated to hydrophilic groups of polymers while 

exothermic peaks have been related to degradation of polyelectrolytes due to 

dehydration, depolymerization and pyrolitic reactions [384, 424].
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Figure 5.2.10 Thermograms of (a) chitosan at pH 5.0, (b) dextran sulfate at pH 3.25 and (c) dextran 

sulfate/chitosan nanoparticles produced with a dextran sulfate:chitosan mass ratio of 1.5:1at final pH of 

4.8. 
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Table 5.2-VI Peak temperatures and enthalpy changes in the DSC thermograms collected from insulin, 

dextran sulfate, chitosan and nanoparticles. Unloaded and insulin-loaded nanoparticles produced with a 

dextran sulfate:chitosan mass ratio of 1.5:1. 

Temperature (ºC) 
Sample

Onset Peak Endset 
H(J/g)

32.6 60.6 91.9 -178.2 Dextran sulfate 202.2 210.5 216.0 84.7 
     

30.0 62.0 108.5 -578.5 Chitosan 279.8 311.0 329.8 23.0 
     

48.1 62.3 72.3 -22.1 
72.3 83.0 95.2 -27.4 Insulin
192.6 251.1 266.6 54.3 

     
49.0 79.7 108.7 -175.8 Dextran sulfate/chitosan nanoparticles 214.0 222.5 226.5 90.3 

     
54.8 67.2 74.4 -55.3 

76.5 82.2  89.3 -17.3 Insulin-loaded dextran sulfate/chitosan 
nanoparticles 217.1 229.3 238.9 49.5 

The exothermic peak of dextran sulfate/chitosan nanoparticles is interpreted as the 

cleavage of electrostatic interactions between both polyelectrolytes. Similar electrostatic 

interactions have been described to explain chitosan/dextran sulfate interactions [416, 

425].  Additional exothermic behaviour was observed for temperatures higher than 325 

ºC, which is probably evidence of polymer decomposition. When comparing the 

temperature of water evaporation in isolated polymers and nanoparticles, it may be seen 

that it occurred later on the nanoparticle thermogram. Probably, a small amount of water 

remained associated with the nanoparticle matrix to hydrophilic residues of polymers 

and required higher temperature to be completely removed. This hypothesis supports 

the assumption of the formation of a high nanoparticle matrix density. 

Analyzing the effect of dextran sulfate:chitosan mass ratio on the thermograms of 

different nanoparticles (Figure 5.2.11), it is noted that by increasing this ratio, the value 

of the exothermic peak, firstly attributed to the cleavage of electrostatic interactions 

between both polyelectrolytes, decreases, approaching the exothermic peak of isolated 

dextran sulfate (210.5ºC).  It can be assumed that the contribution of dextran sulfate 

mass to the overall nanoparticle mass is as high as the initial dextran sulfate:chitosan 



Results and discussion from dextran sulfate/chitosan nanoparticles 

173

mass ratio. Thus, the higher the overall dextran sulfate mass, the lower is the relative 

number of negative charge groups that contribute to the electrostatic interaction with 

positive chitosan, decreasing the amount of energy required for the cleavage of 

electrostatic interactions. This is also confirmed by the lower value of the exothermic 

peak observed for higher dextran sulfate:chitosan mass ratio nanoparticles. 
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Figure 5.2.11 Thermograms of dextran sulfate/chitosan nanoparticles produced with a dextran sulfate: 

chitosan mass ratio of (a) 1:1, (b) 1.5:1, (c) 2:1 and (d) 2.5:1.

The thermogram of pure insulin shows two endothermic peaks at 62.3 and 83.0 ºC 

and a small but broad exothermic peak at 251.1 ºC (Figure 5.2.12). The two 

endothermic peaks which are attributed to denaturation and water loss [388], continued 

appearing on the insulin-loaded nanoparticles, indicating not only that the insulin was 

successfully entrapped, but also that no significant damage might have occurred in the 

insulin structure. The first endothermic peak seems to be a contribution of insulin, 

chitosan and dextran sulfate and the second, of minor intensity, a transition associated 

with the protein. The exothermic peak registered at 229.3 ºC appeared shifted to higher 

exothermic temperature than dextran sulfate/chitosan nanoparticles, which can be 

understood by an interaction between nanoparticle components and a slight increase of 
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resistance to thermic degradation. This resistance is probably the result of a new ionic 

chemical interaction between opposite group charges.  
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Figure 5.2.12 Thermograms of (a) insulin, (b) empty dextran sulfate/chitosan nanoparticles and (c) 

insulin-loaded dextran sulfate/chitosan nanoparticles produced with a dextran sulfate:chitosan mass ratio 

of 1.5:1 at pH of 4.8. 

In order to confirm dextran sulfate/chitosan interactions, isolated polymers and 

nanoparticles were analyzed by FTIR spectroscopy. Figure 5.2.13 shows spectra of 

dextran sulfate, chitosan and dextran sulfate/chitosan nanoparticles. The FTIR spectrum 

of chitosan shows a peak of amide bond at 1636 cm-1 due to C=O stretching and C-N 

stretching vibration, a strong protonated amino peak at 1573 cm-1 from N-H bending 

and at 1411 cm-1 from N-H stretching. In addition, the peak absorbance of amino groups 

of chitosan at 1153 cm-1 (N-H bending vibration) was also present as well as the peak 

around 1020 cm-1 associated with the symmetric stretch of C-O-C. Dextran sulfate is 

represented by sulfyl peaks near 1026 cm-1 (symmetric SOO  stretching vibration) and 

1261 cm-1 (asymmetric SOO  stretching vibration) as well as a band around 820 cm-1

corresponding to S-O-S vibrations. The chitosan peak at 1411 cm-1 and dextran sulfate 

peak at 1261 cm-1 can be used to monitorize the formation of nanoparticles since they 
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are exclusive of both polymers. FTIR spectrum of dextran sulfate/chitosan nanoparticles 

revealed small changes in the amine and sulfate absorption bands at 1568 and 1024   

cm-1, but peaks at 1413 and 1259 cm-1 were consistent with the presence of electrostatic 

interactions, clearly indicating the presence of both polyelectrolytes in the final 

nanoparticle composition.  
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Figure 5.2.13 FTIR spectra of (a) dextran sulfate at pH 3.25, (b) chitosan at pH 5.0 and (c) dextran 

sulfate/chitosan nanoparticles produced with a dextran sulfate:chitosan mass ratio of 1.5:1 at pH 4.8. 

Attempts to investigate the entrapment of insulin into dextran sulfate/chitosan 

nanoparticles were also done through FTIR analysis. Figure 5.2.14 depicts FTIR spectra 

of insulin, empty dextran sulfate/chitosan and insulin-loaded dextran sulfate/chitosan 

nanoparticles.  Insulin spectrum reveals two peaks on the nanoparticle absorption bands 

in the Amide I ( 1650 cm-1) and Amide II ( 1540 cm-1), mainly due to C=O stretching 

vibration, which is characteristic of the protein spectrum. These two peaks are also 

present in the insulin-free dextran sulfate/chitosan nanoparticle spectrum. Therefore, 

after insulin entrapment, the nanoparticle spectrum shows a very similar profile 
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compared with insulin-unloaded nanoparticles. However, an increase in the peak 

intensity at 1562 cm-1 and mainly at 1640 cm-1 can be understood as due to the presence 

of insulin. 
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Figure 5.2.14 FTIR spectra of (a) insulin, (b) dextran sulfate/chitosan nanoparticles and (c) insulin-

loaded dextran sulfate/chitosan nanoparticles produced with a dextran sulfate:chitosan mass ratio of 1.5:1 

at l pH.

In summary, interactions between dextran sulfate, chitosan and insulin were 

successfully confirmed by DSC and FTIR, demonstrating the composition of final 

nanoparticles.
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5.2.3.Effectiveness of dextran sulfate/chitosan nanoparticles for oral insulin 
delivery

Nanoparticle delivery systems which have been developed employing natural 

polysaccharides have the potential to maintain protein stability, increase the duration of 

the therapeutic effect as well as permit administration through non-parental routes 

[426]. Such polymers can be easily modified chemically and biochemically, and are 

highly stable, safe, non-toxic, with gel forming properties, suggesting their suitability to 

be used for oral protein delivery [18]. Chitosan, the most widely employed natural 

polysaccharide, is able to reduce the transepithelial electrical resistance, promoting the 

passage of small electrolytes and transiently opening tight conjunction between 

epithelial cells [409]. It is also able to combine with anionic sialic acid residues of the 

intestinal mucosa due to mucoadhesive properties [408]. The adhesion of chitosan at the 

site of insulin gastrointestinal absorption may offer various advantages for its uptake [2, 

3]. Previous work with chitosan coated alginate nanoparticles [422] and other chitosan 

based nanoparticles [10, 28] demonstrated their potential to orally administer insulin, 

but those formulations also showed premature gastric insulin release, exposing insulin 

to undesired gastrointestinal degradation.

Dextran sulfate is a biodegradable and biocompatible branched negatively charged 

polyanion able to strongly interact with positively charged proteins. Chitosan and 

dextran sulfate have been complexed to formulate different drug delivery systems [234, 

415-417], but their application to oral delivery of proteins has not been explored. They 

are intrinsically hydrophilic, which may contribute to the encapsulation of water-soluble 

proteins and to promote longer circulation times in vivo. Insulin was formulated into 

dextran sulfate/chitosan nanoparticles, which fully retained insulin  in simulated gastric 

medium, and sustain the release up to 24 h in simulated intestinal medium, while 

preserving its bioactivity [78]. 

The main objective of the present study was to determine whether insulin 

encapsulated in dextran sulfate/chitosan nanoparticles induced a hypoglycemic effect 

after oral administration to diabetic rats. Also, in order to predict the mechanism of 

insulin absorption from the gastrointestinal tract, fluorescent labeled insulin associated 

with nanoparticles was examined. 
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The pharmacological effect of insulin loaded nanoparticles was evaluated in diabetic 

rats dosed orally with 50 and 100 IU/kg, and changes in plasma glucose compared to 

those dosed subcutaneously with free insulin at 2.5 IU/kg and orally with empty 

nanoparticles. As observed in Figure 5.2.15, insulin nanoparticles were found to be 

effective in lowering the blood glucose levels at doses of 50 and 100 IU/kg. The 

hypoglycemic effect appeared more pronounced after 6 h for dose of 50 IU/kg, but a 

faster onset was observed for dose of 100 IU/kg. The values of cumulative 

hypoglycemic effect found for both groups treated with different insulin doses showed 

sustained lowering of the blood glucose levels, observed 8 h after administration up to 

24 h. Both doses resulted in minimum blood glucose, around 70% of the initial value, 

after 14 h. Previously, alginate/chitosan nanoparticles administered at the same insulin 

dose level [422] also reduced blood glucose levels to their minimum point after 14 h, 

but to just over 60% of the initial value. Nevertheless, the hypoglycemic effect was 

higher after 24 h for the dextran sulfate/chitosan nanoparticles and the PA found for 

both formulations were comparable, as confirmed from Table 5.2-VII, reflecting similar 

relative cumulative reduction in blood glucose levels. These results suggest that dextran 

sulfate/chitosan nanoparticles are able to provide insulin absorption on a continuous 

basis and for a longer time period than alginate/chitosan nanoparticles.
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Figure 5.2.15 Plasma glucose levels after administration of insulin-loaded nanoparticles produced with 

dextran sulfate:chitosan mass ratio of 1.5:1 insulin-loaded 50 ( ) and 100 ( ) IU/kg and empty 

nanoparticles ( ), compared to 2.5 IU/kg delivered sub-cutaneously ( ). Data represents the mean ± 

SEM, n=6 per group. *100 IU/kg dose showed statistically significant differences from negative empty 

nanoparticle control (p<0.05). 

To investigate whether nanoparticles facilitated intestinal absorption of free insulin, 

rats were treated orally with insulin alone, and with empty nanoparticles suspended in 

insulin solution (50 IU/kg). A slight decrease in glycemia after administration of oral 

insulin solution may be seen in Figure 5.2.16 for the first 6 h after administration, 

returning to basal levels. The presence of empty nanoparticles did not enhance the 

minor hypoglycemic effect of oral insulin solution, and therefore did not act as insulin 

absorption enhancers. Only the encapsulation of insulin into nanoparticles and the 

resulting protective effect highlighted the role of nanoparticulate delivery of insulin in 

producing a pharmacological response.  

*

*
*
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Figure 5.2.16 Plasma glucose levels after oral administration of insulin-loaded nanoparticles produced 

with dextran sulfate:chitosan mass ratio of 1.5:1 50 IU/kg ( ), oral insulin solution 50 IU/kg ( ), empty 

nanoparticles ( ) and suspension of empty nanoparticles in insulin solution 50 IU/kg ( ). Data represents 

the mean ± SEM, n=6 per group.

Table 5.2-VII Pharmacodynamic parameters after oral administration of insulin-loaded nanoparticles in 

both 50 and 100 IU/kg doses and insulin solution 50 IU/kg. Data represents the mean ± SD, n=6 per 

group.

Hypoglycemic effect 

(%)

PA

 (%) 

Tmax 

(h)

Cmin 

(% basal glucose) 

Insulin-loaded  nanoparticles 

50 IU/kg 
22.0 ± 10.5 5.6 ± 2.6* 14 66.8 ± 10.6 

Insulin-loaded nanoparticles 

100 IU/kg 
27.3 ± 3.8 3.4 ± 0.9 14 64.5 ± 7.3 

Oral solution 50 IU/kg 10.8 ± 1.6 1.6 ± 0.7 6 80.8 ± 8.3 

*Statistically significant differences from oral insulin solution control (p<0.05). Hypoglycemic effect 
determined based on AAC, Tmax- Time at minimum relative basal glucose concentration in the blood, 
Cmin- Minimum relative basal glucose concentration in the blood. 
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Dextran sulfate/chitosan nanoparticles appear to stabilize and protect entrapped 

insulin from degradation in the gastrointestinal track as free insulin did not induce a 

glycemic response. After administration, nanoparticles likely reached the upper small 

intestine. Due to the mucoadhesive properties of chitosan, nanoparticles adhere to the 

intestinal walls, starting the promotion of insulin absorption. In addition, ongoing 

adhesion is likely promoted by the viscous lumen and fasted animal conditions. It is 

hypothesized that the initial absorption of insulin is related to the high local insulin 

concentration favoring diffusion through the intestinal wall. Direct uptake of insulin has 

been ascribed to binding to specific insulin receptors in intestinal enterocytes [396-398] 

following passage to the interstitial space and then to the blood circulation. It was noted 

previously that the receptors located on the upper small intestine were saturated with 

insulin alginate/chitosan nanoparticles administered at dose of 50 IU/kg [422], and thus 

the higher insulin concentration gradient at dose of 100 IU/kg probably was not 

effective in promoting additional insulin absorption at this level. Therefore, the increase 

of physiologic effect when the dose increased from 50 to 100 IU/kg in the first 6 h may 

be understood as faster intestinal insulin absorption due to the increment of the number 

of nanoparticles that arrive to the posterior small intestine where they can be directly 

taken up by Peyer’s patches [115, 406]. The direct uptake of nanoparticles, is thought to 

occur to a lesser extent by enterocytes [115], and mainly in the Peyer’s patches of the 

posterior intestine, possible mechanisms contributing to the total amount of absorbed 

insulin. Higher insulin blood levels detected initially for a dose of 100 IU/kg as seen in 

Figure 5.2.17, confirm the absorption of insulin to a higher extent. Subsequent 

continuous absorption of insulin is probably due to ongoing sustained release of insulin 

during nanoparticle adhesion to the intestinal walls, and mainly due to passage of 

nanoparticles to the posterior small intestine, contributing to the plateau level of 

hypoglycemia. Despite mucoadhesive properties, nanoparticles probably slide along the 

intestine maintaining their physical structure. In fact, chitosan and chitosan-based 

microspheres have shown mucoadhesive capacities in vitro, and concomitant slow 

upper small intestinal transit in vivo, but this intestinal retention was limited to a few 

hours [427, 428] and not affected by particle size of the dosage form [427]. The arrival 

of nanoparticles to the posterior intestine probably occurs in a few hours and since 

adhesive properties are maintained, uptake is promoted.   
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Compared with the in vitro simulation, the extent of release in the gastrointestinal 

tract may be much less, and thus nanoparticles must be able to retain significant insulin 

loading when taken up. Uptake of the nanoparticles by the M cells on the Peyer’s 

patches has been explained as responsible for longer hypoglycemic response [28, 240]. 

Furthermore, possible immunological consequences after oral insulin administration are 

believed to be absent. In fact, the prevalence of anti-insulin antibodies in diabetic people 

have been largely absent, mainly as a consequence of improvements in the purification 

of insulin [429].

The hypoglycemic effect after 8 h was observed to be similar for both doses, 

different than that observed for the first hours of assay. It seems that the improvement 

of absorption was limited to the first hours when the entrance of nanoparticles to the 

posterior intestine was proportional to the number of nanoparticles administered. 

Nevertheless, the overall bioavailability of insulin as outlined in Table 5.2-VIII, clearly 

demonstrated that it was higher when insulin was administered orally through 

nanoparticle delivery, in dose of 100 IU/kg, compared with dose of 50 IU/kg and insulin 

solution at 50 IU/kg, suggesting a relative dose/effect response. 
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Figure 5.2.17 Serum insulin levels after oral administration of insulin-loaded nanoparticles produced 

with dextran sulfate:chitosan mass ratio of 1.5:1 50 ( ) and 100 ( ) IU/kg doses, and oral insulin 

solution at 50 IU/kg ( ). Data represents the mean ± SD, n=6 per group. 
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Table 5.2-VIII Pharmacokinetic parameters for serum insulin levels after oral administration of insulin-

loaded nanoparticles in both 50 and 100 IU/kg doses and insulin solution 50 IU/kg. Data represents the 

mean ± SD, n=6 per group.  

Bioavailability 

 (ng/mL h) 

Tmax 

(h)

Cmax  

(ng/mL)

Insulin-loaded nanoparticles 50 IU/kg 2.46 ± 1.47 8 0.46 ± 0.16 

Insulin-loaded nanoparticles 100 IU/kg 5.25 ± 2.14 10 0.60 ± 0.20 

Oral insulin solution 50 IU/kg 1.75 ± 0.87 1 0.22 ± 0.16 

Bioavailability determined based on AUC, Tmax- Time at maximum concentration of insulin in the blood, 
Cmax- Maximum concentration of insulin in the blood. 

In order to evaluate the potential improvement of insulin absorption by nanoparticles 

composed by higher chitosan composition, nanoparticles were prepared with a dextran 

sulfate:chitosan mass ratio of 1:1.5 and administered orally to diabetic rats. The results 

plotted in Figure 5.2.18 compare the cumulative hypoglycemic effect of the two 

different nanoparticle formulations prepared with dextran sulfate:chitosan mass ratio of 

1.5:1 and 1:1.5 (Table 5.2-II). The formulation containing a higher fraction of chitosan 

was able to decrease the blood glucose levels compared with the single insulin solution. 

However, only minor differences in the lowering of glucose levels and total cumulative 

hypoglycemic effect were found between nanoparticles prepared with dextran 

sulfate:chitosan mass ratio of 1.5:1 and 1:1.5. In the literature it is well established that 

nanoparticle intestinal translocation increases when the particle diameter decreases 

[306]. However, it is also reported that this trend is not absolute. Although lower than 

for nanoparticles with 100 nm, the efficiency of nanoparticle uptake from rat intestinal 

tissue with Peyer’s patches was very similar for nanoparticles of 500 nm and particles 

of 1 and 10 micron [374]. Also, the Caco-2 cell uptake of nanoparticles was found very 

close for 500 and 1000 nm particles [430]. The size range of nanoparticles is similar to 

that used in the present study and thus it is hypothesed that small differences would be 

expected between both formulations. In addition, theoretical improvement of insulin 

absorption would be obtained by nanoparticles prepared with dextran sulfate:chitosan

mass ratio of 1:1.5 due to improved mucoadhesivity because of the higher chitosan 

fraction. It is possible that nanoparticles with dextran sulfate:chitosan mass ratio of 

1:1.5 stick strongly within the intestinal layer in the first hours after administration, 
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resulting in a slightly lower blood glucose decrease compared to nanoparticles with 

dextran sulfate:chitosan mass ratio of 1.5:1. However, nanoparticles prepared with a 

smaller fraction of dextran sulfate are probably less able to retain insulin at intestinal pH 

and protect it against degradation [78] suggesting once more the important role of 

dextran sulfate in providing protection to the insulin. Thus, it is possible that the 

protection of insulin within nanoparticles made of dextran sulfate:chitosan mass ratio 

1:1.5 decreases compared with those of 1.5:1, resulting in less insulin absorption after 

10 h through nanoparticle uptake.
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Figure 5.2.18 Plasma glucose levels after oral administration of different insulin-loaded nanoparticles 

prepared with dextran sulfate:chitosan mass ratio of 1:1.5 ( ) and 1.5:1( ) 50 IU/kg compared with oral 

insulin solution ( ) 50 IU/kg. Data represents the mean ± SEM, n=6 per group.  

Insulin nanoparticles administered orally at a dose level of 50 IU/kg, lowered glucose 

blood levels of both normal and diabetic rats compared with empty nanoparticles, as 

observed from Figure 5.2.19. The hypoglycemic effect showed a faster onset in normal 

rats, but was longer and more pronounced for diabetic rats. The results seem to indicate 

that diabetic rats are more responsive to insulin than healthy rats. Moreover, the 

absolute decrease in blood glucose levels for diabetic animals suggests the improvement 
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of the intestinal absorptive mechanisms of insulin, appearing to develop additional 

affinity to insulin absorption. 
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Figure 5.2.19 Plasma glucose levels after oral administration of insulin-loaded nanoparticles produced 

with dextran sulfate:chitosan mass ratio of 1.5:1 50 IU/Kg in healthy rats ( ) and diabetic rats ( ) and 

unloaded nanoparticles in healthy rats ( ) and diabetic rats ( ). Data represents the mean ± SEM, n=6 per 

group.

Investigations on possible insulin absorption mechanisms were examined using 

FITC-insulin. Resulting FITC-insulin loaded nanoparticles with similar mean particle 

size of insulin-loaded nanoparticles (~ 500 nm) were administered orally to diabetic rats 

and intestinal epithelial sections observed through confocal microscopy and compared 

to rats dosed with empty nanoparticles.  

As observed in Figure 5.2.20, FITC-insulin nanoparticles were located between villi 

(C) and on the surface and inside of anterior (D) and posterior intestinal epithelium (E). 

Intestinal rat section administered with empty nanoparticles (B) is shown as control 

where autofluorescence associated with the intestinal tissue was not observed.
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The retention of insulin nanoparticles on the mucosa due to mucoadhesion and 

further insulin absorption appears to be demonstrated by the presence of FITC-insulin 

on the surface of villi (C) and on the apical membrane of the intestine (D, E) 3 h after 

administration. Further investigations revealed the presence of internalized FITC-insulin 

within the intestinal wall (D, E). The anterior intestinal region (D) appears to be less 

rich in FITC-insulin than the posterior region, which can indicate that insulin was 

internalized by different mechanisms depending on the depth that nanoparticles crossed 

the intestinal tract. Also, nanoparticles on the surface of intestinal mucosa were partially 

removed during the rinsing step before membrane staining, probably decreasing the 

observed fluorescence. In the anterior intestine, mucoadhesive nanoparticles probably 

attached to intestinal walls favoring the absorption of insulin, as hypothesized above. 

The mucoadhesive [408] and absorption-enhancing properties of chitosan [9, 19, 409] 

may be fundamental to the insulin concentration on the surface of the intestinal wall and 

to its diffusion through the epithelium, promoting insulin absorption. Mucoadhesive 

nanoparticles penetrating the mucous layer are able to prolong the residence time and 

released insulin can interact deeply and permeate the intestinal barrier to the 

bloodstream.

The presence of green fluorescence in a great extent on the posterior intestine (E) 

seems to demonstrate the presence of FITC-insulin in a deeper layer than the intestinal 

surface. The XZ and XY lateral planes clearly demonstrate that FITC-insulin is 

positioned below the apical membrane of the intestine, and therefore it was able to pass 

through the surface layer of enterocytes. Although it is not clear from Figure 5.2.20 that 

insulin nanoparticles were absorbed through Peyer’s patches pathway, even though 

there is no specific fluorescent marker to identify M cells [407], there is evidence that 

the posterior ileum is the most prominent area of Peyer’s patches, and the site where 

nanoparticles can be absorbed with higher efficacy [264, 310]. 
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Figure 5.2.20 Confocal scanning microscopy images showing the association of FITC-insulin (green) to 

intestinal tissue (cell membranes in red). (A) FITC-insulin nanoparticle suspension. (B) Inner apical 

intestinal section treated with control empty nanoparticles. (C) Transversal section of intestinal 

epithelium. Longitudinal sections of anterior (D) and posterior (E) intestinal epithelium treated with 

insulin-loaded nanoparticles (~ 500 nm). The intestinal line is demarked by the red line of cellular 

membranes. Also, green dots correspond to the FITC-insulin (white arrows) can be observed both 

attached to the surface and inside the intestinal wall. The three-dimensional plan shows the internalization 

of labelled insulin. Grey lines indicate the plans where pictures were analyzed.

In summary, insulin-loaded dextran sulfate/chitosan nanoparticles produced by 

polyelectrolyte complexation provided markedly enhanced intestinal absorption of 

insulin following oral administration. Nanoparticles lowered serum glucose levels of 

streptozotocin-induced diabetic rats at insulin doses of 50 and 100 IU/kg up to 67 and 

64% respectively, of their basal glucose level. The hypoglycemic effect and insulinemia 

levels due to insulin nanoparticles were considerably higher than those obtained from 

oral insulin solution and suspension of empty nanoparticles in insulin solution, 

revealing two to three fold improvement of oral relative pharmacological availability. In 

addition, the hypoglycemic effect was observed for more than 24 h. The mechanism of 

insulin absorption seems to be associated with insulin internalization, probably through 

vesicular structures in enterocytes and insulin-loaded nanoparticle uptake by Peyer 

patches, although no single mechanism could be identified. Dextran sulfate/chirosan 

nanoparticles demonstrated promise as oral delivery system for insulin and potentially 

for other therapeutic proteins.  
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Natural polysaccharides have been extensively investigated as carriers in the field of 

drug delivery, namely on protein peroral delivery. Alginate and chitosan by virtue of 

their physicochemical and biocompatible properties and mild gelation conditions [55] as 

well as dextran-based systems [431], have gained wide acceptance in the design of oral 

delivery of peptide or protein drugs. Also, most of the synthetic polymers are 

immunogenic and the incorporation of proteins into these polymers requires harsh 

formulation conditions which may denature and inactivate the desired protein. 

In this research work, two novel biodegradable nanoparticle systems composed of 

polysaccharides were developed to encapsulate insulin, with the intent to administer 

insulin orally.  

The first approach involved the ionotropic pre-gelation of alginate in presence of 

calcium counterions, which led to the formation of alginate nuclei, followed by chitosan 

complexation. Insulin association was achieved by physical interaction between the 

protein and both polymers simultaneously during nanoparticle formation. Optimization 

of the formulation, regarding the formulation of particles in the nanosize range with 

highest AE, was carried out by varying formulation parameters such as M:G alginate 

ratio, MW of chitosan, pH of nanoparticle production, time of pre-gelation induction, 

speed of magnetic stirring and alginate:chitosan mass ratio. Low-G alginate and low 

MW chitosan formulated at pH 4.7 during 60 min of pre-gelation time at 800 rpm 

mixing speed resulted in nanoparticles with AE of insulin around 80%. Nanoparticles 

appeared irregular spheroidal shaped and partially aggregated but were readily 

ressuspended. Nanoparticles were able to maintain the mean size during storage in 

aqueous dispersion for up to 28 days and in the presence of lysozyme as model of 

degradative enzyme for up to 2 h. The release of insulin from alginate/chitosan 

nanoparticles under simulated gastrointestinal pH conditions reached 70% after 6 h, 

although the retention of insulin was superior in gastric pH compared to intestinal pH. 

At pH 1.2, 40% of the insulin was released after 2 h and 50% after 24 h. At pH 6.8, the 

release increased additional 20 and 40% after 2 and 24 h, respectively. Although the 

partial release at gastric pH is not desired, most of the protein could reach the potential 

sites of absorption in the intestine within the nanoparticle matrix. Interestingly, at 

intermediate pH values, the release was reduced, indicating that it occurred in a pH-
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dependent manner, in agreement with charge balance of functional groups of insulin and 

polysaccharides. Furthermore, insulin released from nanoparticles was demonstrated to 

be immunologically active. The composition of nanoparticles was confirmed by DSC 

and FTIR. Both techniques demonstrated polyelectrolyte complexation between alginate 

and chitosan forming nanoparticles at different pH values and alginate:chitosan mass 

ratio and also demonstrated the incorporation of insulin. The second derivative FTIR 

and CD techniques were both used to study the secondary conformation of insulin 

during the formulation process. In agreement with the results from the immunogenic 

activity demonstrated previously, it was possible to observe that insulin maintained its 

structure after encapsulation and also after being release under both gastric and 

intestinal pH conditions. Insulin was thus shown to be stable during nanoparticle 

formulation. Finally, insulin-loaded alginate/chitosan nanoparticles were intragastrically 

administered to diabetic rats and blood glucose and insulin levels monitored for up to 24 

h. The formulation triggered a hypoglycemic response at doses of 25, 50 and 100 IU/kg, 

significantly different from the effect due to oral insulin solution administration, in a 

dose-response manner between doses of 25 and 50 IU/kg but no additional response was 

observed between doses of 50 and 100 IU/kg. The PA was around 7% for doses of 25 

and 50 IU/kg as compared with the subcutaneous administration. The intestinal 

absorption of insulin was demonstrated by confocal microscopy and a combination of 

mechanisms was proposed to justify its absorption, namely the direct uptake by 

enterocytes via vesicular internalization, paracellular passage through opened tight 

junctions, nanoparticle uptake by Peyer’s patches, and protein intestinal absorption.

Despite the improvement of oral insulin bioavailability provided by alginate/chitosan 

nanoparticles, their usefulness may be limited by the premature gastric release of insulin 

observed during in vitro simulation. Since insulin is positively charged at gastric pH, 

lower that its isoelectric point, the replacement of alginate by a permanent negative 

polyanion like dextran sulfate was suggested to avoid such release. Nanoparticles 

formulated by mild coacervation between dextran sulfate and chitosan aqueous 

solutions were obtained and once more optimized regarding sub-micron size and high 

AE. Final concentration of polymers, dextran sulfate:chitosan mass ratio, MW of 

dextran sulfate, time of complexation and speed of magnetic stirring were studied to 

establish ideal conditions. High MW dextran sulfate and low MW chitosan at 
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concentration of 0.15 and 0.10% respectively, resulted in irregular, spheroidal 

nanoparticles around 500 nm and unimodal size distribution with AE of insulin around 

85% formulated at final pH 4.8 during 15 min of curing time after complexation at 600 

rpm. Nanoparticles maintained the mean size during storage in aqueous dispersion up to 

28 days and resisted lysozyme degradation up to 2 h. Insulin release under simulated 

gastric pH conditions was minimized during 2 and additional 24 h assay, and at pH 

conditions below its isoelectric point. However, at intestinal pH, a continuous release 

profile was observed reaching 75% up to 24 h. Similar release profiles were obtained 

for hGH as an alternative protein model. Not only was insulin release absent under 

simulated gastric conditions, but also the released insulin at intestinal pH maintained its 

immunological bioactivity, The composition of dextran sulfate/chitosan nanoparticles 

was also confirmed by DSC and FTIR. Both techniques demonstrated the coacervation 

between dextran sulfate and chitosan forming nanoparticles at different pH values and 

dextran sulfate:chitosan mass ratio and the successful incorporation of insulin. In the 

same way like the previous formulation, diabetic rats were treated orally by 

administration of insulin-loaded dextran sulfate/chitosan nanoparticles to evaluate the 

biological effect of insulin. Sustained lowering of the blood glucose levels were 

observed for up to 24 h with overall higher bioavailability when administered in dose of 

100 IU/kg compared with 50 IU/kg. The PA was 6%, reflecting similar relative 

cumulative reduction in blood glucose levels compared to alginate/chitosan 

nanoparticles at the same dose. Although the absorption of insulin had been confirmed 

by confocal microscopy and attributed to the same mechanisms that were identified for 

alginate/chitosan nanoparticles, the improvement in the capacity to avoid gastric release 

by dextran sulfate/chitosan nanoparticles appeared to not benefit the intestinal 

bioavailability. The absence of mucoadhesive properties of dextran sulfate may limit 

and not take advantage of the gastric retention of insulin that dextran sulfate can 

provide. Alternatively, the mucoadhesive properties of alginate could compensate for 

the more limited ability to protect insulin against gastric release. In the end, both 

formulations resulted in comparable hypoglycemic effect. 

The values of insulin bioavailability obtained in the present work are positive, as 

they are higher than that of previous studies showing improved insulin absorption, 
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suggesting that nanoparticles composed by alginate/chitosan or dextran sulfate/chitosan 

are promising oral protein carriers. 

The development of efficient systems for administering insulin orally has met with 

limited positive results, despite the use of many strategies to overcome the barriers to 

absorption that are presented by the gastrointestinal tract. Thus, methods to deliver oral 

insulin continue to be investigated extensively. Enhancing the chemical stability of 

insulin, protecting against proteolytic enzymes, incorporating insulin into 

nanoparticulate systems and using surfactants or emulsions to increase the permeability 

of the intestinal mucosa have achieved only limited and variable success in improving 

absorption.

The first commercially available product as alternative to regular subcutaneous 

insulin administration was the inhaled human insulin Exubera®, recently approved in 

the European Union and the United States for preprandial use in adult patients with 

diabetes mellitus [256]. This formulation of insulin has a more rapid onset, but similar 

duration, of glucose-lowering activity compared with subcutaneously administered 

regular human insulin. Simultaneously, clinical studies have been conduct by 

pharmaceutical companies regarding the introduction of oral human insulin on the 

market. Using proprietary eligen® technology, Emisphere Technologies have orally 

delivered insulin, safely and effectively, in humans [432, 433]. The eligen® technology 

relies on the development of small organic molecules (200–400 Da), termed carriers, 

that interact non-covalently with macromolecules like insulin, enabling insulin to cross 

cell membranes by transcellular transport process [434]. The eligen® delivery agent then 

dissociates from the insulin, which reestablishes its natural conformation and returns to 

its therapeutically active state without involving chemical modification of the protein or 

the integrity of the cell membrane and cytoskeletal structure. The safety of this approach 

has been confirmed in more than 100000 human doses [432]. 

NOBEX oral drug delivery, from NOBEX Corporation is another technology applied 

successfully to insulin creating an orally absorbed, bioactive conjugate, hexyl insulin, 

which is safe and rapidly absorbed and which demonstrates dose-dependent, glucose-

lowering effects in animal models, healthy volunteers and type 1 diabetic patients [435]. 

This technology is based on modification of peptides, proteins and small organic 

molecules by attachment of one or more amphiphilic oligimers [435]. Attachment of 
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these oligomers results in stability to enzymatic degradation, improved solubility to 

allow optimized formulation, and modification of pharmacology to prolong circulating 

half-life and activity. Bioavailability of 5% has been reached in ongoing phase I and II 

clinical trials.  

Coremed Inc is currently in development of Intesulin, an orally administered insulin 

and  have recently announced positive findings on its oral insulin formulation from a 

study conducted in diabetic animals [436]. The findings demonstrated an effective 

insulin action over a wide range of insulin doses. The study also showed significant 

reduction in blood glucose levels. 

Despite this progress, it seems understandable that the success of insulin oral 

delivery may be based on its encapsulation into nanoparticles with mucoadhesive 

properties. The massive amount of research presently on the encapsulation of insulin 

into these carriers, especially those made by natural biopolymers regarding insulin oral 

delivery and absorption, is promising. Furthermore, the results presented in this thesis 

also show important promise.  

In terms of future study, the mechanisms of insulin absorption must be clearly 

understood as well as the relationship between the insulin nanoparticle carrier and the 

efficacy of absorption. It is important to determine and compare the relationship 

between oral absorption of proteins with the pharmacokinetics/pharmacodynamics by 

using appropriate animal models with similitude to humans. Another necessary task is 

to correlate in vivo results with the apparent permeability coefficients obtained in vitro

on cell co-cultures and on isolated intestinal tissue. An ideal in vitro intestinal cell 

model based on Caco-2 cells, already studied or improved, must be established 

regarding the higher protein intestinal absorption rate maintaining its biological activity. 
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