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El principal objetivo de este trabajo ha sido el desarrollo de sistemas micro- y 
nanoparticulares compuestos por polisacáridos y destinados a la administración 
pulmonar y nasal de macromoléculas terapéuticas, tales como péptidos, proteínas 
y ADN. Se prepararon microsferas de quitosano y quitosano/glucomanano
mediante un proceso de atomización, cuyas características morfológicas y 
aerodinámicas, así como su capacidad de asociar y liberar insulina (molécula 
modelo) resultan adecuadas para su administración por vía pulmonar. El potencial 
de dichas formulaciones se ha visto reforzado por los resultados obtenidos en los 
diferentes estudios realizados in vitro en cultivos celulares, que demuestran su 
efecto promotor de la absorción de macromoléculas, su reducida citotoxicidad y su 
capacidad bioadhesiva. Por otra parte, utilizando una técnica de gelificación iónica 
extremadamente suave, se prepararon nanopartículas compuestas por quitosano y 
derivados aniónicos de ciclodextrina, en cuya estructura fue posible incorporar 
eficazmente macromoléculas (insulina y ADN). Dichos sistemas demostraron una 
excelente capacidad de atravesar barreras celulares y mucosas (nasal). Finalmente, 
y como prueba de concepto del potencial de estas nanopartículas, se realizaron 
estudios de expresión genética in vitro utilizando un modelo de epitelio 
nasal/bronquial, así como estudios in vivo (administración nasal), que condujeron a 
la obtención de prometedores resultados en cuanto a eficiencia de transfección y 
descenso de los niveles de glucemia, respectivamente. 

The main objective of the present work was the development of micro- and 
nanoparticulate systems made of polysaccharides, intended for pulmonary and 
nasal delivery of therapeutic macromolecules, such as peptides, proteins and DNA. 
Chitosan and chitosan/glucomannan microspheres, whose morphological and 
aerodynamic characteristics as well as capacity to associate and release insulin 
(model molecule) resulted adequate for being administered by the pulmonary route, 
were prepared by spray-drying. The potential of these formulations was reinforced 
by the results obtained in the different in vitro studies performed in cell cultures, 
demonstrating their ability to enhance the permeation of macromolecules, reduced 
cytotoxicity and bioadhesion. On the other hand, nanoparticles consisting of 
chitosan and anionic cyclodextrin derivatives were prepared by the extremely mild 
ionic gelification technique and macromolecules (i.e. insulin and DNA) were 
entrapped into the nanostructure very efficiently. These systems evidenced their 
excellent capability to overcome cellular and mucosal barriers (i.e. nasal). Finally, 
as a proof-of-concept of the potential of these nanoparticles, in vitro gene 
expression studies (nasal/bronchial epithelium model) and in vivo studies (nasal 
administration) were performed, obtaining promissing results with regard to 
transfection efficiency and decrease of glucose levels, respectively. 
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INTRODUCCIÓN 

 
1. Interés de las vías pulmonar y nasal para la administración de  
      macromoléculas terapéuticas 

Los avances producidos en los últimos años en el campo de la biotecnología 

han dado lugar a la obtención de nuevas macromoléculas, tales como péptidos, 

proteínas, antígenos y ADN plasmídico, que poseen un enorme potencial 

terapéutico. La mayor parte de estos compuestos comparten, sin embargo, una 

serie de limitaciones para su administración por la vía oral, dada su inestabilidad e 

intensa degradación proteolítica en los fluidos gastrointestinales, y su elevado peso 

molecular e hidrofilia, características que dificultan su paso a través del epitelio 

intestinal. Es por ello que la mayoría de los tratamientos establecidos para este tipo 

de macromoléculas recurren a administración parenteral, la cual conlleva una serie 

de inconvenientes a diversos niveles, principalmente un elevado coste de 

producción, el requerimiento de personal especializado para su administración y la 

baja aceptación y el consiguiente incumplimiento de la pauta posológica por parte 

del paciente.   

En los últimos años, las vías nasal y pulmonar  han adquirido un gran interés 

como rutas alternativas a la parenteral para la administración de nuevas 

macromoléculas terapéuticas con efecto sistémico. Esto es debido, principalmente, 

a que los epitelios nasal y alveolar constituyen zonas de absorción relativamente 

permeables y altamente irrigadas, que evitan el efecto de primer paso hepático y 

que poseen una baja actividad enzimática en comparación a la gastro-intestinal1,2 

(Figura 1).   

 

 
1 Arora P., Sharma S., Garg S., Permeability issues in nasal drug delivery, DDT, 7 (2002) 967-975. 
2 Patton J.S., Platz R.M., Routes of delivery: case studies. 2. Pulmonary delivery of peptides and proteins for 
systemic action, Adv. Drug. Del. Rev., 8 (1992) 179-196. 
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Figura 1. Dibujo de las distintas partes que componen el tracto respiratorio. Especialmente 

señaladas se hallan las zonas nasal y alveolar, donde la absorción sistémica es más 

importante (adaptado de http://www.medicinenet.com). 

 

Sin embargo, también presentan una serie de limitaciones relacionadas con 

los propios mecanismos de defensa del organismo. Estos son, en el caso de la vía 

pulmonar: a) el recodo orofaríngeo, donde se depositan las partículas inhaladas 

mayores de 8 µm3; b) el ascensor mucociliar, en el que se ven implicados la capa 

de mucus y los cilios epiteliales, que envuelven, atrapan y expulsan hacia el exterior 

las partículas extrañas (≈4-6 µm) que hayan podido penetrar en la región 

traqueobronquial4; c) los macrófagos alveolares, que constituyen la principal línea 

de defensa del pulmón y capturan las partículas inhaladas (virus, bacterias, 

                                                 
3 Hanes J., Dawson M., Har-el Y., Suh J., Fiegel J., Gene delivery to the lung. En: Hickey A.J. (Ed.), 
Pharmaceutical inhalation aerosol technology, Marcel Dekker, New York, (2004) pp. 489-539. 
4 Altiere R.J., Thompson D.C., Physiology and Pharmacology of the airways. En: Hickey A.J. (Ed.), Inhalation 
aerosols: physical and biological basis for therapy, Marcel Dekker, New York, (1996) pp. 85-138. 
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polvo,...) que han escapado previamente al aclaramiento mucociliar5; y d) la propia 

eliminación con el aire exhalado de las partículas que, por su extremadamente 

pequeño tamaño, no han llegado a depositarse en la zona alveolar. 

 En el caso de la vía nasal, de más fácil acceso que la pulmonar, destaca el 

intenso y rápido aclaramiento mucociliar6, que da lugar a la completa renovación del 

mucus cada 12-15 minutos7,8 y que, obviamente, limita el tiempo de contacto de los 

fármacos con el epitelio de absorción9.  

En las Tablas 1 y 2 se reflejan las principales características de las vías 

pulmonar y nasal, agrupadas en una serie de ventajas y limitaciones, que dejan 

patentes, asimismo, unos requerimientos de formulación específicos a la hora de 

administrar sistémicamente macromoléculas por cada una de ellas. De este modo, 

mientras para la vía nasal es de extrema importancia conseguir incrementar el 

tiempo de residencia de la formulación en la cavidad nasal (reduciendo así el 

proceso de aclaramiento mucociliar) y aumentar la permeabilidad de las 

macromoléculas a través del epitelio; el éxito de la administración por vía pulmonar 

radica, fundamentalmente, en conseguir que la formulación evite los mecanismos 

de defensa y alcance la región adecuada del pulmón10. 

 

 

 

 

 
5 Ahsan F., Rivas I.P., Khan M.A., Torres-Suárez A.I., Targeting to macrophages: role of physicochemical 
properties of particulate carriers-liposomes and microspheres- on the phagocytosis by macrophages, J. Control. 
Rel., 79 (2002) 29-40. 
6 Türker S., Onur E., Özer Y., Nasal route and drug delivery systems, Pharm. World Sci., 26 (2004) 137-142. 
7 Martín E., Schipper N.G.M., Verhoef J.C., Merkus W.H.M., Nasal mucociliary clearance as factor in nasal 
drug delivery, Adv. Drug Del. Rev., 29 (1998) 13-38. 
8 Gizurarson S., Animal models for intranasal drug delivery studies, Acta. Pharm. Nord., 2 (1990) 105-122. 
9 Mygind N., Dahl R., Anatomy, physiology and function of the nasal cavities in health and disease, Adv. Drug 
Del. Rev., 29 (1998) 3-12. 
10 Davis S.S., Delivery of peptide and non-peptide drugs through the respiratory tract, PSTT, 2 (1999) 450-456. 
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Tabla 1. Principales ventajas e inconvenientes de la administración sistémica de 

macromoléculas por vía pulmonar11  

Ventajas Limitaciones 

Ruta de administración no invasiva Estructura del tracto respiratorio que actúa como 
filtro de partículas 

Gran superficie de absorción                           
alveolar (100 m2) 

Aclaramiento mucociliar 

Elevada irrigación                          ↑permeabilidad Macrófagos alveolares 

Bajo grosor del epitelio  
alveolar (0.1-0.2 µm)12 Eliminación de partículas por exhalación 

Baja actividad proteolítica en comparación con la 
vía oral 

Absorción muy influenciada por las condiciones 
fisiológicas y patológicas 

No efecto de primer paso hepático Dificultad de manipulación de inhaladores 

Rápida absorción y comienzo del efecto Diversos problemas de reproducibilidad 

 

 
Tabla 2. Principales ventajas e inconvenientes de la administración sistémica de 

macromoléculas por vía nasal13,14

Ventajas Limitaciones 
Ruta de administración no invasiva y de fácil 
acceso 

Limitado volumen de administración (≈150µL/fosa 
nasal)15

Relativamente elevada superficie de absorción 
(150cm2)16 Rápido aclaramiento mucociliar (≈15 min) 

Elevada irrigación Baja absorción de moléculas con PM >1 kDa 

Baja actividad proteolítica en comparación con la 
vía oral 

Gran variabilidad inter-especie, dificultad de 
extrapolación de resultados 

No efecto de primer paso hepático Absorción influenciada por condiciones 
fisiológicas y patológicas 

Rápida absorción y comienzo del efecto Irritación de la mucosa nasal 

                                                 
11 Grenha A., Carrión-Recio D., Teijeiro-Osorio D., Seijo B., Remuñán-López C., 2007 (ver Anexo I de la 
presente memoria) 
12 Patton J.S., Mechanisms of macromolecule absorption by the lungs, Adv. Drug Del. Rev., 19 (1996) 3-36. 
13 Arora P., Sharma S., Garg S., Permeability issues in nasal drug delivery, DDT, 7 (2002) 967-975. 
14 Davis S.S., Delivery of peptide and non-peptide drugs through the respiratory tract, PSTT, 2 (1999) 450-456. 
15 Gizurarson S., Animal models for intranasal drug delivery studies, Acta. Pharm. Nord., 2 (1990) 105-122. 
16 Sharma P., Chaudhari P., Kolsure P., Ajab A., Varia N., Recent trends in nasal drug delivery - an overview, 
http://www.pharmainfo.net (consultada el 21/03/07). 
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2. Administración de macromoléculas terapéuticas por vía pulmonar:   
      sistemas microparticulares 

Así pues, el mayor reto de la administración sistémica de fármacos por vía 

pulmonar reside en que éstos, una vez inhalados, alcancen la región alveolar del 

tracto respiratorio, donde la elevada irrigación y permeabilidad del epitelio, así como 

la gran superficie expuesta y la ausencia de mucus, van a favorecer su absorción.  

Entre los factores tecnológicos que condicionan el lugar de depósito de los 

fármacos inhalados se encuentran: naturaleza del material, distribución de tamaños, 

densidad y morfología de las partículas y contenido en humedad. En este sentido, 

es sabido que la disminución de la densidad de las partículas acompañada de un 

aumento de su tamaño, consigue mejorar el comportamiento del aerosol, al verse 

disminuida su tendencia a la aglomeración en comparación a las partículas 

convencionales pequeñas y compactas o no porosas17. Recientemente se ha 

propuesto un importante parámetro, el diámetro aerodinámico, que combina la 

influencia del tamaño físico con la inercia de la partícula, condicionada por su 

densidad18. Las partículas que poseen un diámetro aerodinámico de entre 1 y 5 µm 

son capaces de llegar a las zonas más profundas del pulmón y depositarse19. Esta 

fracción de partículas se denomina “fracción respirable”. 

Los trabajos más recientes en el campo de la administración pulmonar de 

moléculas activas se centran en el diseño y formulación de sistemas de inhalación 

microparticulares, que pueden ser preparados con diferentes características 

morfológicas (forma y porosidad) y aerodinámicas  (tamaño y densidad) mediante la 

modificación de distintas variables en el proceso de producción.  

 
17 Li W.-I., Perlz M., Heyder J., Langer R., Brain J.D., Englmeier K.-H., Niven R.W., Edwards D.A., 
Aerodynamics and aerosol particle deaggregation phenomena in model oral-pharyngeal cavities, J. Aerosol Sci., 
27 (1996) 1269-1286. 
18 Edwards D.A., Ben-Jebria A., Langer R., Recent advances in pulmonary drug delivery using large, porous 
inhaled particles, J. Applied Physiol., 85 (1998) 379-385. 
19 Vanbever R., Ben-Jebria A., Mintzes J. D., Langer R., Edwards D. A., Sustained release of insulin from 
insoluble inhaled particles, Drug Deliv. Research, 48 (1999) 178-185. 
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El desarrollo de un sistema microparticular que garantice que la práctica 

totalidad del fármaco llegue a su correspondiente lugar de acción, permitiría 

disminuir los efectos secundarios asociados a un depósito prematuro, el número de 

dosis y, en definitiva, mejoraría la eficacia del tratamiento. Este hecho reviste una 

importancia adicional cuando se trata de macromoléculas, como péptidos y 

proteínas, cuyo coste hace que un dispositivo ineficaz convierta la terapia en 

prohibitiva a nivel económico20. 

Existen diversos estudios in vivo en los que se han obtenido prometedores 

resultados tras la administración pulmonar de distintos tipos de micropartículas o 

microsferas con diferentes fines terapéuticos. De una forma más específica, en la 

Tabla 3 se muestran aquellos que han sido realizados con sistemas 

microparticulares, compuestos por polímeros de origen sintético o natural, 

destinados a la administración pulmonar de macromoléculas de acción sistémica.  

Adicionalmente, en el ANEXO I de esta memoria se adjunta una completa 

revisión general de los trabajos in vitro e in vivo relacionados con la administración 

pulmonar de fármacos, abarcando, además de las micropartículas, otros sistemas 

propuestos, tales como nanopartículas y sistemas combinados de nano- y 

micropartículas. Asimismo, en dicha revisión, se incluye una amplia introducción 

que abarca, de un modo más extenso, los factores que afectan la administración de 

moléculas activas por vía pulmonar, así como sus distintas aplicaciones 

terapéuticas, mencionando además aquellas formulaciones ya comercializadas o 

recientemente aprobadas para su próxima comercialización. 

 
 

 

 

 

 
20 Cryan S.-A., Carrier-based strategies for targeting protein and peptide drugs to the lungs, The AAPS J., 7 
(2005) E20-E41 (http://www.aapsj.org)  
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Tabla 3. Estudios in vivo correspondientes a la administración pulmonar de macromoléculas 

de acción sistémica encapsuladas en sistemas microparticulares poliméricos.  

Polímero Macromolécula Modelo animal Parámetro investigado 

PLGA 
(Air™, Alkermes) Insulina Rata Descenso glucemia y 

biodisponibilidad21

PLGA Insulina Rata Descenso de glucemia22

PLGA Insulinaa Rata Descenso glucemia23

PEG-fosfato cálcico Insulina Rata Parámetros farmacocinéticos y 
farmacodinámicos24

Derivados de 
diketopiperazina 

(Technospheres™) 
Insulina ___b Descenso de glucemia, 

biodisponibilidad25,26

Ácido hialurónico e 
hidroxipropilcelulosa Insulina Perro raza Beagle Parámetros farmacocinéticos27

Quitosano Insulina Rata Descenso de glucemia28

 

a Complejo con ciclodextrina; b Voluntarios humanos 

PLGA: ácido poliláctico-co-glicólico; PEG: polietilenglicol. 

 

 

                                                 
21 Edwards D.A., Hanes J., Caponetti G., Hikach J., Ben-Jebria A., Eskew M.L., Mintzes J., Deaver D., 
Lotan N., Langer R., Large porous particles for pulmonary drug delivery, Science, 276 (1997) 1868-1871. 
22 Kawashima Y., Yamamoto H., Takeuchi H., Fujioka S., Hino T., Pulmonary delivery of insulin with 
nebulized DL-lactide/glycolide copolymer (PLGA) nanospheres to prolong hypoglycemic effect, J. Control. Rel., 
62 (1999) 279-287.   
23 Aguiar M.M.G., Rodríguez J.M., Silva C.A., Encapsulation of insulin-cyclodextrin complex in PLGA 
microspheres: a new approach for prolonged pulmonary insulin delivery, J. Microencapsul., 21 (2004) 553-564. 
24 García-Contreras L., Morcol T., Bell S.J., Hickey A.J., Evaluation of novel particles as pulmonary delivery 
systems for insulin in rats, AAPS Pharm. Sci., (2003) 1-11 (http://www.aapsj.org)  
25 Pfutzner A., Mann A.E., Steiner S., Technosphere™/insulin- a new approach for effective delivery of human 
insulin via the pulmonary route, Diabetes Tech. Ther., 4 (2002) 589-594. 
26 Steiner S., Pfutzner A., Harzer O., Heineman L., Rave K., Technosphere™/insulin- Proof of concept study 
with a new insulin formulation for pulmonary delivery, Exp. Clin. Endocrinol. Diabetes, 110 (2002) 17-21. 
27 Surendrakumar K., Martín G.P., Hodgers E.C.M., Jansen M., Blair J.A., Sustained release of insulin from 
sodium hyaluronate based dry powder formulations after pulmonary delivery to beagle dogs, J. Control. Rel., 91 
(2003) 385-394. 
28 Carrión-Recio D., Taboada-Montero C., Vila-Jato J.L., Remuñán-López C., Enhancement of protein lung 
absorption using chitosan microspheres, (sometida a evaluación) 
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De entre estos trabajos, cabe destacar la interesante aportación de nuestro 

grupo de investigación, a través del  desarrollo de microsferas de quitosano para la 

administración pulmonar de macromoléculas terapéuticas y la evaluación de su 

potencial in vivo. Para ello, se encapsuló insulina como molécula modelo y se midió 

la respuesta hipoglucémica tras la administración intratraqueal a ratas de las 

microsferas en forma de polvo seco. Como se puede observar en la Figura 2 los 

resultados fueron muy satisfactorios. Obviamente, este hecho generó un interés 

adicional por continuar trabajando en esta línea, concretamente en el desarrollo y 

caracterización de nuevos sistemas polisacarídicos para la administración pulmonar 

de macromoléculas, de lo cual es objeto la primera parte de la presente memoria. 
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Figura 2. Efecto hipoglucémico obtenido tras la administración intratraqueal de: (∆) solución 

de insulina en PBS pH 7.4; (□) 750 µg de microsferas de quitosano (15% de carga de 

insulina); y (■) 1500  µg de microsferas de quitosano (7.5% de carga de insulina) a ratas 

(media ± SEM, n = 5-6). Dosis de insulina = 13.1 U/Kg.  
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3. Administración de macromoléculas por vía nasal: sistemas     
        nanoparticulares 

A la hora de diseñar una formulación dirigida a la administración de 

macromoléculas por vía nasal existen tres limitaciones principales que solventar: (1) 

el rápido aclaramiento mucociliar; (2) la baja permeabilidad del epitelio nasal para 

aquellas moléculas  mayores de 1KDa; y (3) la posible degradación enzimática de 

las mismas. Así pues, entre las diversas estrategias propuestas con el fin de 

aumentar significativamente la biodisponibilidad de péptidos y proteínas por vía 

nasal se encuentra el empleo de inhibidores enzimáticos29 y, sobretodo, de 

promotores de la absorción, tales como surfactantes, sales biliares, ácidos grasos, 

fosfolípidos, glucósidos o disacáridos modificados y ciclodextrinas30, , ,31 32 33. Sus 

principales mecanismos de acción se resumen en: (a) incrementar la permeabilidad 

de la membrana celular, principalmente mediante la extracción de alguno de sus 

componentes o la alteración/desorden de sus fosfolípidos; (b) aumentar la lipofilia 

del fármaco; (c) formar poros acuosos intracelulares; y (d) abrir las uniones íntimas 

o uniones “tight” intercelulares34. 

Sin embargo, algunos de estos promotores de la absorción provocan daños 

irreversibles en la mucosa nasal y, además, su administración en solución, junto 

con el compuesto activo, no solventa el problema del rápido aclaramiento 

mucociliar. En consecuencia, algunas de las estrategias dirigidas específicamente a 

 
29 Dondeti P., Zia H., Needham T.E., Bioadhesive and formulation parameters affecting nasal absorption, Int. J. 
Pharm., 127 (1996) 115-133. 
30 Gordon G.S., Moses A.C., Silver R.D., Flier J.S., Carey M.C., Nasal absorption of insulin: enhancement by 
hydrophobic bile salts, Proc. Natl. Acad. Sci. USA, 82 (1985) 7419-7423. 
31 Merkus F.W., Verhoef J.C., Marttin E., Romeijn S.G., van der Kuy P.H.M., Hermens W.A.J.J., 
Schipper N.G.M., Cyclodextrins in nasal drug delivery, Adv. Drug Deliv. Rev., 36 (1999) 41-57. 
32 Pillion D.J., Ahsan F., Arnold J., Balasubramaniam B.M, Piraner O., Meezan E., Synthetic long chain 
alkyl maltosides and alkyl sucrose esters as enhancers of nasal insulin absorption, J. Pharm. Sci., 91 (2002) 1456-
1462.  
33 Hirai S., Yashiki T., Mima H., Effect of surfactants on the nasal absorption of insulin in rats, Int. J. Pharm., 9 
(1981) 165-172. 
34 Sharma P., Chaudhari P., Kolsure P., Ajab A., Varia N., Recent trends in nasal drug delivery - an 
overview, http://www.pharmainfo.net (consultada el 21/03/07). 
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incrementar el tiempo de residencia de las macromoléculas en la cavidad nasal se 

refieren al uso de geles termosensibles, como el gel de etil(hidroxietil) celulosa35, o 

soluciones, geles y microsferas de polímeros mucoadhesivos como el 

quitosano36, ,37 38. Pero sin duda, el desarrollo de partículas poliméricas bioadhesivas 

y de tamaño nanométrico (10-1000 nm) ha suscitado un enorme interés en los 

últimos años y ha abierto un gran abanico de posibilidades en el campo de la 

administración de macromoléculas a través de mucosas39,40.  

Existen numerosos trabajos que evidencian la importancia de la composición 

y el tamaño de partícula en la eficacia de los sistemas micro- y nanoparticulares 

tanto in vitro como in vivo 41, ,42 43. Así, actualmente no existe duda acerca de que el 

tamaño es un parámetro crítico que determina la capacidad de los sistemas para 

atravesar las barreras biológicas y, de un modo general, puede concluirse que son 

las partículas inferiores a 1 µm, y por tanto consideradas nanopartículas, las que 

pueden hacerlo en mayor medida. Otro de los factores a destacar son las 

propiedades superficiales de las partículas, y el efecto de las mismas sobre su 

 
35 Pereswetoff-Morath L., Bjurstrom S., Khan R., Dhalin M., Edman P., Toxicological aspects of the use of 
dextran microspheres and thermogelling ethyl (hysroxyethyl) cellulose (EHEC) as nasal drug delivery systems, 
Int. J. Pharm., 128 (1996) 9-21. 
36 Aspden T.J., Illum L., Skaugrud Ø., Chitosan as nasal delivery system: evaluation of insulin absorption 
enhancement and effect on nasal membrane integrity using rat models, Eur. J. Pharm. Sci., 4 (1996) 23-31. 
37 Varhosaz J., Sadrai H., Heidari A., Nasal delivery of insulin using bioadhesive chitosan gels, Drug Delivery, 
13 (2006) 31-38. 
38 Farraj N.F., Johansen B.R., Davis S.S., Illum L., Nasal administration of insulin using bioadhesive 
microspheres as a delivery system, J. Control. Rel., 13 (1990) 253-261. 
39 Janes K.A., Calvo P., Alonso M.J., Polysaccharide colloidal particles as delivery systems for 
macromolecules, Adv. Drug Del. Rev., 47 (2001) 83-97. 
40 Alonso M.J., Nanomedicines for overcoming biological barriers, Biomedicine and Pharmacotherapy, 58 
(2004) 168-172. 

41 Desai, P-M., Labhasetwar, V., Walter, E., Levy, R.J. y Amidon, G.L., The mechanism of uptake of 
biodegradable microparticles in Caco-2 cells is size dependent, Pharm. Res., 14 (1997) 1568-1573. 

42 Win, K. Y. y Feng, S.S., Effects of the particle size and surface coating on the cellular uptake of polymeric 
nanoparticles for oral delivery of anticancer drugs, Biomaterials, 26 (2005) 2713-2722. 
43 Florence A.T., The oral absorption of micro- and nanoparticulates: neither exceptional nor unusual, Pharm. 
Res., 14 (1997) 259-266. 
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interacción con las mucosas, así como sobre su internalización por las células 

epiteliales que las conforman44,45. Dentro de este apartado, merecen especial 

mención la carga superficial de los sistemas y la presencia de ligandos específicos 

en la superficie de las nanopartículas, que pueden incrementar significativamente 

su interacción con la superficie celular. 

En cuanto a los mecanismos de transporte de las nanopartículas a través 

del epitelio nasal, se ha de tener en cuenta que las células epiteliales se hallan 

unidas íntimamente por las denominadas uniones “tight”. El diámetro de las mismas 

se encuentra en torno a los 3.9-8.4 Å, e incluso tras su apertura transitoria por 

acción de promotores de la absorción, no supera los 15 nm46. Esto hace que, en 

general, se deba hablar de transporte de nanopartículas por vía transcelular y no 

paracelular. No así las macromoléculas asociadas, que una vez liberadas, y 

ayudadas por la apertura de uniones intercelulares, atraviesan el epitelio por vía 

paracelular. Ambos mecanismos se representan esquemáticamente en la Figura 3. 

 
 
 
 
 
 
 
 
 
 
 
 

 
44 Behrens I., Vila A., Alonso M.J., Kissel T., Comparative uptake studies of bioadhesive nanoparticles in 
human intestinal cell lines and rats: The effect of mucus on particle adsorption and transport, Pharm. Res., 19 
(2002) 1185-1193. 
45 Brooking J., Davis S.S., Illum L., Transport of nanoparticles across the rat nasal mucosa, J. Drug Target., 9 
(2001) 267-279. 
46 Illum L., Nanoparticulate systems for nasal delivery of drugs : a real improvement over simple systems ?, J. 
Pharm. Sci., 96 (2007) 473-483. 
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Figura 3. Nanopartículas como vehículos de macromoléculas a través del epitelio nasal. 

 
El paso transcelular de las partículas se encuentra mediado por un proceso 

de endocitosis, que consiste en la invaginación de la membrana plasmática 

formando vesículas que liberan su contenido en el citoplasma celular. Este proceso 

puede ocurrir de forma pasiva, pero mayoritariamente se produce de una manera 

activa y saturable, bien por endocitosis “adsortiva”32 o bien a consecuencia de la 

interacción específica de un determinado ligando presente en la superficie de las 

partículas con receptores que se expresan en la membrana celular47. En general, se 

asume que el proceso de endocitosis va seguido de un proceso de salida de las 

partículas internalizadas hacia los espacios subepiteliales, agrupándose este 

conjunto de procesos bajo la denominación de transcitosis48. Como consecuencia 

de este proceso de transcitosis las nanopartículas pueden atravesar el epitelio 

nasal y llegar a la circulación sistémica, actuando así como verdaderos vehículos 

 
47 Cui, Z., Hsu, C.H. y Mumper, R.J., Physical characterization and macrophage cell uptake of mannan-coated 
nanoparticles, Drug Develop. Ind. Pharm. 29, 689-700 (2003). 
48 Jung T., Kamm W., Breitenbach A., Kaiserling E., Xiao J.X., Kissel T., Biodegradable nanoparticles for 
oral delivery of peptides: is there a role for polymers to affect mucosal uptake?, Eur. J. Pharm. Biopharm., 50 
(2000) 147-160. 
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transportadores de macromoléculas49, a la vez que se consigue evitar la 

degradación presistémica de las mismas. 

En el caso específico de la administración de antígenos, hay que destacar el 

papel de las células M y, en general, del NALT (tejido linfoide asociado al epitelio 

nasal). Estas células se caracterizan por no presentar moco y poseer una gran 

capacidad de captura de antígenos particulados (virus, bacterias, nanopartículas...), 

los cuales, una vez han atravesado el epitelio nasal, pueden alcanzar directamente 

los vasos sanguíneos y nódulos linfáticos cervicales o ser procesados en las células 

linfoides del NALT, dando lugar a la respuesta inmune50.  

En las tablas 4 y 5, correspondientes a nanopartículas preparadas con 

polímeros sintéticos y naturales, respectivamente, se recogen una serie de estudios 

realizados in vivo en distintos modelos animales, los cuales han puesto de 

manifiesto la capacidad de las nanopartículas administradas por vía nasal de 

generar importantes respuestas terapéuticas o inmunes, según la molécula 

encapsulada.  

Como se puede observar, son muy numerosos los trabajos dirigidos a la 

demostración del potencial de las nanopartículas poliméricas para la obtención de 

respuesta inmune. En este sentido cabe destacar que la administración nasal de 

vacunas encapsuladas en nanopartículas ha permitido obtener interesantes 

respuestas inmunológicas, tanto a nivel sistémico como local 51,52. Adicionalmente, 

en la última década ha suscitado un gran interés la denominada vacunación 

genética, un concepto basado en el uso de plásmidos codificantes de antígenos53. 

 
49 Almeida A.J., Alpar H.O., Brown M.R.W., Immune response to nasal delivery of antigenically intact tetanus 
toxoid associated with poly(L-lactic acid) microspheres in rats, rabbits and guinea pigs, J. Pharm. Pharmacol., 45 
(1993) 198-203. 
50 Partidos C.D., Intranasal vaccines: fothcoming challenges, PSTT, 3 (2000) 273-280. 
51 Vila A., Sánchez A., Janes K., Behrens I., Kissel T., Vila-Jato J.L., Alonso M.J., Low molecular weight 
chitosan nanoparticles as new carriers for nasal vaccine delivery in mice, Eur. J. Pharm. Biopharm., 57 (2004) 
123-131.  
52 Csaba N., García-Fuentes M., Alonso M.J., The performance of nanocarriers for transmucosal drug delivery, 
Expert Opin. Drug Deliv., 3 (2006) 463-478. 
53 Lowrie D.B., DNA vaccination exploits normal biology, Nature Med., 4 (1998) 147-148. 
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Las vacunas genéticas son muy seguras y poseen la capacidad de generar 

respuestas inmunes fuertes y eficaces54. Aunque, hasta el momento, existen pocos 

estudios in vivo en donde se haya investigado el potencial de las nanopartículas 

poliméricas como vectores sintéticos de estos plásmidos, los resultados obtenidos 

resultan muy prometedores55.  

Por otro lado, el potencial de los sistemas nanoparticulares poliméricos 

como vehículos para la administración nasal de péptidos ha sido recientemente 

evaluado por nuestro grupo de investigación. Concretamente, el estudio se llevó a 

cabo con nanopartículas de quitosano conteniendo insulina como molécula modelo, 

y demostró el efecto promotor de este sistema en la absorción sistémica de 

insulina, que se tradujo en una mayor respuesta hipoglucémica en comparación con 

soluciones control de insulina y quitosano e insulina56.  

 
 
 
 
 
 
 
 
 

 

 

 

 
54 Friede M., Aguado M.T., Need for new vaccine formulations and potential of particulate antigen and DNA 
delivery systems, Adv. Drug Deliv. Rev., 57 (2005) 325-331.  
55 Csaba N., Sánchez A., Alonso M.J., PLGA:Poloxamer and PLGA:Poloxamine blen nanostructures as carriers 
for nasal gene delivery, J. Control. Rel., 113 (2006) 164-172. 
56 Fernández-Urrusuno R., Calvo P., Remuñán-López C., Vila-Jato J.L., Alonso M.J., Enhancement of nasal 
absorption of insulin using chitosan nanoparticles, Pharm. Res., 16 (1999) 1576-1581. 
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Tabla 4. Estudios in vivo correspondientes a la administración nasal de macromoléculas 

encapsuladas en sistemas nanoparticulares (polímeros sintéticos).  

Polímero Macromolécula Modelo animal Parámetro investigado 

Polimetilmetacrilato VIH-2 Ratón Respuesta inmune57

PLA Ovoalbúmina Ratón Respuesta inmune58

PLA Toxoide tetánico Cobayas Respuesta inmune59,60

PLA-PEG Toxoide tetánico Rata Absorción y biodistribución61

PLA-PEG Toxoide tetánico y 
ADN plasmídico Rata y ratón Biodistribución y respuesta 

inmune (transfección) 62

PLA y PEG-PLA Toxoide tetánico Ratón Respuesta inmune63,31

SB-PVAL-g-PLGA Toxoide tetánico Ratón Respuesta inmune64

PLG Antígeno toxoplasmosis Oveja Respuesta inmune65

Poly-ε-caprolactona Toxoide diftérico Ratón Respuesta inmune66

PLGA:poloxámero y 
PLGA:poloxamina ADN plasmídico Ratón Transfección-Respuesta 

inmune67

                                                 
57 Stieneker F., Kreuter J., Löwer J., High antibody titres in mice with polymethylmethacrylate nanoparticles 
as adjvants for HIV vaccines, AIDS, 5 (1991) 431-435. 
58 Somavarapu S., Alpar H.O., Song C.Y.S., Biodegradable nanoparticles in nasal vaccine delivery: effect of 
particle size and loading, Proceed. Inter. Symp. Control. Rel. Bioact. Mater., 25 (1998) 451-452. 
59 Almeida A.J., Alpar H.O., Brown M.R.W., Immune response to nasal delivery of antigenically intact tetanus 
toxoid associated with poly(L-lactic acid) microspheres in rats, rabbits and guinea pigs, J. Pharm. Pharmacol., 45 
(1993) 198-203. 
60 Alpar H.O., Almeida A.J., Identification of some of the physico-chemical characteristics of microspheres 
which influence the induction of the immune response following mucosal delivery, Eur. J. Pharm. Biopharm., 40 
(1994) 198-202. 
61 Tobío M., Gref R., Sánchez A., Langer R., Alonso M.J., Stealth PLA-PEG nanoparticles as nasal protein 
delivery systems, Pharm. Res., 15 (1998) 274-279. 
62 Vila A., Sánchez A., Pérez C., Alonso M.J., PLA-PEG nanospheres: new carriers for transmucosal delivery 
of proteins and plasmid DNA, Polym. Adv. Technol.,13 (2002) 851-858. 
63 Vila A., Sánchez A., Évora C., Soriano I., Vila-Jato J.L., Alonso M.J., PEG-PLA nanoparticles as carriers 
for nasal vaccine delivery, Journal of Aerosol Medicine, 17 (2004) 174-185. 
64 Jung T., Kamm W., Breitenbach A., Hungerer K.D., Hundt E., Kissel T., Tetanus toxoid loaded 
nanoparticles from sulfobutylated poly(vinilalcohol)-graf-poly(lactide-co-glycolide): evaluation of antibody 
response after oral and nasal application in mice, Pharm. Res., 18 (2001) 352-360. 
65 Stanley A.C., Buxton D., Innes E.A., Huntley J.F., Intranasal immunization with Toxoplasma gondii 
tachyzoite antigen encapsulated into PLG microspheres induces humoral and cell-mediated immunity in sheep, 
Vaccine, 22 (2004) 3929-3941.  
66 Singh J., Pandit S., Bramwell V.W., Alpar H.O., Diphteria toxoid loaded poly-(ε-caprolactone) 
nanoparticles as mucosal vaccine delivery systems, Methods, 38 (2006) 96-105.  
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Tabla 5. Estudios in vivo correspondientes a la administración nasal de macromoléculas 

encapsuladas en sistemas nanoparticulares (polímeros naturales y derivados). 

Polímero Macromolécula Modelo animal Parámetro investigado 

Quitosano Insulina Conejo Descenso de glucemia68

Quitosano Toxoide tetánico Ratón Respuesta inmune69,70

Quitosano Ovoalbúmina y 
 toxina colérica Rata Respuesta inmune71

Quitosano Toxoide Tat Ratón Respuesta inmune72

Quitosano y  
Quitosano-PEG ADN plasmídico Ratón Transfección-Respuesta 

inmune73

N-Trimetil-Quitosano Antígeno gripe Ratón Respuesta inmune74

Maltodextrinaa  Antígeno hepatitis B y 
 β-galactosidasa  Ratón Respuesta inmune75

 

a Biovectors™: Sistema compuesto por un núcleo polisacarídico catiónico reticulado rodeado de una bicapa lipídica 
 
Claves tablas 4 y 5: PLA: ácido poliláctico; PLGA: ácido poliláctico-co-glicólico; PEG: 
polietilenglicol; PLG: poliláctico-co-glicólico; PVAL: polivinilalcohol.  
 
                                                                                                                                          
67 Csaba N., Sánchez A., Alonso M.J., PLGA:Poloxamer and PLGA:Poloxamine blen nanostructures as carriers 
for nasal gene delivery, J. Control. Rel., 113 (2006) 164-172. 
68 Fernández-Urrusuno R., Calvo P., Remuñán-López C., Vila-Jato J.L., Alonso M.J., Enhancement of nasal 
absorption of insulin using chitosan nanoparticles, Pharm. Res., 16 (1999) 1576-1581. 
69 Vila A., Sánchez A., Tobío M., Calvo P., Alonso M. J., Design of biodegradable particles for protein 
delivery, J. Control. Rel. 78 (2002) 15-24. 
70 Vila A., Sánchez A., Janes K., Behrens I., Kissel T., Vila-Jato J.L., Alonso M.J., Low molecular weight 
chitosan nanoparticles as new carriers for nasal vaccine delivery in mice, Eur. J. Pharm. Biopharm., 57 (2004) 
123-131. 
71 Nagamoto T., Hattori Y., Takayama K., Maitani Y., Novel chitosan particles and chitosan-coated emulsions 
inducing immune response via intranasal vaccine delivery, Pharm. Res., 21 (2004) 671-674. 
72 Le Buanec H., Vetu C., Lachgar A., Benoit M.A., Gillard J., Paturance S., Aucouturier J., Gane V., 
Zagury D., Bizzini B., Induction in mice of anti-Tat mucosal immunity by the intranasal and oral routes, 
Biomed. Pharmacother., 55 (2001) 316-320. 
73 Csaba N., Koping-Hoggard M., Fernández-Megía E., Novoa-Carballal R., Riguera R., Alonso M.J., 
Ionically Crosslinked chitosan nanoparticles as gene delivery systems: effect of PEGylation on in vitro and in 
vivo gene transfer, submitted 
74 Amidi M., Romeijn S.G., Verhoef J.C., Junginger H.E., Bungener L., Huckriede A., Crommelin D.J.A., 
Jiskoot W., N-Trymethyl chitosan (TMC) nanoparticles loaded with influenza subunit antigen for intranasal 
vaccination: biological properties and immunogenicity in a mouse model, Vaccine, 25 (2007) 144-153. 
75 Debin A., Kravtzoff R., Santiago J.V., Cazales L., Sperandio S., Melber K., Janowicz Z., Betbeder D., 
Moynier M., Intranasal immunization with recombinant antigens associated with new cationic particles induces 
strong mucosal as well as systemic antibody and CTL responses, Vaccine, 20 (2002) 2752-2763. 
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4. Interés del quitosano, glucomanano y ciclodextrinas en la preparación de  
    sistemas micro- y nanoparticulares 

Entre los biopolímeros utilizados en la preparación de sistemas de liberación 

de fármacos, los polisacáridos han suscitado un gran interés en los últimos años. 

Se trata de polímeros generalmente hidrofílicos con gran potencial no solo para la 

preparación de micro- y nanopartículas como tales, sino también como materiales 

de recubrimiento de las mismas, debido a sus interesantes propiedades como 

mucoadhesividad, baja toxicidad y presencia de grupos que pueden facilitar su 

interacción con las superficies biológicas o incluso ser reconocidos específicamente 

por receptores de células diana.  

 

Quitosano 

Entre los polisacáridos destaca especialmente el quitosano (CS) ((1-4) 2 

amino-2deoxi-β-D-glucano) (Figura 4), el cual se obtiene a partir de la quitina, 

principalmente de crustáceos, por un proceso de desacetilación en medio básico76. 

Sus monómeros, N-acetilglucosamina y N-glucosamina, se encuentran 

aleatoriamente distribuidos, y su porcentaje relativo da lugar a lo que se conoce 

como el grado de desacetilación (% de grupos amino libres). A diferencia de la 

quitina, el CS es soluble en soluciones ácidas diluidas, mientras que las sales 

comercializadas de CS son solubles en agua. 
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Figura 4. Estructura química del quitosano (CS) 

 
76 Paul W., Sharma C., Chitosan, a durg carrier for the 21th century, STP Pharma Sci., 10 (2000) 5-22. 
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El interés creciente suscitado por este polisacárido como vehículo de 

moléculas activas se debe a su biocompatibilidad, biodegradabilidad y baja 

toxicidad. Pero además, el CS es un polímero hidrofílico con propiedades 

mucoadhesivas, mediadas, principalmente por su carácter catiónico, que le confiere 

la capacidad de interaccionar de forma electrostática con los restos de ácido siálico 

del mucus, cargados negativamente77.  

Asimismo, son numerosos los trabajos que demuestran su capacidad para 

promover la absorción de macromoléculas a través de distintos epitelios78, , ,79 80 81, 

principalmente mediante la apertura reversible de las uniones “tight” 

intercelulares82,83. 

En los últimos años, se ha propuesto un elevado número de sistemas de 

liberación de fármacos compuestos en parte o en su totalidad por CS, dejando así 

patente el gran interés que suscita este polisacárido. Entre ellos destacan diferentes 

tipos de micropartículas y nanopartículas, preparadas por muy diversas 

 
77 Lehr C.M., Bowstra J.A., Schacht E.H., Junginger H.E., In vitro evaluation of mucoadhesive properties of 
chitosan and some other natural polymers, Int. J. Pharm.. 78 (1992) 43-48. 
78 Portero A., Remuñán-López C., Nielsen H.M., The potential of chitosan in enhancing peptide and protein 
absorption across the TR146 cell culture model- an in vitro model of buccal epithelium, Pharm. Res., 19 (2002) 
169-174. 
79Aspden T.J., Illum L., Skaugrud, O., Chitosan as a nasal delivery system: evaluation of the absorption 
enhancement and effect on nasal membrane integrity using rats models, Eur. J. Pharm. Sci., 22 (1996) 23-31. 
80Artursson P., Lindmark T., Davis S.S., Illum L., Effect of chitosan on permeability of monolayers of 
intestinal epithelial cells (Caco-2), Pharm. Res., 11 (1994) 1358-1361.  
81 Florea B.I., Thanou M., Junginger H.E., Borchard G., Enhancement of bronchial octreotide absorption by 
chitosan and N-trimethyl chitosan shows linear in vitro/in vivo correlation, J. Control. Rel., 110 (2006) 353-361. 
82 Dodane V., Khan M.A., Merwin J.R., Effect of chitosan on epithelial permeability and structure, Int. J. 
Pharm., 182 (1999) 21-32. 
83 Smith J., Wood E., Dornish M., Effect of chitosan on epithelial cell tight junctions, Pharm. Res., 21 (2004) 
43-49. 
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técnicas84,85, así como sistemas coloidales recubiertos de CS (liposomas, 

nanopartículas)86, , ,87 88 89.  

 

Glucomanano 

Por otra parte, el glucomanano (GM) es un polímero lineal constituido por 

residuos de D-glucosa y D-manosa unidos por enlaces β-(1,4) (Figura 5), con un 

alto grado de polimerización. Extraído principalmente de los tubérculos del 

Amorphophallus konjac, es un polisacárido de carácter hidrofílico que pertenece a 

la familia de los mananos90. Se considera, además, que no es tóxico, puesto que es 

tradicionalmente utilizado en los países asiáticos como complemento dietético91 y, 

recientemente, se le han atribuido propiedades anticolesterolémicas e 

hipoglucemiantes92,93.  

En el ANEXO II de la presente memoria, se adjunta una revisión específica 

sobre este polímero. En ella se recogen importantes y variados aspectos, 

 
84 Calvo P., Remuñán-López C., Vila-Jato J.L., Alonso M.J., Novel hydrophilic chitosanpolyehtylene-oxide 
nanoparticles as protein carriers, J. Appl. Polym. Sci., 63 (1997) 125-132. 
85 Agnihotri S.A., Mallikarjuna N.N., Aminabhavi T.M., Recent advances on chitosan-based micro- and 
nanoparticles in drug delivery, J. Control. Rel., 100 (2004) 5-28. 
86 Sinha V.R., Singla A.K., Wadhawan S., Kaushik R., Kumria R., Bansal K., Dhawan S., Chitosan 
microspheres as a potential carrier for drugs, Int. J. Pharm., 274 (2004) 1-33. 
87 Takeuchi H., Yamamoto H., Niwa T., Hino T., Kawashima Y., Enteral absorption of insulin in rats from 
mucoadhesive chitosan coated liposomes, Pharm. Res., 13 (1996) 896-901.  
88 Janes K.A., Calvo P., Alonso M.J., Polysaccharide colloidal particles as delivery systems for 
macromolecules, Avd. Drug Del. Rev., 47 (2001) 83-97.  
89 García-Fuentes M., Prego C., Torres D., Alonso M.J., A comparative study of the potential of solid 
triglyceride nanostructures coated with chitosan or poly(ethylene glycol) as carriers for oral calcitonin delivery. 
Eur. J. Pharm. Sci., 25 (2005) 133-143. 
90 Maeda M., Shimahara H., Sugiyama N., Detailed examination of the branched Structure of konjac 
glucomannan, Agric. Biol. Chem., 44 (1980) 245-252. 
91 Nishinari K., Konjac Glucomannan, En Doxastakis G. y Kiosseoglou V. (Eds.), Novel Macromolecules in 
Food Systems, Elsevier Science (2000).  
92 Avrill A. y Bodin L., Effect of short-term ingestion of konjac glucomannan on serum cholesterol in healthy 
men, Am. J. Clin. Nutr., 61 (1995) 585-589. 
93 McCarty M.F., Glucomannan minimizes the postprandial insulin surge: a potential adjuvant for hepatothermic 
therapy, Medical hipotheses, 58 (2002) 487-490.  
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estrechamente relacionados con su prometedora utilidad en el diseño y desarrollo 

de nuevos sistemas de liberación de fármacos. Así, primeramente se describen 

todas aquellos propiedades físico-químicas que lo caracterizan y, asimismo, 

condicionan su comportamiento (estructura, peso molecular, viscosidad, solubilidad, 

gelificación...). A continuación, se revisan aspectos relativos a su degradación in 

vitro e in vivo, interacción con otros polímeros, y preparación de derivados 

semisintéticos. Finalmente, y dada la perspectiva desde la que se realizó esta 

revisión bibliográfica, se recogen las aplicaciones investigadas hasta el momento en 

el campo de la medicina y el diseño de sistemas de liberación de fármacos. Estos 

sistemas han sido, principalmente, beads, hidrogeles y films. 

Recientemente, nuestro grupo de investigación ha desarrollado 

nanopartículas de CS y GM destinadas a la liberación de macromoléculas por vía 

oral. Interesantemente, se demostró que la presencia de GM conseguía aportar a 

estos sistemas una mayor estabilidad y control de la liberación de la molécula 

encapsulada (ver ANEXO III de la presente memoria), así como un mayor grado de 

interacción con el epitelio intestinal, mediada por los receptores de manosa 

existentes en las células M de las placas de Peyer94,95.  
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Figura 5. Estructura química del glucomanano (GM). 

 
94 Alonso-Sande M., Remuñán-López C., Alonso-Lebrero J.L., Alonso M.J, Proc. 32nd Meeting of the 
Controlled Release Society, Miami 2005. 
95 Alonso-Sande M., des Rieux A., Schneider Y.J., Remuñán-López C., Alonso M.J., Préat V., Proc. 33rd 
Meeting of the Controlled Release Society, Vienna 2006. 
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Ciclodextrinas 

Las ciclodextrinas (CDs) son oligosacáridos cíclicos, producidos a partir del 

almidón y compuestos por 6, 7 u 8 unidades (según sean α-, β- o γ-ciclodextrinas) 

de D-(+) glucopiranosa unidas por enlaces α-(1, 4)96 (Figura 6).   

 
 
 
 

 
 
 
 

Figura 6. Estructura química (general) de las ciclodextrinas (CDs). 

 

 

Generalmente, debido a su peculiar forma y estructura molecular, las CDs 

poseen una habilidad única de albergar diferentes moléculas (generalmente 

hidrofóbicas) en su interior, dando lugar a complejos de inclusión que presentan 

una serie de ventajas en formulaciones farmacéuticas, tales como: protección  

frente a degradación física, química y enzimática; estabilización y aumento de la 

solubilidad; control de la liberación; reducción de irritación; y enmascaramiento de 

olores y sabores desagradables97,98. 

Aunque las macromoléculas presentan un tamaño e hidrofilia que no les 

permite ser incluidos en su totalidad en el interior de las ciclodextrinas, sí se ha 

 
96 Uekama K., Hirayama F., Irie T., Cyclodextrin drug carrier systems, Chem. Rev., 98 (1998) 2045-2076. 
97 Loftsson T., Brewster M.E., Pharmaceutical applications of cyclodextrins. 1. Drug solubilization and 
stabilization, J. Pharm. Sci., 85 (1996) 1017-1025. 
98 Cyclodextrins for pharmaceutical applications [International Specialty Products, Technical Brochure] (2000), 
Disponible en:  http://www.ispcorp.com/products/pharma/content/forwhatsnew/cyclodex/cyclodex.pdf. 
(consultada el 25/08/06). 
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descrito que pueden hacerlo parcialmente, mediante interacciones con sus cadenas 

hidrofóbicas99, siendo esta inclusión parcial suficiente para mejorar su estabilidad100.  

Además, algunas ciclodextrinas han demostrado una gran eficacia como 

promotoras de la absorción de macromoléculas, tales como la insulina o la 

calcitonina, a través de los epitelios nasal101, ,102 103 y pulmonar104,105, siendo además 

capaces de desactivar ciertos enzimas proteolíticos106. 

Entre otros muchos promotores de la absorción, las CDs resultan de 

especial interés dado el alto grado de conocimiento existente acerca de sus 

propiedades farmacéuticas y toxicológicas. Así por ejemplo, las β-CDs naturales ya 

han sido aprobadas como excipiente GRAS en Estados Unidos y existen  

monográficos acerca de ellas tanto en la Farmacopea americana (USP) como en la 

europea y japonesa. Interesantemente, mediante modificación química de las CDs 

naturales se han conseguido compuestos más hidrosolubles e incluso con mejores 

perfiles de toxicidad. De este modo, existen en la actualidad derivados de CD 

comercializados en diferentes formulaciones y para distintas vías de 

administración107. Es el caso, por ejemplo, de las CDs sulfatadas (sulfobutil-β-CD o 

 
99 Irie T., Uekama K., Cyclodextrins in peptide and protein delivery, Adv. Drug Deliv. Rev., 36 (1999) 101-123. 
100 Dotsikas Y., Loukas Y.L., Kinetic degradation study of insulin complexed with methyl-beta cyclodextrin. 
Conformation of complexation with electrospray mass spectroscopy and 1H NMR, J. Pharm. Biomed. Anal., 29 
(2002) 487-494. 
101 Merkus F.W., Verhoef J.C., Marttin E., Romeijn S.G., van der Kuy P.H.M., Hermens W.A.J.J., 
Schipper N.G.M., Cyclodextrins in nasal drug delivery, Adv. Drug Deliv. Rev., 36 (1999) 41-57. 
102 Yu S., Zhao Y., Wu F., Zhang X., Lü W., Zhang H., Zhang Q., Nasal insulin delivery in the chitosan 
solution : in vitro and in vivo studies, Int. J. Pharm., 281 (2004) 11-23. 
103 Rajewski R., Stella V.J., Pharmaceutical applications of cyclodextrins. 2. In vivo drug delivery, J. Pharm. 
Sci., 85 (1996) 1142-1169. 
104 Kobayashi S., Kondo S., Juni K., Pulmonary delivery of salmon calcitonin dry powders containing absoption 
enhancers in rats, Pharm. Res., 13 (1996) 80-83.  
105 Hussain A., Yang T., Zaghloul A.A., Ahsan F., Pulmonary absorption of insulin mediated by tetradecyl-beta-
maltoside and dimethyl-beta-cyclodextrin, Pharm. Res., 20 (2003) 1551-1557. 
106 Matsubara M., Ando Y., Irie T., Uekama K., Protection afforded by maltosyl-β-cyclodextrin against α-
chymotrypsin-catalyzed hydrolysis of a luteinizing-releasing hormone agonist, bserelin acetate, Pharm. Res., 14 
(1997) 1401-1405. 
107 Challa R., Ahuja A., Ali J., Khar R.K., Cyclodextrins in drug delivery: an updated review, AAPS 
PharmSciTech, 6 (2005) E329-E357. (http://www.aapspharmscitech.org). 
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Captisol®) ya comercializadas por Pfizer en Europa y EEUU en formulaciones para 

administración intramuscular de ziprasidona (Geodon®, Zeldox®) e intravenosa de 

voriconazol (Vfend®)108.  

 

 

 
 

. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
108 Cydex Inc. website, disponible en: http://www.cydexinc.com, Consultada el 04/05/07.  
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PARTE I 
 
ANTECEDENTES 
 

1. La administración por vía pulmonar de macromoléculas terapéuticas 

(péptidos, proteínas) con fines sistémicos ha sido, en los últimos años, 

objeto de gran atención como una interesante alternativa a la administración 

parenteral de las mismas. Entre las ventajas inherentes a esta vía cabe 

destacar la elevada irrigación, permeabilidad y superficie de absorción del 

epitelio alveolar, que determinan el rápido comienzo de la acción del 

fármaco, mientras se evita, además, el efecto de primer paso hepático y la 

degradación gastrointestinal asociados a la vía oral1, ,2 3. Todo ello se traduce 

en la obtención de una elevada biodisponibilidad de las macromoléculas 

administradas por vía pulmonar4. 

2. Desde el punto de vista de su estabilidad y manipulación por parte del 

paciente, la formulación de macromoléculas terapéuticas en forma de polvos 

secos con características adecuadas para inhalación resulta más ventajosa 

que las disoluciones de las mismas5. 

 
1 Folkesson H.G., Westrom B.R., Karlsson B.W., Permeability of the respiratory tract to different-sized 
macromolecules after intratracheal instillation in young and adult rats, Acta Physiol. Scand., 139 (1990)  347-354. 
2 Smith P.L., Peptide delivery via the pulmonary route: avalid approach for local and systemic delivery, J. 
Control. Rel., 46 (1997) 90-106. 
3 Clark A., Formulation of proteins and peptides for inhalation, Drug Deliv. Syst. Sci., 2 (2002) 73-77. 
4 Patton J.S., Trinchero P., Platz R.M., Bioavailability of pulmonary delivered peptides and proteins: α-
interferon, calcitonins and parathyroid hormones, J. Control. Rel., 28 (1994) 79-85.  
5 Cryan S.-A., Carrier-based strategies for targeting protein and peptide drugs to the lungs, The AAPS J., 7 
(2005) E20-E41 (http://www.aapsj.org). 
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3. Las micropartículas/microsferas presentan un notable interés como 

vehículos para la administración pulmonar de fármacos. El desarrollo de un 

sistema microparticular con características morfológicas y aerodinámicas 

adecuadas, que garantice la llegada de la máxima cantidad de dosis de 

principio activo a la zona apropiada y libere durante un tiempo controlado el 

fármaco, permitirá disminuir y espaciar las dosis, reducir los efectos 

secundarios y, en definitiva, aumentar la eficacia del tratamiento. Si el 

objetivo final de la administración es conseguir una absorción sistémica de 

la molécula activa encapsulada, el diámetro aerodinámico de estas 

partículas debe situarse entre 1 y 5 µm, lo que permitirá que alcancen y se 

depositen en la región alveolar6,7. 

4. El quitosano es un polisacárido cuyas características de biodegradabilidad, 

biocompatibilidad, mucoadhesión y efecto promotor de la absorción a través 

de diferentes epitelios, lo convierten en un candidato único para el desarrollo 

de nuevos sistemas de liberación de macromoléculas terapéuticas a nivel de 

mucosas8. El grado de desacetilación, indicativo de la proporción de grupos 

amino libres (no acetilados) presentes en la molécula de quitosano, es una 

característica especialmente relevante debido a que determina el carácter 

catiónico del polímero, el cual puede modular gran parte de sus 

características. El quitosano es, además, un material muy versátil para la 

preparación de microsferas, que pueden ser producidas mediante muy 

distintas técnicas9 y con muy diversas aplicaciones10.  

 
6 Vanbeber R., Ben-Jebria A., Mintzes J.D., Langer R., Edwards D.A., Sustained release of insulin from 
insoluble inhaled particles, Drug Dev. Res., 48 (1999) 178-185. 
7 Taylor G., Kellaway I., Pulmonary drug delivery, in: Hillery A., Lloyd A., Swarbrick J. (Eds.), Drug delivery 
and targeting for pharmacists and pharmaceutical scientists, Taylor & Francis, New York, (2001) pp. 269-300. 
8 van der Lubben I.M., Verhoef J.C., Borchard G., Junginger H.E., Chitosan and its derivatives in mucosal 
drug and vaccine delivery, Eur. J. Pharm. Sci., 14 (2001) 201-207. 
9 Aghinotri S.A., Mallikarjuna N.N., Recent advances on chitosan-based micro- and nanoparticles in drug 
delivery, J. Control. Rel., 100 (2004) 5-28. 

 30



 
 
 
 
 
 
 
 
 
 
 
Desarrollo de micropartículas de polisacáridos para la administración pulmonar de macromoléculas... 
 
 

                                                                                                                                         

5. Muy recientemente, nuestro grupo de investigación ha demostrado el 

potencial de las microsferas de quitosano como vehículos para la 

administración pulmonar de macromoléculas terapéuticas. Más 

específicamente, las microsferas, producidas por las técnicas de 

atomización y doble emulsificación/evaporación del disolvente encapsulando 

insulina como molécula modelo, fueron administradas intratraquealmente a 

ratas en forma de polvo seco. Interesantemente, la respuesta hipoglucémica 

obtenida fue muy satisfactoria mejorando, de manera significativa, el perfil 

correspondiente al péptido en solución11. 

6. El glucomanano es un polisacárido con gran potencial en el diseño de 

sistemas de liberación de fármacos debido, principalmente, a sus 

características de solubilidad, gelificación y no toxicidad, así como a su 

capacidad de interaccionar con otros polisacáridos, lo que puede contribuir a 

mejorar o simplemente modular las propiedades de los sistemas e 

incrementa su versatilidad en este campo12. 

7. Recientemente, la combinación de glucomanano y quitosano ha permitido la 

obtención de nuevos sistemas nanoparticulares con interesantes 

propiedades, entre las que se halla una excelente capacidad de asociar y 

liberar macromoléculas terapéuticas. Además, se demostró que la presencia 

de glucomanano aporta a estos sistemas una mayor estabilidad y control de 

 
10 Sinha V.R., Singla A.K., Wadhawan S., Kaushik R., Kumria R., Bansal K., Dhawan S., Chitosan 
microspheres as a potential carrier for drugs, Int. J. Pharm., 274 (2004) 1-33. 
11 Carrión-Recio D., Taboada-Montero C., Vila-Jato J.L., Remuñán-López C., Enhancement of protein lung 
absorption using chitosan microspheres, sometida a evaluación. 
12 Alonso-Sande M., Teijeiro-Osorio D., Remuñán-López C., Alonso M.J., Glucomannan, a promissing 
plysaccharide for pharmaceutical and biomedical purposes, Anexo III. 
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la liberación de la molécula encapsulada13, así como un mayor grado de 

interacción con el epitelio intestinal14,15.  

HIPÓTESIS 
 

1. Los polisacáridos hidrofílicos quitosano y glucomanano son materiales 

particularmente interesantes para la administración pulmonar de 

macromoléculas terapéuticas con fines sistémicos, dada su baja toxicidad y, 

en el caso del quitosano, debido a sus propiedades mucoadhesivas y de 

promoción de la absorción de fármacos.   

 

2. El quitosano y el glucomanano permitirán obtener, mediante una técnica 

adecuada para la asociación de principios activos lábiles como es la  

atomización, microsferas con características morfológicas y aerodinámicas 

adecuadas (diámetro aerodinámico comprendido entre 1 y 5 µm) para ser 

administradas por vía pulmonar y alcanzar la región alveolar, donde se 

espera que se libere la macromolécula terapéutica asociada. 

 

3. El empleo de quitosanos de distinto grado de desacetilación, así como la 

combinación de quitosano y glucomanano en diferentes proporciones, 

permitirá la obtención de una serie de formulaciones con distintas 

características adicionales - tales como toxicidad, mucoadhesión, perfil de 

liberación de la macromolécula asociada y promoción de la absorción -, que 

determinarán la selección de unas variables de formulación óptimas. 

 

 
13 Alonso-Sande M., Alonso-Sande M., Cuña M., Remuñán-López C., Teijeiro-Osorio D., Alonso-Lebrero 
J.L., Alonso, M.J., Formation of new glucomannan-chitosan nanoparticles and study of their ability to associate 
and deliver proteins, Macromolecules, 39 (2006) 4152-4158. 
14 Alonso-Sande M., Remuñán-López C., Alonso-Lebrero J.L., Alonso M.J, Proc. 32nd Meeting of the 
Controlled Release Society, Miami 2005. 
15 Alonso-Sande M., des Rieux A., Schneider Y.J., Remuñán-López C., Alonso M.J., Préat V., Proc. 33rd 
Meeting of the Controlled Release Society, Vienna 2006. 
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OBJETIVOS 
 

Teniendo en cuenta los antecedentes expuestos y las hipótesis de partida, el 

objetivo global de la primera parte de esta memoria se ha dirigido al desarrollo de 

sistemas microparticulares basados en quitosano destinados a la administración 

pulmonar de macromoléculas terapéuticas. Desde un punto de vista práctico, el 

trabajo experimental llevado a cabo para alcanzar este objetivo global, se han 

recogido en los apartados que se detallan a continuación: 

 

 

1. Preparación y caracterización de microsferas utilizando quitosano de 

distintos grados de desacetilación solo o en combinación con glucomanano. 

Investigación del efecto del grado de desacetilación del quitosano y 

proporción de glucomanano sobre las características morfológicas y 

aerodinámicas de las microsferas. Evaluación de su capacidad para asociar 

y liberar macromoléculas terapéuticas.  

Los resultados han sido recogidos en los Artículos 1 y 2.  

2. Investigación in vitro en líneas celulares modelo de los epitelios bucal y 

respiratorio de la citotoxicidad del quitosano (distintos grados de 

desacetilación) y del glucomanano; evaluación de la influencia del grado de 

desacetilación del quitosano sobre sus propiedades como promotor de la 

absorción de macromoléculas de distinto peso molecular y estudio de la 

interacción/mucoadhesión de los sistemas microparticulares con el epitelio 

respiratorio.    

Los resultados han sido recogidos en los Artículos 2 y 3. 
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PARTE I: Antecedentes, hipótesis y objetivos  
 
 

Artículo 1: “Preparation and in vitro evaluation of different deacetylation 

degree chitosan microspheres for pulmonary protein delivery”. 

 

Artículo 2: “Preparation and characterization of chitosan/glucomannan 

microspheres for pulmonary delivery of macromolecules”. 

 

Artículo 3: “Chitosan nanoparticles and solutions as absorption enhancers 

for peptides and proteins – in vitro studies with the TR146 and Calu-3 cell 

culture models”. 
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ABSTRACT 

Chitosans with different degrees of deacetylation (DD) were prepared from a highly 

deacetylated commercial chitosan by reacetylation with acetic anhydride in an 

aqueous medium. Polymer DDs were assessed by nuclear magnetic resonance 

(NMR) and changes in their mucoadhesivity properties as function of DD were also 

determined. The effect of the chitosan DD on the morphological and aerodynamic 

properties of microspheres produced by spray drying was investigated. Morphology 

was highly influenced by chitosan reacetylation level, thus the reacetylated 

microspheres showing an increasing distorted surface, as opposite to the good 

sphericity and smooth surface showed by non-reacetylated chitosan microspheres. 

Aerodynamic properties resulted to be adequate for lung delivery. A protein model 

(insulin) was efficiently encapsulated in order to determine the influence of chitosan 

reacetylation on the drug release behavior of different formulations. In general, the 

release of insulin from microspheres was fast, and accompanied by a burst effect.  

 

KEY WORDS: Chitosan, deacetylation degree, insulin, microspheres, 

mucoadhesion, peptide/protein lung delivery, spray-drying. 
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1. INTRODUCTION  

Recently, pulmonary delivery has emerged as an interesting possibility for the non-

invasive administration of peptides, proteins and other macromolecular drugs (Yu 

and Chien, 1997). The features of the lung  favouring the systemic absorption of 

drugs include a large absortive surface area (≈100 m2), extensive vascularization 

and thin alveolar epithelium (0.1-0.5 µm). In addition, pulmonary drug delivery 

avoids first-pass hepatic metabolism and gastrointestinal degradation associated 

with the oral administration (Patton and Platz, 1992; Edwards et al., 1998; Courier et 

al., 2002). As a consequence, evidence of acceptable bioavailability following 

pulmonary administration has been reported for several peptide and protein drugs 

such as calcitonin, human growth and parathyroid hormones, interferons and insulin 

(Patton et al., 1994; Kobayashi et al., 1994; Colthorpe et al., 1995; Sakr, 1996; 

Patton et al., 1999). In this sense, it must be mention that insulin is already available 

in the market (in Europe and USA) in a formulation from Pfizer, Nektar and Aventis 

called Exubera®; and a growing number of other peptides/proteins are in various 

phases of clinical trials (Cryan, 2005). 

However, the success of pulmonary protein administration could be reinforced by 

incorporating the drug in an adequate carrier system to improve its aerosolization, 

alveolar deposition and, definitively, its therapeutic efficacy. Moreover, particulate 

drug carriers may protect the drug from degradation, enhance its transport through 

the epithelium, and even act as a controlled release system, resulting in prolonged 

blood concentrations (van der Lubben et al., 2001; Cryan et al., 2005).  

An interesting approach in this field has focused on the design and formulation of 

microspheres, since they can be tailored with the desired morphologic and 

aerodynamic characteristics by simply modifying the composition and process 

variables. Microspheres can be produced using a wide range of naturally occurring 

or synthetic polymers. Among natural polymers, the polysaccharide chitosan (CS) is 

being widely investigated in drug delivery due to its biodegradability, 

biocompatibility, low toxicity and other desirable properties, such as 

 40



 
 
 
 
 
 
 
 
 
 
 
Preparation and in vitro evaluation of different deacetylation degree chitosan microspheres for... 
 
 
mucoadhesiveness and the ability to enhance the absorption of macromolecules 

through different epithelia (van der Lubben et al., 2001). CS is a deacetylated 

product of chitin, which is commercially derived from crustacean shells. CS is a 

linear polymer that consists of N-acetyl glucosamine and glucosamine units. Its 

deacetylation degree (DD), which reflects the balance between these two kind of 

residues (percentage of N-acetyl glucosamine units relative to the total units 

number), plays a very important role on CS physical, physicochemical, and 

biological properties (Mima et al., 1983; Schipper et al., 1996; Varum et al., 1997). 

CS is a polycation at acidic pH values, with an intrinsic pKa of approximately 6.5 

(Domard, 1987). Besides pH, the charge density of the polymer is also determined 

by the DD, since only the glucosamine units are positively charged. In this sense, 

there are several characteristics of CS that seem to be related to its DD and, 

consequently, to its positive charge, such as solubility, biodegradability, toxicity and 

mucoadhesiveness (Schipper et al., 1996; Tomihata and Ikada, 1997; Zhang and 

Neau, 2001; Huang et al., 2004). More specifically, it has been reported that 

decreasing DD favours the polymer degradation by enzymes (e.g. lisozyme) and 

decreases polymer toxicity. The decrease in the CS DD is also associated with a 

reduction in its water solubility and an important loss in the polymer mucoadhesive 

properties, this latter given by the decreased presence of positively charged amino 

groups able to electrostatically interact with mucus or a negatively charged mucosal 

surface. 
Different processing techniques for the preparation of CS microspheres have been 

extensively developed since the 1980’s (Kas et al., 1997). Among them, spray-

drying is a well-known technique, which is commonly used to prepare dry powders 

from drug-excipient solutions and suspensions. Our research group has proposed 

the application of CS microspheres, obtained by spray-drying, for the pulmonary 

delivery of peptides and proteins (Congreso), demonstrating their compatibility with 

the hydrofluoroalkane propellant P134a and, hence, their suitability for lung delivery 

via pressurized dose inhalers (pMDI) (Williams et al., 1998). Besides, we have 

recently demonstrated that insulin-loaded CS microspheres with adequate 
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aerodynamic properties are able to reach the alveolar region after intratracheal 

administration of the dry powder to rats, inducing a significantly improved 

hypoglycemic response than those corresponding to the peptide solution (Carrión-

Recio et al., submitted). 
In order to reach the lower respiratory tract and optimize systemic drug absorption, it 

has been reported that dry powder aerosols need to present aerodynamic diameters 

between 1 and 5 µm (Vanbeber et al., 1999). Larger particles impact in the oro-

pharynx while sub-micron particles remain suspended in air and are exhaled. 

Additionally, a certain number of particles will be transported away from the lung by 

mucociliary clearance. Although there is no consensus concerning the ideal size 

range to avoid or delay macrophages phagocytosis, it has been reported that 

particles beyond 2 µm can more easily escape from this defense mechanism (Roser 

et al., 1998). Furthermore, it has been reported that microspheres having primary 

amino groups on their surfaces were most effectively engulfed by the macrophages 

(Makino et al., 2003). Therefore, it is possible to hypotesize that partial acetylation of 

CS amino groups could reduce the macrophages uptake. 

Bearing all this in mind, the aim of the present work was to develop microspheres 

with appropriate morphological and aerodynamic characteristics for pulmonary 

protein delivery using CS of different DD. First, CS of different DD were prepared 

from a commercial CS sample by reacetylation with acetic anhydride and 

conveniently characterized (DD, mucoadhesiveness). Afterwards, microspheres 

were prepared by spray-drying the corresponding CS solutions/dispersions and the 

effect of CS DD on surface morphology, size, density and aerodynamic diameter of 

the particles was investigated. Finally, the potential of these micospheres as 

peptide/protein carriers was studied by incorporating insulin as a peptide model.  
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2. MATERIALS AND METHODS 

2.1. Materials 

The following chemicals were obtained from commercial suppliers and used as 

received: chitosan glutamate (Sea Cure G210, supplier´s specification: Mw of 300 

kDa and deacetylation degree > 80%) (Pronova Lab., Norway); acetic anhydride 

(AA), mucin type III (1% sialic acid), insulin from bovine pancreas, deuterium acetic 

acid (CD3COOD) (Sigma-Aldrich, Spain) and deuterium oxide (D2O) (Merck, 

Germany). Ultrapure water (Milli-Q plus, Millipore Ibérica, Spain) was used 

throughout. All other reagents were of the highest grade available and were used 

without further purification. 

2.2. Preparation of chitosans of different deacetilation degree 

To prepare the CS derivatives with different DD, a variable volume of AA (ratios: 

1.25, 2.5, 5, and 10 µl AA/mg of CS) was added to CS solutions (1% w/w in water) 

and allowed to react under magnetic stirring for 24 h (room temperature). Then, the 

reacetylated polymer solutions were dialyzed (Dialysis tubing 100 FT, Sigma-

Aldrich, Spain) until elimination of the acetic acid remaining in the medium, which 

was controlled by pH measurements until no pH change. Finally, the polymeric 

solutions were freeze dried (Labconco Co., USA) to obtain CS powders. Production 

yield of reacetylated CS (RCS-yield) were calculated using the formula:  

RCS-yield (%)= (mg of reacetylated CS powder / mg of native CS ) x 100 

2.3. Determination of chitosan deacetylation degree by 1H NMR (proton 
nuclear magnetic resonance) 

The chemical structures of the different CS DD samples obtained as indicated 

above were characterized by 1H NMR. CS samples were dissolved in 

CD3COOD/D2O solution and NMR spectra (500 MHz) were obtained at 80ºC with a 

Bruker DRX500 instrument (Bruker DRX500, Germany). CS DD were obtained 

using the formula indicated below (Hirai et al., 1991). 
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1/3 ICH3

1/6 IH2-H6

DD =  1  –                           x 100
   
 
  

where “DD” is the degree of deacetylation of CS expressed as the percentage, “ICH3” 

is the integral intensity of CH3 (protons of the N-acetylglucosamine residues) and 

“IH2-H6” is the summation integral intensities of H2, H3, H4, H5 and H6 (protons of both 

glucosamine and N-acetylglucosamine residues). 

2.4. In vitro evaluation of chitosan mucoadhesive properties in aqueous 
solution  

Mucoadhesive properties of the aqueous solutions of CS with different DD 

were evaluated by measuring its interaction with mucin by a turbidimetric method 

(He et al., 1998). Stock polymer (reacetylated CS and non-reacetylated CS as 

control) and mucin solutions (2 mg/ml, in acetate buffer pH 4.5) were prepared, 

filtered and stored at 4ºC until their use. The mucin and CS solutions were mixed in 

different ratios (mucin:CS ratio = 1:3; 1:1; 3:1) and incubated under horizontal 

stirring (200 oscillations/min, Heidolph Promax 2020, Germany) during 30 min at 

room temperature. The absorbances of these samples (Aexp) were assayed for 

turbidimetry by UV spectroscopy at 500nm (UV-1603 Shimadzu, Japan). The 

absorbances of the individual polymers and mucin solutions in acetate buffer were 

measured as controls to give the theoretical values (At) for a non-interacting system. 

Calculations were performed as follows: 

At = Amucin x Pmucin + Apolymer x Ppolymer

where “Amucin” and “Apolymer” are the absorbances obtained for the mucin and polymer 

solutions individually, and “Pmucin” and “Ppolymer” are the proportion of mucin and 

polymer, respectively, present in the mixture. The absorbance difference between 

the measured experimentally and the calculated theoretically (Aexp - At) represents 

the mucoadhesion strength. All samples were analyzed in triplicate (n = 3). 
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2.5. Preparation of CS microspheres 

CS microspheres were produced by spray-drying polysaccharide solutions (0.5% 

w/w or 1% w/w, depending on CS DD), which were prepared by dissolving CS in a 

diluted acidic solution (acetic acid, 1% v/v) at room temperature, using a Büchi 290 

Mini Spray-drier (Afora, Spain). The spray drying conditions were: feed rate of 2.8 

mL/min (nozzle size = 0.7 mm), air flow rate of 473-550 Nl/h, and inlet and outlet 

temperatures of 160-162 ºC and 107-114 ºC, respectively. For CS microspheres 

containing insulin, the corresponding amount of peptide (15% w/w based on CS) 

was previously dissolved in HCl 0.1 M and then, added to the CS solution, obtaining 

a final polymer concentration of 0.5% w/w (for CS DD < 30%), or 1% w/w (for CS 

DD > 30%). Differences in concentration of the feedstock solutions to spray-dry 

were due to the solubility and handling limitations inherent to the lowest CS DD. The 

solutions were maintained under continuous mechanical stirring during all the 

process. Spray-drying production yields (SPD-yield) were  determined according the 

following expression: 

SPD-yield (%) = (microspheres weight /total components weight) x 100 

2.6. Characterization of CS microspheres 

2.6.1. FT-IR (Fourier Transform Infrared spectra) of chitosan microspheres   

The IR spectra of reacetylated and non-reacetylated CS microspheres were 

recorded using the KBr technique (1 mg sample in 50 mg KBr) (Bruker model IFS-

66v, Germany) with a frequency range of 4000-400 cm-1. The DD of the samples 

was calculated from the ratio of absorbance at 1655 cm-1 (ascribed to amide I band) 

and the hydroxyl band at 3450 cm-1 using two different baselines, baseline (a), 

which was proposed by Domszy and Roberts and baseline (b) by Baxter et al. 

(Domszy and Roberts, 1985; Baxter et al., 1992). The computation equations for the 

two baselines are given below: 

DD = 100 – [(A1655 / A3450) x 100/ 1.33] – baseline               (a) 
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where the factor ‘1.33’ denoted the value of the ratio A1655 / A3450 for fully N-

deacetylated chitosan, and 

DD = 100 – [(A1655 / A3450) x 115] – baseline                      (b) 

The amide and hydroxyl bands absorbances can further be represented by the 

simple mathematical expressions as proposed by Sabnis and Block (Sabnis and 

Block, 1997). 

A 1655 = Log10 (DF1/DE)   or  A 1655 = Log10 (DF2/DE), and 

A 3450 = Log10 (AC/AB) 

where DF1 (for the baseline ‘a’) or DF2 (for the baseline ‘b’), DE, AC, and AB 

depicted the absolute heights of the absorption bands of the functional groups at 

their respective wavelengths (see Figure 1). 
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Figure 1. IR spectrum of chitosan showing the two baselines (‘a’ and ‘b’) for calculating the 

amide I band absorbance ratio A1655/A3450 (Tanveer et al., 2002). 
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2.6.2. Characterization of microspheres size and morphology  

The morphology and surface appearance of the microspheres were examined by 

scanning electron microscopy (SEM). The particles were freeze-dried (Labconco 

Co., USA), coated with gold palladium to achieve films of 60 nm thickness (Polaron 

SC7640 High Resolution Sputter-coater, Thermo VG Scientific, England) and 

observed with a scanning electron microscope (SEM Leica S440, England).  

The particle size was estimated as the Feret´s diameter (the measured distance 

between parallel lines that are tangent to the particle profile and perpendicular to the 

ocular scale) and was directly measured with an optical microscope (Olympus BH-2, 

Japan) on 100 particles, (n = 100). 

2.6.3. Determination of real and apparent densities 

Real densities of microspheres were determined by Helium pycnometry 

(Micropycnometer, Quanta Chrome, MPY-2 model, USA) (n = 6). The apparent (tap) 

densities were obtained by measuring the volume of a known weight of powder in a 

10 mL graduated cylinder. After registering the initial volume, the cylinder was 

mechanically tapped (30 taps/min, Tecnociencia, Spain) until a constant volume was 

achieved (El-Gibaly, 2002). The apparent density was calculated as the mass 

divided by the volume (n = 3). 

2.6.4. Measurement of aerodynamic properties  

 Aerodynamic diameters (daer) of microspheres were determined using a TSI 

Aerosizer® LD analyzer equipped with an Aerodisperser® (Amherst Process 

Instrument Inc., USA) (n = 3), whose measuring principle is based on direct time-of-

flight measurements according to the following equation: 

 

 

         πd2           (Va – Vp)2                          dVp 
Cd             ρa                     = 1/6 πd3 ρp                   
          4                     2                                    dt 
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where Cd: particle drag coefficient, d: particle Feret´s diameter, ρa: air density, ρp: 

particle real density, Va: air velocity and Vp: particle velocity.  

2.6.5. Determination of insulin association to the microspheres 

Protein content of formulations was determined following the microspheres 

incubation (1.25 mg of microspheres, test tubes of 10 mL) in 6 mL of PBS pH 7.4 

under horizontal shaking (105 oscillations/min, Heidolph Promax 2020, Germany) at 

22°C, until the complete protein release (4 h). The microspheres dispersions were 

filtered (0.45 µm filters unit MILLEX®-HV, low protein binding, USA) and the 

supernatants assayed for insulin content by measuring their absorbances at 562 nm 

(Micro BCA Protein Assay Reagent Kit, Pierce, USA; UV-1603 Shimadzu, Japan) (n 

= 3).  

The association efficiency (A.E.) to the microspheres was determined as follows: 

A.E. (%) = (Weight of associated protein/Total protein weight) x 100 

2.6.6. In vitro release studies 

In vitro release studies of protein-loaded microspheres were performed as follows. 

Microspheres (2.5 mg) were incubated (10 mL test tubes) in 6 mL of PBS pH 7.4 

under horizontal shaking (105 oscillations/min, Heidolf promax 2020, Germany) at 

37ºC. At pre-determined times (15, 30, 45, 60 and 120 min) the microparticles 

dispersions supernatants were filtered (0.45 µm filters unit MILLEX®-HV, low protein 

binding, USA) and assayed for drug release by measuring their absorbances at 562 

nm (Micro BCA Protein Assay Reagent Kit, Pierce, USA; UV-1603 Shimadzu, 

Japan) (n = 3-6). 

2.7. Statistical Analysis 

Statistical differences were investigated by using one-way ANOVA followed by the 

Student-Newman-Keuls method for multiple comparissons. All analysis were run 

using the SigmaStat statistical program (version 3.1) and differences between 

groups were judged significant at P < 0.05.  
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RESULTS AND DISCUSSION  

A total of 4 samples of CS with DD ranging between 23 and 47% were prepared by 

reacetylation of the commercial polymer of DD > 80% (according to the supplier´s 

specifications). The reaction of acetylation was performed with acetic anhydride in 

an aqueous medium at room temperature. After dialysis and freeze-drying, the final 

dry products were characterized by 1 H NMR spectrometry; the corresponding 

spectra are reported in Figure 2. CS DD was easily estimated from the ratio of the 

integral intensity of the N-acetyl protons to the sum of integral intensities of the H2, 

H3, H4, H5 and H6 (protons of both glucosamine and N-acetylglucosamine residues), 

as reported by Hirai et al. (Hirai et al., 1991). The yields of reacetylation process 

([mg of reacetylated CS powder / mg of native CS] x 100), as well as the determined 

CS DDs are represented in Table 1. 

  

ppm(t1) 1.02.03.04.05.06.0ppm(t1) 1.02.03.04.05.06.0ppm(t1) 1.02.03.04.05.06.0

a) 

b) 

c) 

d) 

e) 
 

 

 

 

 

 

 

 

 

 

Figure 2. 1 H NMR spectra of: (a) non-reacetylated chitosan, and (b) R-1.25, (c) R-2.5, (d) R-

5, (e) R-10 reacetylated chitosans; corresponding the values 1.25, 2.5, 5 and 10 to the ratios 

AA/CS (µl/mg) used for the CS reacetylation processes. 
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Table 1. Reacetylation process yields and experimental deacetylation degrees of CS 

solutions obtained by 1H NMR. 

 
 
CS 

Reacetylation
yield (%)b

 
DD (1H NMR)  

(%) 
 

R-0 - 83.47  

R-1.25a 66.86  46.66  

R-2.5 62.58  37.56  

R-5 62.29  25.97  

R-10 63.60  23.07  
a AA/CS (µL/mg) ratios used for the CS reacetylation processes 
b Reacetylation yield (%) = (mg of reacetylated CS powder / mg of 

native CS ) x 100 

 

It is known that the cationic polyelectrolyte nature of CS could provide a strong 

electrostatic interaction with mucus or a negatively charged mucosal surface. For 

this reason, we evaluated the influence of the positive charge loss, inherent to the 

acetylation of free amino groups, over polymer mucoadhesive properties. The 

results of the turbidimetric studies on the mucin/CS mixed systems are depicted in 

Figure 3. The absorbances (A) of the mixtures of mucin/polymer and of the 

individual mucin and the individual polymer sample at 500 nm were measured. The 

theoretical absorbance (At) for the mixture was calculated from the individual ones, 

as explained in the methodology section. The absorbance differences (Aexp-At) 

between the measured and theoretical values represent the mucoadhesion strength. 

Thus, when no interaction occurs, “Aexp-At” is zero, whereas the higher is the “Aexp-

At” value, the higher is the polymer-mucin interaction (He et al., 1998). In general, 

these absorbance differences were high for all the samples, suggesting a strong 

interaction between the different DD CS and mucin, and thus probing the 

mucoadhesive properties of all the prepared CSs (with DD as low as 23%). As 

expected, the maximum values corresponded to non-reacetylated CS (DD 83%). 

This absorbance, around 0.7, decreased gradually as the DD decreases, as 
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correspond to the fall in the number of positively charged amino groups able to 

interact with the negatively charged groups on mucin.   
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Figure 3. Turbidimetric measurements of the interaction between mixtures of CS with 

different deacetylation degrees and mucin in different ratios. “Aexp-At” is the absorbance 

difference between the measured experimentally (λ = 500 nm) and the calculated 

theoretically, and represents the mucoadhesion strength (n = 3). 

 

 

In order to obtain a suitable CS carrier for lung delivery of peptides/proteins, CS 

microspheres were prepared by spray-drying the CS solutions of different degrees 

of acetylation, as indicated in the methodology section. Microspheres were named 

as function of the CS from they were made of. Thus, the assigned names (particle 

code) are listed in Table 2, together with the corresponding production yields 

([microspheres weight /total solids weight] x 100), which in all cases were high (64-

75%). 
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Table 2. Particle code and production yields of the spray-dried microspheres 

 

CS 
 

Particle code SPD-yieldb (%) 

R-0 MS DD 83% 72.50 

R-1.25a MS DD 47% 66.75 

R-2.5 MS DD 38% 63.68 

R-5 MS DD 26% 75.00 

R-10 MS DD 23% 71.05 
a AA/CS (µL/mg) ratios used for the CS reacetylation processes 
b Spray-drying yield (%) = (microspheres weight /total solids 

weight) x 100  

 

 

As an additional study, DD of the CS microspheres, as a dry powder, was also 

determined by FT-IR. Spectroscopic methods based on IR spectra are commonly 

used for the estimation of CS DD values, since they are relatively fast and do not 

require dissolution of the CS samples (Baxter et al., 1992). FT-IR spectra of 

microspheres prepared from non-modified or native CS and N-acetylated chitosans 

are represented in Figure 4. The absorption peaks at 1654 cm-1 can be assigned to 

the carbonyl stretching of secondary amides (amide I band), at 1576 cm-1 to the N-H 

bending vibration of non-acylated 2-aminoglucose primary amines, and at 1555 cm-1 

to the N-H bending vibrations of the amide II band (Xu et al., 1996). After N-

acetylation, the vibrational band corresponding to primary amino groups at 1576 cm-

1, which is characteristic of CS with DD > 50% (Dong et al., 2001), dissapeared, 

while gradually prominent amide I and amide II bands at 1654 cm-1 and 1555 cm-1 

were observed (Le Tien et al., 2003). Over the last two decades, improvements in 

the IR methods have been proposed by making use of new absorption bands and/or 

baselines for the measurement of DD. Among the different proposals, use of the 

amide I absorption band (1655 cm-1) combined with the hydroxyl absorption band 

(3450 cm-1) as internal reference appears to provide the best results (Lavertu et al., 
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2003). The concentration of N-acetyl groups is given by the absorbance of the 

amide I band at 1655 cm-1, but it is necessary to have an internal reference standard 

in order to compensate for differences in sample concentration in the KBr disc. The 

selection of the band at 3450 cm-1 as reference is given by two main advantages: it 

is prominent and relatively isolated, and its intensity is approximately constant from 

chitosan to the fully N-acetylated chitosan or chitin (Moore and Roberts, 1980).  
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Figure 4. FT-IR spectra of microspheres prepared from CS of different deacetylation 

degrees. 

 

 53



 
 
 
 
 
 
 
 
 
 
 
Article 1 
 
 
 

Thus, as previously described into the Methodology, CS DD was calculated by 

applying two equations, based on the ratio of absorbances A1655/A3450 and using two 

different baselines (Domszy and Roberts, 1985; Baxter et al., 1992). As can be 

observed in Table 3, similar DD were obtained by both equations, these values 

being also similar to those obtained by NMR of the polymer solutions, demonstrating 

the accuracy of the techniques employed for the characterization/determination of 

DD. Reacetylation yields ([mg of reacetylated CS / mg of native CS ] x 100) were 

very reproducible (SD < 2%) and high, varying within 63 and 67 %. 
 

 
Table 3. Experimental deacetylation degrees of CS, obtained by FT-IR spectroscopy of 

microspheres powder. 

DD (FT-IR) (%) 
 

Particle code A1655 / A3450 
(baseline a) 

 
A1655 / A3450 
(baseline b)

 
MS DD 83% n.d 86.01 

MS DD 47% 40.18 43.69 

MS DD 38% 36.86 38.02 

MS DD 26% 32.72 30.88 

MS DD 23% 30.46 27.83 

 

SEM studies were performed at both low and high magnifications (20000x and 

50000x) in order to obtain information about general powder characteristics 

(predominant particle size and shape) and particle surface (texture, roughness). 

SEM photographs revealed the great influence of CS DD on the surface morphology 

of blank microspheres. Clear changes in particle morphology and surface roughness 

are showed in representative photos in Figures 5 and 6. It is very outstanding the 

evolution from the spherical shape and smooth suface of non-reacetylated CS 
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microspheres (MS DD 83%) to the very characteristic irregular shape and 

convoluted/wrinkled surface corresponding to the most reacetylated CS particles 

(MS DD 26% and MS DD 23%).  

 

 

 

 

Figure 5. SEM microphotograph of the microspheres obtained by spray-drying  non-

reacetylated CS solution (1% w/w): MS DD 83%. 

Similar morphologycal characteristics have been shown in the literature for spray-

dried particles obtained from other polymers, e.g. hyaluronic acid (Surendrakumar et 

al., 2003); polymeric mixtures, e.g. CS-gelatin (Huang et al., 2002); and pure 

proteins, e.g. bovin serum albumin or human anti-IgE antibodies (Ameri and Maa, 

2006). Huang et al. explained this phenomenon as a consequence of an explosion 

produced by high heat (170 ºC) during the spray drying process, probably due to a 

lack of rigidity in the polymeric matrix (Huang et al., 2002). As reported by Ameri et 

Maa, the liquid composition to be spray dried prescribes the shape of the resulting 

particles, i.e., some materials tend to form solid spherical particles while others form 

holow, deformed or even disintegrated particles. They hypothesized that, as the 

droplet dries, a polymer film formed at the external surface could hinder the outward 

diffusion of water and cause the water vapor pressure inside the droplet to increase. 

At a critical pressure, the film bursts, deforming the particle shape from its original 

sphericity. Certainly, the extent of such hinderance in diffusion will be dictated by the 

film properties (flexibility, mechanical strength, porosity) (Ameri and Maa, 2006), but 

also by the affinity between the spray-dried material and the solvent. In this sense, a 

reduced polymer-solvent interaction (caused by low solubility of the polymer) led to 
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a more difficult diffusion of the solvent through the outer polymer wall (Zhang et al., 

2000), as it may occur for reacetylated CSs.  
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Figure 6. SEM microphotographs of the microspheres obtained by spray-drying CS solutions 

of different DD: (a) MS DD 47%; (b) MS DD 38%; (c) MS DD 26% and (d) MS DD 23%. 

Magnifications: (a) 20000x and (b) 50000x (except a.2 at 30000x). 
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Finally, it must be mentioned that the increase in surface rugosity, directly related 

with the decrease in CS DD of microspheres, may have a profitable impact on the 

agglomeration properties of the dispersed particles, as it has been reported that 

asperities prevent close approach of particles, thus avoiding van der Waals contact 

(Tarara et al., 2004). 

The particle size of a powder formulation intended for inhalation is, together with 

density, a key factor in its therapeutic success because both strongly influence the 

particle aerosolization and in vivo deposition properties (Taylor and Kellaway, 2001; 

Courier et al., 2002). Spray dried microspheres obtained in this study have a small 

size, around 2 µm, being the differences between formulations not significant. Their 

specifical values, expressed as mean Feret diameters, and respective standard 

deviations are listed in Table 4.  

 
Table 4. Micromeritic properties of  microspheres obtained by spray-drying from CS with 

different deacetylation degree. 
     

  a daer : aerodynamic diameter determined with an Aerosizer® analyzer 

Particle code Feret diameter 
(µm) 

Real density 
(g/cm3) 

Apparent 
density 
(g/cm3) 

daer 
 (µm)a

MS DD 83% 2.04 ± 0.93 1.48 ± 0.09 0.48 ± 0.01 1.96 ± 1.53 

MS DD 47% 2.04 ± 1.24 1.47 ± 0.07 0.47 ± 0.02 1.53 ± 1.48 

MS DD 38% 1.93 ± 1.37 1.43 ± 0.09 0.42 ± 0.02 1.56 ± 1.49 

MS DD 26% 1.85 ± 0.65 1.37 ± 0.04 0.40 ± 0.01 1.56 ± 1.45 

MS DD 23% 1.79 ± 1.16 1.36 ± 0.04 0.38 ± 0.03 1.46 ± 1.45 

 

In contrast, real and apparent density values, shown also in Table 4, resulted to be 

depending on CS DD. Thus, microsphere densities decreased with the decrease in 

CS DD, ranging from 1.48 to 1.36 g/cm3 and from 0.48 to 0.38 g/cm3 for real and 

apparent densities, respectively. This fact could be explained by the obvious 

morphologycal/surface differences mentioned above, although the contribution of 
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CS reacetylation to form less compact polymeric matrixs should not be discarded. 

The tendency resulted to be signifficant for the different apparent density values (P 

< 0.05). 

The experimental aerodynamic diameters (daer) of the microspheres, measured 

using the Aerosizer® - Aerodisperser® equipment, are shown in Table 4. Results 

could be grouped in two significatively different values: 2 µm for MS DD 83%, and 

around 1.5 µm for the formulations prepared from reacetylated chitosans (DD < 

50%). According to these aerodynamic diameter data, the developed microspheres 

are in the adequate range for optimal alveolar deposition, which must be of 

approximately 1-5 µm (Vanbever et al., 1999).  

In order to investigate the suitability of CS microspheres to associate therapeutic 

proteins, insulin was selected as model. Insulin-loaded microspheres were prepared 

from three representative CS samples with DD of 83%, 38% and 23%. At this point, 

it must be mentioned that the high temperature used, inherent to the spray-drying 

processes, is not expected to compromise the stability of the associated protein 

(Broadhead et al., 1992). The association of insulin to the microspheres (theoretical 

15% w/w based on CS) did not produce morphological differences compared to the 

unloaded particles. As can be observed in SEM microphotographs (Figure 7), the 

insulin loaded particles show similar shape to their respective blank particles (see 

Figure 6).  

b) c) a) 

 

 

Figure 7. SEM microphotographs of the different CS DD microspheres containing 15% w/w 

insulin (based on polymer) obtained by spray-drying: (a) MS DD 83%; (b) MS DD 38%, and 

(c) MS DD 23%. 
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Association efficiencies were experimentally calculated as described in the 

methodology section. The determination of association efficiencies was performed 

at 22ºC rather than at 37ºC (physiological temperature), in order to minimize the 

insulin self-aggregation tendency occurring at higher temperatures (Sluzky, Klibanov 

& Langer, 1992; Reithmeier et al., 2001) and thus, to obtain the total amount of 

associated insulin. High insulin association efficiencies were obtained, ranging from 

71%, for MS DD 83%, to 90-91%, for MS DD 38 and 23%. These high association 

efficiencies are usually associated with the spray drying processes (Surendrakumar 

et al., 2003). However, a decrease in the percent of associated insulin was observed 

for the microspheres prepared with the most deacetylated CS (DD 83%). In order to 

know if these differences were due to a real decrease in the insulin association 

during the spray-drying process or only to a decrease in the amount of insulin able 

to be quantified, we incubated the corresponding microspheres components 

(theoretical proportion of CS of different DD and insulin physically mixtured as 

before spray-drying) and determined the percent of recovered insulin. Since the 

differences found were less than a 5% (n = 3), as compared with the reported 

association efficiencies, we could conclude that there is some factor that hinders 

insulin quantification. Taking into account that the amount of quantified insulin 

decrease as the DD increases, the most feasible factor is an interaction between CS 

primary amino groups (non-acetylated) and insulin. Besides, a certain insulin self-

aggregation should not be discarded. 

Figure 8 depicts the release profiles of insulin from the spray-dried microspheres 

(MS DD 23%, MS DD 38%, and MS DD 83%) in PBS pH 7.4. Unlike association 

efficiency, in vitro release studies were carried out at 37ºC to mimic the 

physiological temperature. A clear `burst effect´ was observed during the first 15 

minutes in contact with the medium, when most of the drug was released, 

irrespective of the formulation assayed. In general, after these first 15 minutes and 

until the maximum of insulin released is reached (at 1 hour), profiles resulted to be 

significantly different for the reacetylated CS formulations, MS DD 23% and MS DD 
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38%, with respect to MS DD 83% (P < 0.05). Specifically, the insulin release from 

the reacetylated CS formulations was faster and higher. The factors affecting this 

unexpected release behavior would be, basically: (a) the particular convoluted 

surface showed by  MS DD 23% and MS DD 38% (as opposed to the spherical 

shape and smooth surface of non-reacetylated CS microspheres), that provides a 

higher specific surface area in contact with the release medium; and (b) their lower 

particle density, that suggest a less-compact internal structure, which may facilitate 

the diffusion of insulin through the polymeric matrix. However, taking into account 

that reacetylated CSs are less soluble, it could be expected that, once the 

microspheres are administered in vivo in a dry way, the insulin release will be 

slower. 
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Figure 8. Release profiles of insulin from CS microspheres of different DD (23, 38, and 83%) 

in PBS pH 7.4 at 37ºC (insulin = 15% w/w based on CS; mean ± S.D., n = 3-6).  (*) denotes 

significant differences (P < 0.05). 
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In summary, different CS DD microspheres were prepared by spray-drying in an 

entirely aqueous medium. Morphological and aerodynamic properties were 

dependent on CS DD, in all cases being suitable for drug delivery to the deep lung. 

The microspheres present a great potential as peptide/protein carriers, since high 

insulin (peptide model) association efficiencies were obtained. Based on previous 

studies performed by our group, we hypothesized that the microspheres, once 

inhaled, would reach the deep lung and adhere to the alveolar epithelium, where the 

protein would be released and CS could promote its absorption. By decreasing CS 

DD, it is expected that the formulations are significatively less toxic and more 

biodegradable, while preserving part of the favourable mucoadhesive and 

absorption-enhancing properties inherent to high deacetylated CS.  

In order to find the optimum formulation for being administered in vivo to rats, further 

experiments will be aimed to extensively investigate the influence of CS DD on the 

polymer cytotoxicity and its ability to enhance the absorption of macromolecules 

across a cell culture model of the pulmonary epithelium.  
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ABSTRACT 

Chitosan:glucomannan (CS:GM) microparticles intended for pulmonary drug 

delivery have been prepared by spray-drying. The results have shown that the 

morphology and surface appearance of the microspheres, as well as their densities 

and aerodynamic diameters, are closely dependent on their composition (presence 

and amount of GM), and suggested the adequacy of these particles to be delivered 

to the deep lung. A protein model (insulin) was efficiently encapsulated, and the 

influence of the CS:GM ratio on the drug release behavior of the particles was 

investigated. In general, the release of insulin from the microspheres was fast and 

accompanied by a burst effect, this fact being mainly related with the particle 

morphology, the polymeric matrix structure and the own drug model, as well as the 

non-employment of crosslinking agents in their preparation. However, it is expected 

a different behavior in vivo, when the particles, administered as dry powders, reach 

the mucosal/alveolar surfaces and release the entrapped drug more gradually, after 

a humectation and swelling process. In these sense, in vitro studies performed in 

well-differentiated Calu-3 cells, showed the ability of these CS:GM microspheres to 

closely interact with the mucus and remain adhered to the epithelium.  

 
 

KEY WORDS: Chitosan, glucomannan, microspheres, mucoadhesion, pulmonary 

delivery, spray-drying. 
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1. INTRODUCTION 

Drug delivery to the lungs by inhalation has attracted tremendous scientific and 

biomedical interest over the last few years. Inhaled drugs can be absorbed, after 

deposition, in various parts of the respiratory tract, but the highest absorption occurs 

in the alveolar region owing to its large surface, extensive vasculature and very thin 

epithelium (Taylor and Kellaway, 2001). However, important barriers to deep lung 

deposition of particulate delivery systems are the impaction of delivered material at 

the throat and major bifurcations and rapid particle removal from the lungs by 

mucociliary and phagocytic clearance mechanisms (Edwards et al., 1998; 

Groneberg et al., 2003). The avoidance of these obstacles depends on shape, size 

and density (aerodynamic properties) as well as surface characteristics of the 

particles. In this sense, numerous estudies have demonstrated that particles of 

mean aerodynamic diameter of 1-5 µm (Clark and Egan, 1994; Vanbever et al., 

1999), deposit minimally at the mouth ant throat and maximally in the alveolar or 

deep lung region, thus being optimal for inhalation therapy.  Additionally, it must be 

taken into account that an excessive particle aggregation in the inhaler can lead also 

to an inefficient drug delivery. In this sense, major improvements in aerosol particle 

performance have been reported by lowering particle mass density and increasing 

particle size, since these particles display less tendency to agglomerate than 

conventional small and nonporous (compact) particles (Edwards et al., 1998).  

For all the mentioned above, it can be deduced that the design of an adequate drug 

carrier system becomes in an essential prerequisite for the successfull delivery of 

macromolecules to the systemic circulation by inhalation. 

Several research works have been focusing in the design and formulation of 

microspheres as carriers for pulmonary administration. Among the different 

techniques used to prepare microparticles for aerosol delivery (supercritical fluid 

technology, emulsion-solvent evaporation, spray-drying, emulsion-solvent diffussion, 

and phase separation) (Cryan, 2005), spray-drying has the advantage of allowing 

the preparation of microspheres in an entirely aqueous medium from the mixture of 

drug and excipient solutions as well as suspensions (Sinha et al., 2004; Agnihotri et 
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al., 2004). Furthermore, the high temperature inherent to all spray-dried processes, 

is known not to compromise the stability of the associated protein (Broadhead et al., 

1992). These systems can be prepared by using a wide range of naturally occurring 

or synthetic polymers, while desired morphologic (shape and porosity) and 

aerodynamic (size and density) characteristics can be achieved by simply modifying 

the composition and/or the processing parameters (Cryan, 2005).  
Chitosan (CS) is a natural polysaccharide with great potential for pharmaceutical 

applications, mainly due to its well-documented biodegradability, biocompatibility 

and low-toxicity (Hirano et al., 1989; Knapczyc et al., 1989; Tomihata and Ikada, 

1997). Indeed, the polymeric cationic nature and gel-forming capability of CS play 

an effective role on the opening of intercellular tight junctions, thereby favoring 

mucoadhesion and permeation of hydrophilic macromolecules across the well-

organized epithelium (van der Lubben et al., 2001; Portero et al., 2002). 

In this sense, we have recently demonstrated that insulin-loaded CS microspheres 

prepared by spray-drying are adequate for lung protein delivery, since they are able 

to reach the alveolar region after intratracheal administration of the dry powder to 

rats and provide a significantly lower glucose levels  (60 and 90 min after 

administration) than those corresponding to the insulin solution (Carrión-Recio et al., 

submitted). 

Glucomannan (GM) is a hydrocolloidal polysaccharide, very abundant in nature, 

which consists in β-1,4 linked mannose and glucose residues and that has been 

lately introduced in the drug delivery field; mainly as a pharmaceutical excipient in 

tablets, films, beads and hydrogels, due to its gelling, solubility and biodegradable 

properties, but also for the targeting of nanocarriers to specific receptors on the cell 

surface, such as the mannose receptors (Alonso-Sande et al., submitted). In this 

sense, we would like to underline the development of CS:GM-based nanoparticles, 

which have shown attractive features as carriers for transmucosal drug delivery 

applications. The main role of GM in this system was to improve the stability of the 

CS nanoparticles and to control the release of the encapsulated proteins (Du et al., 

2005; Cuña et al., 2006; Alonso-Sande et al., 2006a). Furthermore, the introduction 
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of GM in the nanoparticles demonstrated to increase their interaction with the 

intestinal epithelium both in vitro, in Caco-2 cells, and in vivo, after oral 

administration to rats (Alonso-Sande et al., 2005; 2006b).  

Taking into account all this previous information, in the present work we decided to 

introduce GM as a “modifying” factor in the composition of the CS microspheres, 

which were proposed for pulmonary drug delivery, thus investigating the effect of 

GM type (different viscosity) and content (different ratios CS:GM) on the 

morphological and aerodynamic characteristics of the particles, as well as on their 

mucoadhesive properties and drug release patterns. Therefore, the aim of the 

present work was to develop, using a spray-drying technique, CS:GM-based 

microspheres with appropriate morphological and aerodynamic characteristics to 

reach the deep lung, where the associated protein is expected to be delivered and 

absorbed. The potential of these microspheres as protein carriers was investigated 

using insulin and FITC-BSA as model compounds.   

2. MATERIALS AND METHODS 

2.1. Materials 

The following chemicals were obtained from commercial suppliers and used as 

received: chitosan (Sea Cure 223, supplier´s specification: Mw of 150 KDa and 

deacetylation degree > 80%) (Pronova Lab., Norway); Ultrapure chitosan (Protasan 

UP G113, supplier´s specification: Mw of 128 KDa and deacetylation degree = 86%) 

(FMC Biopolymers, Norway); glucomannan (Propol RX-L, Propol RS and Propol A, 

supplier´s specifications: viscosity of a 1% GM solution at 25ºC: 15000, 35000 and 

100000 cps, respectively) (Shimizu Chemical Co., Japan); mucin type III (1% sialic 

acid), insulin from bovine pancreas, fluorescein isothiocyanate labelled bovine 

serum albumin (FITC-BSA), phenazine methosulphate (PMS) and 

penicillin/streptomycin (Sigma-Aldrich, Germany);   3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) (Promega, USA); 

Dulbecco’s modified Eagles medium (DMEM), Hanks’ balanced salt solution (HBSS) 
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and trypsin-EDTA (Gibco BRL, UK); morpholino-ethanesulphonic acid anhidrous 

(MES) (Applichem GmbH, Germany); Bodipy® Phalloidin 650/665 (Molecular 

Probes, USA); Triton® X (Fluka, Switzerland); fetal bovine serum (FBS) (Biotech 

Line A/S, Denmark). Ultrapure water (Milli-Q plus, Millipore Ibérica, Spain) was used 

throughout. All other reagents were of the highest grade available and were used 

without further purification.  

2.2. Cell culture 

Calu-3 cells were purchased from American Type Culture Collection ATCC 

(Rockville, USA) and cultured as previously referred (Tréhin et al, 2004) with slight 

modifications. Briefly, cells were detached from culturing flasks by trypsin-EDTA and 

subcultivated at 37ºC with a 5% CO2 humidified atmosphere for studies with 

proliferating cells or a well-differentiated epithelium. For studies with proliferating 

cells, the cells were seeded in flat-bottomed 96-well culture plates (0.33 cm2/well, 

Costar®, Corning Inc., USA) in a density of 8.2 x 104 cells/well and cultured for 24 h. 

To obtain a differentiated epithelium, Calu-3 cells (passage 27-28) were cultured on 

inserts with a constant density of 2 x 105 cells/cm2  (Falcon® 12-well tissue culture 

plates, 0.9 cm2/insert, 0.4 µm pore size, Becton Dickinson Labware, USA). Cell 

culture medium was removed from the apical compartment 24 h after seeding, in 

order to allow the cells to form a monolayer at an air-liquid interface. Calu-3 

differentiated monolayers were used after 15 days. 

2.3. Evaluation of cytotoxicity and mucoadhesive properties of polymers  

2.2.1. Cytotoxicity of GM 

The dehydrogenase activity in the Calu-3 proliferating cells was used to estimate the 

cells sensitivity to different GM concentrations and measured according to the 

MTS/PMS assay (Eirheim et al., 2004). Thus, cells grown in 96-well culture plates 

were incubated with 100 µL of GM (RX-L) solutions in concentrations ranging from 

0.01 to 5 mg/mL (20mM MES in HBSS, pH 6) for 4 h. At the end of the incubation 

 73



 
 
 
 
 
 
 
 
 
 
 
Article 2 
 
 
time, samples were discarded and replaced by the MTS/PMS solution. Incubation 

was done under stirring and protected from light for 2 h at 37ºC. The absorbance 

was measured at 492 nm using a microplate reader (FluoStar Optima, BMG Labtech 

GmbH, Germany). The enzyme activity in untreated cells was set at 100%, and the 

effect of the GM solutions was measured as the relative decrease in enzyme 

activity. Analysis of three replicates was conducted in three different passages of 

cells. 

2.2.2. Mucoadhesive properties of polymer solutions  

Mucoadhesive properties of the aqueous solutions of CS (223), GM (Propol RX-L 

and Propol RS) and different ratios of CS:GM mixtures (75:25, 50:50 and 25:75, for 

both GM types) were evaluated by measuring its interaction with mucin by a 

turbidimetric method (He et al., 1998). Stock polymer (CS and the two different GM) 

and mucin solutions (2 mg/mL, acetate buffer pH 4.5) were prepared, filtered and 

stored at 4ºC until their use. The mucin and polymer solutions were mixed in 

different ratios (mucin:polymer ratio = 1:3; 1:1; 3:1) and incubated under horizontal 

shaking (200 oscillations/min, Heidolph Promax 2020, Germany) during 30 min at 

room temperature. The absorbances of these samples (Aexp) were assayed for 

turbidimetry by UV spectroscopy at 500 nm (UV-1603 Shimadzu, Japan). The 

absorbances of the individual polymers and mucin solutions in acetate buffer were 

measured as controls to give the theoretical values (At) for a non-interacting system. 

Calculations were performed as follows: 

                          At = Amucin x Pmucin + Apolymer x Ppolymer

where Amucin and Apolymer are the absorbances obtained for the mucin and polymer 

solutions individually, and Pmucin and Ppolymer are the proportion of mucin and 

polymer, respectively, present in the mixture. The absorbance difference between 

the measured experimentally and the calculated theoretically (Aexp - At)  represents 

the mucoadhesion strength. All samples were analyzed in triplicate (n = 3).  
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2.4. Preparation of drug-unloaded (blank) CS:GM microspheres  

CS solutions (CS 223, 3% w/w) were prepared by dissolving the polymer in a diluted 

acidic solution (1.5M acetic acid) and centrifuged (21100 g, 15 min) (Beckman 

Avanti TM 30, USA) in order to eliminate possible CS impurities. GM solutions (1% 

w/w in Milli-Q water) were prepared in three main steps, which duration was fixed 

depending on the native GM viscosity. First, the powder was humected under 

magnetical stirring at room temperature, followed by refrigeration (4ºC) and lastly, 

magnetical stirring at room temperature again. Polysaccharide solutions to spray dry 

were prepared by diluting and/or mixing the solutions previously obtained in order to 

get the different concentrations and  ratios depicted in Table 1. The solutions, 

maintained under continuous mechanical stirring, were spray-dried using a feed rate 

of 2.8 mL/min (nozzle size = 0.7 mm) and an air flow rate of 473-550 Nl/h, at inlet 

and outlet temperatures of 159-163 ºC and 108-116 ºC, respectively (Büchi Mini 

Spray-drier B-290, Büchi Labortechnik AG, Switzerland).  

The spray-drying production yields (SPD-yield) were calculated as follows: 

          SPD-yield (%) = (Microspheres weight/Total solids weight) x 100 

2.5. Infrared spectra of CS:GM microspheres   

The infrared (IR) spectra of microspheres containing different CS:GM ratios (100:0, 

50:50, 0:100) were recorded using the KBr technique (1 mg sample in 50 mg KBr) 

(Bruker model IFS-66v, Germany) with a frequency range of 4000-400 cm-1. 

2.6. Characterization of microspheres size and surface morphology  

The morphology and surface appearance of the microspheres were examined by 

scanning electron microscopy (SEM). The particles were freeze-dried (Labconco 

apparatus, Labconco Co., USA), coated with gold palladium to achieve films of 60 

nm thickness (Polaron SC7640 High Resolution Sputter-coater, Thermo VG 

Scientific, England) and observed with a scanning electron microscope (SEM Leica 

S440, England).  
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The particle size was estimated as the Feret´s diameter (the measured distance 

between parallel lines that are tangent to the particle profile and perpendicular to the 

ocular scale) and was directly determined with an optical microscope (Olympus BH-

2, Japan) on 100 particles.  

2.7. Determination of microspheres density 

Real densities of blank microspheres were determined by Helium pycnometry 

(Micropycnometer, Quanta Chrome, model MPY-2, USA) (n = 6). Apparent (tap) 

densities were obtained by measuring the volume of a known weight of powder in a 

10 mL graduated cylinder. After registering the initial volume, the cylinder was 

mechanically tapped (30 tap/min, Tecnociencia, Spain) until a constant volume was 

achieved (El-Gibaly, 2002). The apparent density was calculated as the mass 

divided by the volume (n = 3). 

2.8. Evaluation of microspheres aerodynamic diameter 

Aerodynamic diameters (daer) of microspheres were determined using a TSI 

Aerosizer® LD analyzer equipped with an Aerodisperser® (Amherst Process 

Instrument Inc., USA) (n = 3), whose measuring principle is based on direct time-of-

flight measurements according to the following equation:  

 πd2           (Va – Vp)2                       dVp 

Cd             ρa                       = 1/6 πd3 ρp                 
          4                    2                                dt 

 

where Cd: particle drag coefficient, d: the particle Feret´s diameter, ρa: air density, 

ρp: particle real density, Va: air velocity and Vp: particle velocity.  
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2.9. Association of macromolecules to microspheres  

The potential of CS, GM and CS:GM microspheres as carriers of therapeutic 

macromolecules was investigated using insulin (15% w/w based on CS 223 and/or 

GM) as protein model. Additionally, for cell studies, an ultrapure CS was used in the 

preparation of CS and CS:GM fluorescent microsphere encapsulating FITC-BSA 

(30% w/w based on CS and/or GM). Insulin and FITC-BSA were dissolved in 0.1M 

HCl and water, respectively. Afterwards, protein solutions were mixed with the 

corresponding polymeric solutions by magnetic stirring to form final 1% w/w 

solutions, which were spray-dried following the same operating conditions described 

for unloaded microspheres. 

2.9.1. Determination of insulin content 

Protein content of formulations was determined following the microspheres 

incubation (1.25 mg of microspheres, test tubes of 10 mL) in 6 mL of PBS pH 7.4 

under horizontal shaking (105 oscillations/min, Heidolph Promax 2020, Germany) at 

22°C, until the complete protein release (4 h). The microspheres dispersions were 

filtered (0.45 µm filters unit MILLEX®-HV, low protein binding, USA) and the 

supernatants assayed for insulin content by measuring their absorbances at 562 nm 

(Micro BCA Protein Assay Reagent Kit, Pierce, USA; UV-1603 Shimadzu, Japan) (n 

= 3). The association efficiency (A.E.) to the microspheres was determined as 

follows: 

A.E. (%) = (Weight of associated protein/Total protein weight) x 100 

 2.9.2. In vitro release studies  

In vitro release studies of protein-loaded microspheres were performed as follows. 

Microspheres (2.5 mg) were incubated (10 mL test tubes) in 6 mL of PBS pH 7.4 

under horizontal shaking (105 oscillations/min, Heidolf promax 2020, Germany) at 

37ºC. At pre-determined times (15, 30, 45, 60 and 120 min) the microparticles 

dispersions supernatants were filtered (0.45 µm filters unit MILLEX®-HV, low protein 
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binding, USA) and assayed for drug release by measuring their absorbances at 562 

nm (Micro BCA Protein Assay Reagent Kit, Pierce, USA; UV-1603 Shimadzu, 

Japan) (n = 3). 

2.10. In vitro evaluation of microspheres mucoadhesive properties 

2.10.1. Microspheres incubation with mucin 

Cualitative mucoadhesive properties were evaluated by a slightly modified method 

reported by Genta et al. (Genta et al., 1998). The experiment was carried out in 

triplicate as follows: samples of 3 mg of unloaded microspheres were dispersed in 3 

mL of an aqueous solution containing mucin (1 mg/mL) and incubated at room 

temperature for 2 min under horizontal shaking (200 oscillations/min, Heidolph 

Promax 2020, Germany). The dispersions were then centrifuged at 4000 rpm 

(Sigma Laborzentrifugen, Germany) for 2 min and the supernatants removed 

afterwards. Finally, pellets containing the microspheres were freeze-dried and 

samples were prepared, as previously described, in order to be observed by SEM 

(Leica S440, England).  

2.10.2. Cualitative bioadhesion/interaction of microspheres with Calu-3 cells 

Calu-3 cells were grown as confluent monolayers at an air-liquid interface on filter 

inserts, as described above. On day 15 after seeding, transepithelial electric 

resistance (TEER) values measured with a Millicell®-ERS (Millipore, Bedford, USA) 

were between 1100-1200 Ω x cm2. These confluent, polarized Calu-3 cell 

monolayers, which are an in vitro model of the bronchial human epithelium, were 

used to assess the adhesion of microspheres. For these bioadhesion studies, dry 

CS and CS:GM microspheres encapsulating FITC-BSA were applied to the apical 

surface of cells. An special device (DP-4 Dry Powder Insufflator, Penn Century Inc., 

USA) was used in order to ensure the homogeneous dry powder distribution on the 

cells (Figure 1). Upon incubation of fluorescent microspheres with the cells (1 h, 

37ºC), 250 µL of HBSS was added to the apical compartment. The filter was swirled 
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Figure 1. Escheme of microsphere´s release from a dry powder insufflator on the Calu-3 

pithelium. 

gently and the HBSS collected to remove poorly adhering microspheres. Thereafter, 

cells were fixed with 4% paraformaldehyde for 10 min and washed, and cell 

membranes were stained with Bodipy® Phalloidin 650/665 (60 µL/mL in HBSS 

containing 0.2% w/v Triton X®) for 30 min. Finally, the filters were washed, cut and 

examined under Confocal Laser Scanning Microscopy (CLSM, Zeiss 501, Jena, 

Germany) at 488 nm and 633 nm excitation wavelenghts for FITC and Bodipy® 

Phalloidin, respectively. Experiments were performed in triplicate. 
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. RESULTS AND DISCUSSION  

s to prepare CS:GM microspheres suitable for 

pulmonary delivery of therapeutic proteins. As a first step, we evaluated the 

 properties of polymers 

. 

 toxicity of CS (different Mw and deacetylation degree, 

and different salt) was previously and extensively studied by our group in different 

re and, hence, considered good for health 

3

The goal of the present work wa

cytotoxicity and mucoadhesive properties of the polymers. Then, the influence of 

several formulation variables on morphology and aerodynamic properties of the 

CS:GM microspheres was investigated and the ability of some selected formulations 

to associate and deliver the therapeutic macromolecule model (insulin) was 

evaluated. In addition, the bioadhesion/interaction of fluorescein-labelled 

microspheres with Calu-3 differentiated cells, an in vitro model of the airways 

epithelium, was investigated by confocal microscopy.  

3.1. Evaluation of cytotoxicity and mucoadhesive

3.1.1 Cytotoxicity studies  

Taking into account that the

cell lines (Portero et al., 2002; Teijeiro-Osorio et al., submitted), we decided to focus 

our attention in the study of GM toxicity. 

It is well known that GM has been traditionally used as a food additive in China and 

Japan, most specifically as a dietary fib

(Nishinari, 2000). In this sense, only a few works have been aimed at studying the 

toxicity of GM, most of them focused on their acute, sub-acute and sub-chronic 

intestinal toxicity following oral administration, and founding no significant signs of 

toxicity at high doses (Alonso-Sande et al., submitted). However, the recent 

incursion and interest of GM in the drug delivery field makes also necessary the 

study of polymer toxicity by other alternative routes. Since our interest lies in the 

application of GM by the pulmonary route and no studies have been reported on this 

topic until now, we considered specially interesting to evaluate the cytotoxic effects 

of GM (Propol RX-L) in Calu-3 cells, an in vitro model of the airways epithelium. The 
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. Sensitivity of Calu-3 proliferating cells toward various concentrations of GM in 

3.1.2. Mucoadhesive properties of  polymer solutions 

e of CS provide a strong 

dehydrogenase activity in the Calu-3 proliferating cells was used to estimate the 

cells sensitivity to GM doses within 3 and 1515 µg/cm2, and measured according to 

the MTS/PMS assay. Interestingly, the cell viability remained around 80%, even for 

a polymer dose as high as 606 µg/cm2 (Figure 2), no reaching the IC50 value for any 

of the tested doses. This fact is specially outstanding if we consider that the IC50 

values reported for different CS (Mw 128 and 300 kDa), in the Calu-3 cell line and 

under similar assay conditions, were around 6-7.5 µg/cm2 (Teijeiro-Osorio et al., 

2005). 

Figure 2
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It is known that the cationic polyelectrolyte natur

electrostatic interaction with mucus or a negatively charged mucosal surface. In this 

sense, it could be expected that the presence of increasing amounts of the neutral 

polysaccharide GM in the CS:GM formulations could led to lose a part of this 

mucoadhesion behaviour. In a first attempt of evaluating the effect of GM content on 
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igure 3. Turbidimetric measurement of the interaction between CS:GM polymeric solutions 

and mucin. 

mucoadhesive properties, we performed turbidimetric studies on polymer mixtures 

(CS and/or GM in different ratios) incubated with different amounts of mucin (He et 

al., 1998). The absorbances (A) of the polymer mixtures and mucin were first 

measured separately and used for calculating theoretical absorbance values (At), 

and then measured together (Aexp), following incubation, as explained in the 

Methodology section. The absorbance difference (Aexp - At) between the 

measurement and the theoretical value is the parameter that represents the 

mucoadhesion strength. Thus, when no interaction occurs, Aexp - At  is zero, 

whereas the higher is the “Aexp - At” value, the higher is the interaction between the 

polymer mixture and mucin and, consequently, the mucoadhesion strength. This 

parameter is depicted in Figure 3, as function as the composition of polymer 

mixtures and the ratio mucin/polymer used in the incubation processes.  
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as high “Aexp - At” values were found for all the CS/GM mixtures. 

Surprisingly, these values resulted to be even higher than those corresponding to 

As mentioned in the Methodology section, microspheres were prepared by spray-

ol RX-L 

and RS) at different ratios (CS:GM= 75:25, 50:50 or 25:75) as well as by only both 

 

 

 

As expected, no mucoadhesion was found for those solutions composed only by 

GM, where

CS solutions, thus suggesting an interesting synergistic effect for CS/GM mixtures. 

The highest effect was found for the 50:50 ratio (CS:GM), with an “Aexp - At” value 

around 0.50-0.55. Very similar results were obtained for both types of GM tested, 

Propol RX-L and Propol RS, thus revealing the non-influence of GM viscosity and, 

hence, molecular weight. 

3.2. Preparation of unloaded CS:GM microspheres by spray drying  

drying different polymeric solutions, composed by CS (223) and GM (Prop

polymers (CS:GM= 100:0 and 0:100). In addition, the effect of the polymer 

concentration (0.1 and 1% w/w) was also investigated in two selected formulations 

(CS:GM RX-L= 25:75 and 0:100). The employment of GM Propol A was limitted by 

its own extremely high viscosity (100000 cps), being used only at a low 

concentration (0.1% w/w) to facilitate its handling. All the formulations prepared are 

shown in Table 1, as well as their corresponding spray-drying production yields 

[(Microspheres weight/Total solids weight) x 100]. As it can be noted, the higher was 

the CS content in the microspheres, the higher was the production yield, ranging 

from 30-35% for GM microspheres to 64% for CS microspheres.  
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able 1. Formulations prepared by spray-drying from different chitosan:glucomannan ratios, 

type of glucomannan (15000, 35000 and 100000 cps) and polymer concentration (0.1 and 

Composition CS:GM ratio
Polymer 

concentration   
(% w/w) 

Spray-drying 
process yield 

(%) 

 

 

T

1% w/w), and resulting process yields. 

CS 223 100:0 1 64.02 

75:25 1 63.10 

50:50 1 61.81 

1 56.70 
CS 223:GM RX-L 

0.1 51.73 

GM RX-L 

25:75 

1 35.82 
0:100 

0.1 33.04 

75:25 1 58.53 

50:50 1 CS 223:GM RS 

CS 223: GM A 

47.50 

25:75 1 37.84 

GM RS 0:100 1 30.21 

25:75 0.1 n.d 

GM A 0:100 0.1 n.d 
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.3. Infrared spectra of CS:GM microspheres 

e 100:0), which were recorded as 

explained in the methodology, are shown in Figure 4. The stretching peak of the 

a

3

IR sp ctra of CS:GM microspheres (0:100, 50:50, 

carbonyl at 1730 cm-1 was assigned to the aceto groups in GM (Maeda et al., 1980) 

while the characteristic absorption bands of mannose in GM appeared at 871 and 

802 cm-1, in agreement with literature (Xiao et al., 2000). On the other hand, the 

peak at 1570 cm-1 was assigned to the characteristic bending absorption band of 

primary mino groups in CS (Xu et al., 1996). As it can be observed, for the CS:GM 

(50:50) microspheres, the stretching of carbonyl at 1730 cm-1 of GM disappeared, 

and the stretching of intramolecular hydrogen bonds at 1633 cm-1 in GM tended to 

couple and shift to around 1565 cm-1, suggesting that new hydrogen bonds between 

CS and GM molecules ocurred. Moreover, the absorption band around 3400 cm-1 

(data not shown) broadened with the increase of GM, indicating the gradual 

increase of intermolecular hydrogen bonds between CS and GM. However, no 

dissappearance of the intensive band at 1082 cm-1 took place, as it has been 

decribed for another kind of interactions (do not specified) between CS and GM in 

blend films (Xiao et al., 2000).  Based upon these findings, it could be concluded 

that CS-GM miscibility before the spray drying process (in solution) was due to the 

intermolecular hydrogen bonds between –OH in CS and –COCH3 in GM and 

between –NH2 groups in CS and –OH groups in GM. Thus, the composition of the 

microspheres, as well as the matrix formed by both CS and GM polymers, were 

presumably homogeneus. 
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Figure 4. Infrared spectra in the region 500-2000 cm-1 for (a) GM microspheres; (b) CS:GM 

(50:50) microspheres; (c) CS microspheres. 
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3.4. Morphological and aerodynamic characterization of unloaded CS:GM 

microspheres 

3.4.1. Morphological characterization by SEM 

SEM studies were performed in order to obtain information about general powder 

characteristics (predominant particle size and shape) and particle surface (texture, 

roughness) of the microsphere formulations. Representative SEM photographs 

revealed the great influence of GM on the surface morphology of blank 

microspheres. Thus, microspheres composed only by CS presented a smooth 

surface and spherical shape (Figure 5) whereas the incorporation of GM to the 

formulations produced spheroidal and wrinkled particles. As it can be clearly noted 

in Figure 6, increasing amounts of GM led to the obtaining of more convoluted 

surfaces and irregular shapes. As reported by Ameri et Maa, the liquid composition 

to be spray dried prescribes the shape of the spray dried particles, e.g., some 

materials tend to form solid spherical particles while others form holow, deformed or 

even disintegrated particles. They hypothesized that, as the droplet dries, a polymer 

film formed at the external surface could hinder the outward diffusion of water and 

cause the water vapor pressure inside the droplet to increase. At a critical pressure, 

the film bursts, deforming the particle shape from its original sphericity. Certainly, 

the extent of such hinderance in diffusion will be dictated by the film properties, such 

as flexibility, mechanical strength, porosity, etc. (Ameri and Maa, 2006), which, in 

their turn, will depend on the microspheres composition. Similarly, Huang et al. 

related a reduction of polymeric rigidity caused by gelatin with the presence of large 

holes on the structure of CS:gelatin particles. The mixture of CS and gelatin was 

more susceptible to the explosion produced by high heat (170 ºC) during the spray 

drying process than the polymer composition containing only CS (Huang et al., 

2002).  
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igure 6. SEM photographs of microspheres obtained by spray-drying of CS and/or GM 

polymer solutions (1% w/w). Ratio CS:GM: (a) 75:25; (b) 50:50; (c) 25:75 and (d) 0:100, from 

 

 

 

 

 

Figure 5. SEM photographs of  chitosan microspheres obtained by spray-drying of 1% w/w 

solution. 

Glucomannan RX-L

a) b) c) d)

Glucomannan RS 

a) b) c) d)

 

F

both GM Propol RX-L and Propol RS. Scale bars = 10 µm. 
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ith regard to the SEM photographs of CS:GM microspheres produced from 0.1% 

w/w polymeric solutions, it must be noted that the particles also presented  very 

 

igure 7. SEM photographs of microspheres obtained by spray-drying of CS and/or GM 

polymer solutions (0.1% w/w). Ratio CS:GM: (a) 25:75 and (b) 0:100, from both GM Propol 

 mentioned that the increase in surface rugosity may have a 

significant impact on the agglomeration properties of the dispersed particles, as it 

W

convoluted surfaces, being this effect more pronounced for GM RX-L (Figure 7). 

When compared these photos with those corresponding to microspheres prepared 

from 1% polymeric solutions (Figure 6), we observed that surface convolutions were 

also more pronounced, while borders delimiting the large holes seemed to be 

thinner. 

Glucomannan A

a) b)

Glucomannan RX-L

a) b)

F

RX-L and Propol A. 

Finally, it must be

has been reported that asperities prevent close approach of particles, thus avoiding 

van der Waals contact. In fact, these morphologic features (convolutions, 

roughness) have demonstrated to contribute to the excellent suspension stability of 
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erodynamic characterization 

The particle size of a powder formulation intended for inhalation is, together with 

c success because both strongly influence the 

ic solutions are summarized in 

matrix was 

 from 1.5 to 1.7 µm. According to these 

spray dried budesonide particles in hydrofluoroalkane 134a propellant (Tarara et al., 

2004). 

3.4.2. A

density, a key factor in its therapeuti

particle dispersion and in vivo sedimentation properties (Taylor and Kellaway, 2001; 

Courier et al., 2002). As it has been previously mentioned, the aerodynamic 

diameter of particles for optimal lung administration should be of approximately 1-5 

µm (Clark and Egan, 1994; Vanbever et al., 1999).  

Aerodynamic properties (size, density and aerodynamic diameter) of blank CS:GM 

microspheres produced  from the 1% w/w polymer

Table 2. Mean particle size (expressed as Feret´s diameter) varied between approx. 

1.8 and 4 µm, and shown a tendency to increase as the amount of GM forming the 

microspheres increased. This fact would be related with the correlative increase in 

the polymeric solution viscosity, since droplets formed from more viscous solutions 

would be larger, thus producing larger microspheres (He et al., 1999).  

Apparent and real densities resulted to be also dependent on the GM content, 

significantly decreasing as the presence of GM in the polymeric 

increased. Apparent densities ranged from 0.48 g/cm3, for CS microspheres, to 

0.17-0.20 g/cm3, for those particles composed solely by GM. Similarly, real densities 

ranged from 1.49 g/cm3 to 0.97-0.99 g/cm3. This fact must be explained not only by 

the obvious morphological and surface differences observed by SEM, but also by 

the contribution of GM to form less compact matrixs. In this sense, as previously 

mentioned in the introduction section, it has been reported that noncompact 

particles display less tendency to agglomerate than those conventional small and 

nonporous (Edwards et al., 1998).  

The experimental aerodynamic diameters, measured using the Aerosizer® - 

Aerodisperser® equipment, ranged
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properties of CS:GM microspheres obtained by spray-drying of 1% 

/w polymeric solutions (means ± S.D., n=3-6). 

   daer = aerodynamic dia

 

ncentration was also investigated by determining the 

erodynamic properties of the microspheres produced from 0.1% w/w polymeric 

ratio (µm) 

Apparent 
density 
(g/cm3) 

Real 
density 
(g/cm3) 

daer         
(µm) 

aerodynamic diameter data, these microspheres should be considered adequate for 

alveolar deposition. 
 
Table 2. Micromeritic 

w

Composition CS:GM Feret´s 
diameter 

meter 

CS 223 100:0 2.15 ± 1.05 0.48 ± 0.02 1  1.3.49 ± 0.21 5 ± 1.44 

75:25 1.92 ± 1.07 0  1.47 ± 0.06 1.49 ± 1.51 .53 ± 0.03

50:50 2.21 ± 1.04 0.46 ± 0.04 1.42 ± 0.08 1.56 ± 1.50  CS 223:GM RX-L 

25:75 2.69 ± 1.10 0.30 ± 0.02 1.20 ± 0.08 1.64 ± 1.46 

GM RX-L 0:100 3.19 ± 1.52 0.20 ± 0.02 0.97 ± 0.09 1.61 ± 1.54  

75:25 1.80 ± 1.45 0.55 ± 0.03 1.42 ± 0.02 1.63 ± 1.54 

50:50 2.50 ± 1.85 0.44 ± 0.02 1.37 ± 0.24 1.58 ± 1.55 CS 223: GM RS 

25:75 2.84 ± 1.82 0.28 ± 0.01 1.27 ± 0.05 1.60 ± 1.53 

GM RS 0:100 4.00 ± 3.31 0.17 ± 0.01 0.99 ± 0.06 1.49 ± 1.47 

The influence of polymer co

a

solutions (CS:GM ratio= 25:75 and 0:100) (Table 3). In general, smaller particle size 

and slighty lower apparent density were obtained for the microspheres prepared 

from the less concentrated solutions. These results could be easily explained by the 

lower viscosity of the sprayed polymeric solutions, that produced smaller droplets, 

as well as by the morphological characteristics mentioned above. Very similar 

results were obtained for microspheres prepared from GM Propol A as compared 

with GM RX-L. Despite of the aerodynamic properties of these microspheres were 

also adequate for lung delivery, it seems that they not bring forward any additional 

advantage. For this reason, the following experiments were focused on selected 

formulations prepared from the 1% polymeric solutions. 
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.5. Association of insulin to CS:GM microspheres and in vitro release 
behavior  

was incorporated in the CS and/or GM solutions before the spray-drying process. 

Composition CS:GM 
ratio diameter 

(µm) 

Apparent 
density 
(g/cm3) 

Real density 
(g/cm3) 

daer         
(µm) 

Table 3. Micromeritic properties of CS:GM microspheres obtained by spray-drying of 0.1% 

w/w polymeric solutions (means ± S.D., n=3-6). 
 

Feret´s 

.d = not determ ; daer = dynamic di ter 

CS 223:GM RX-L 25:75 2.20 ± 1.08 0.23 ± 0.02 n.d n.d 

GM RX-L 2.53 ± 1.04 0.  

1.43 ± 0.11 1.03 ± 1.34 

0:100 20 ± 0.01 n.d n.d 

CS 223:GM A 25:75 2.25 ± 0.92 0.25 ± 0.02 

GM A 0:100 2.83 ± 1.25  0.16 ± 0.01 1.10 ± 0.04 1.13 ± 1.42 

3

As explained in the methodology section, insulin (previously dissolved in 0.1M HCl) 

SEM photographs shown that the morphologycal appearance of microspheres was 

not affected by the incorporation of the model peptide (15% w/w based on polymer) 

(Figure 8). Process yields, particle sizes and insulin association efficiencies are 

shown in Table 4. Spray drying process yields were similar to those obtained for 

unloaded microspheres while mean particle sizes were increased by the insulin 

loading. Despite of this fact, which has been previously reported, sizes remain in the 

appropriate range for lung delivery. The determination of association efficiencies 

was performed at 22ºC rather than at 37ºC, to minimize the insulin self-aggregation 

tendency occurring at higher temperatures (Sluzky, Klibanov & Langer, 1992; 

Reithmeier et al., 2001). As it can be observed, the association efficiency of insulin 

to GM microspheres was 98%. These high association efficiencies are usually 

associated with the spray drying processes (Surendrakumar et al., 2003). However, 

a decrease in the percent of associated insulin was observed for those formulations 

containing CS, which was proportional to the CS content, ranging from 91% (for 
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ed on 

olymers): (a) CS microspheres; (b) CS:GM (25:75) microspheres; and (c) GM 

ss yields, paticle size and association effieciency of microspheres prepared 

y spray drying of CS:GM solutions containing insulin (15% w/w, based on polymers). 

(%) (µm) y (%) 

CS:GM = 25:75) to 63% (for CS microspheres). In order to know if these differences 

were due to a real decrease in the insulin association during the spray-drying 

process or only to a decrease in the amount of insulin able to be quantified, we 

incubated the corresponding microspheres components (theoretical proportion of 

polymers and insulin physically mixtured as before spray-drying) and determined the 

percent of insulin recovered. Since the differences found were less than a 5%, as 

compared with the reported association efficiencies, we could conclude that the 

obtained association efficiencies are due to some factor that hinders insulin 

quantification. Taking into account that the quantified insulin decrease as the 

presence of CS increases, the most feasible factor is an interaction between CS and 

insulin. Moreover, a certain insulin self-aggregation should not be discarded.  

 
Figure 8. SEM microphotographs of insulin loaded microspheres (15% w/w, bas

  
a b c 

p

microspheres. 
 
Table 4. Proce

b

Polymeric 
composition 

CS:GM 
ratio Protein 

Spray-drying 
process yield 

Feret´s 
diameter Association 

Efficienc

CS 223 100:0 64.70 1.78 ± 1.07 62.80 ± 1.82  

50:50 50.31 2.93 ± 1.70 77.70 ± 2.19 
CS 223:GM RX-L 

25:75 37.60 3.01 ± 1.52 91.41 ± 7.75 

GM RX-L 0:100 

Insulin (15%) 

22.32 3.98 ± 2.50 98.42 ± 4.73 
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Unlike association efficiency, in vitro release studies were carried out at 37ºC to 

 p ns

CS:GM and GM microspheres are plotted in Figure 9.  

(▲) 

± S.D., 

 

Insulin 

density, 

hand, CS and CS:GM microspheres presented a significatively slower release, 

 p ns

CS:GM and GM microspheres are plotted in Figure 9.  

Figure 9. In vitro release of insulin from: (■) CS; (□) CS:GM (50:50); (∆) CS:GM (25:75); and 

(▲) GM microspheres in PBS pH 7.4 at 37ºC (insulin = 15% w/w based on polymers; mean 

± S.D., n = 3). 

 

Insulin release from GM microspheres was very fast and accompanied by a marked 

“burst” effect. Almost the total of the protein (82%) was released in the first 15 min, 

showing a plateau from this point. Two main factors can contribute to this fact: (a) 

density, 

hand, CS and CS:GM microspheres presented a significatively slower release, 

mimic the physiological temperature. The in vitro releaseo release rofiles of irofiles of i ulin from CS, ulin from CS, 
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Figure 9. In vitro release of insulin from: (■) CS; (□) CS:GM (50:50); (∆) CS:GM (25:75); and 

GM microspheres in PBS pH 7.4 at 37ºC (insulin = 15% w/w based on polymers; mean 

n = 3). 

release from GM microspheres was very fast and accompanied by a marked 

“burst” effect. Almost the total of the protein (82%) was released in the first 15 min, 

showing a plateau from this point. Two main factors can contribute to this fact: (a) 

the high specific surface area of these wrinkled particles in contact with the release 

medium; and (b) the non-compact internal structure suggested by low particle 

which may facilitate the diffusion of insulin through the GM matrix. On the 

the high specific surface area of these wrinkled particles in contact with the release 

medium; and (b) the non-compact internal structure suggested by low particle 

which may facilitate the diffusion of insulin through the GM matrix. On the 

other other 

with less than 40% after the first 15 min, as well as a lower amount of total protein 

released (57-65%). Taking into account the fast insulin release from GM 

microspheres, it could be expected a similar behavior for CS:GM microspheres, 

since they are composed by a high amount of GM (50-75%) and present similar 

morphologic characteristics. In this sense, the interaction between CS and GM, 

with less than 40% after the first 15 min, as well as a lower amount of total protein 

released (57-65%). Taking into account the fast insulin release from GM 

microspheres, it could be expected a similar behavior for CS:GM microspheres, 

since they are composed by a high amount of GM (50-75%) and present similar 

morphologic characteristics. In this sense, the interaction between CS and GM, 
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n the methodology section, CS:GM microspheres were briefly 

vious results obtained in 

tu ucin. 

the 

mucin (1/1) in aqueous solution: (a) CS microsphere, (b) CS:GM (50:50) microsphere. 
 
 

3.6.2. 

FITC-

SA (30% w/w based on polymer) with the aim of investigating their ability to 

Da), was selected for the preparation of those microspheres aimed to be tested in 

previously demonstrated by IR spectroscopy, could play an important role in delay of 

insulin release. 

Finally, the decrease in the drug concentration observed at 120 min may be due to 

the aready mentioned phenomenon of aggregation of insulin at 37ºC or surface 

readsorption (Brange et al., 1997; Reithmeier et al., 2001). 

3.6. In vitro evaluation of microspheres mucoadhesive properties 

3.6.1. Microspheres interaction with mucin  

As explained i

incubated with mucin, centrifuged and examined by SEM. Representative 

microphotographs of completely mucin-coated CS:GM microspheres (100:0 and 

50:50) are shown in Figure 10. This fact supported the pre

the s dy of the interaction of the corresponding polymeric solutions with m

 
Figure 10. Representative SEM photographs of microspheres after incubation with 

a) b) 

Cualitative bioadhesion/interaction of microspheres with Calu-3 cells 

Fluorescent microspheres (CS and CS:GM) were prepared by encapsulating 

B

interact with the mucus layer and remain adhered to Calu-3 cells. An ultrapure CS 

(G113; Mw 128 KDa), with similar Mw than the previosly used CS (223; Mw 150 

K
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nt (10% 

mic diameters 

Figure 11. Confocal fluorescence images (x-z cross sections) of Calu-3 differentiated cells 

incubation with FITC-BSA loaded microspheres administered in a dry way 

icrospheres, (n = 3). 

cell culture studies. FITC-BSA release from the particles was almost inexixte

after 24 h, PBS pH 7.4), mainly due to its strong interaction with CS (data not 

shown). Therefore, no release was expected for the microspheres administered in a 

dry way, at least during the duration of the study. The spray drying process yields of 

unloaded particles ranged between 64.60%, for CS microspheres, and 51.42%, for 

CS:GM (50:50) microspheres. For microspheres encapsulating FITC-BSA very 

similar yield values were obatined (64.15 and 49.38%, respectively).  

As explained in the methodology section, CS and CS:GM fluorescent microspheres 

were aerosolized on the Calu-3 epithelium by means of a PennCentury™ insufflator 

(DP-4). This device was selected as a simple, commercially available system that 

could aerosolize dry powders to animal lungs (Surendrakumar et al., 2003; Grainger 

et al., 2004), and was simply adapted to the administration on cells. Although it was 

previously shown that the microspheres possess adequate aerodyna

for inhalation, the suitability of the powders was once again evidenced by their 

correct emission from the insufflator. Particles were easily dispersed from the 

device, whathever the shape and polymeric composition, thus providing a 

homogeneous deposition on the cell surface. As shown in Figures 11 and 12, CS 

and CS:GM microspheres showed the ability to closely interact with the mucus layer 

and remain adhered to the epithelium, where it is expected that the systems release 

the protein and promote its absorption.  

 

 

 

  

20  µ m 20 µm 20  µ m 

a   b   c

after 

(PennCentury™ dry powder insufflator): (a) control, (b) CS:GM microspheres, and (c) CS 

m
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Figure 11. (x-y-z) of Calu-3 differentiated cells 

microspheres administered in a dry way 

(PennCentury™

 

In summary, protein-loaded CS:GM microspheres with suitable morphological and 

erodynamic properties for pulmonary drug delivery were prepared by a spray-

drying technique. From our results, we suggest that the incorporation of GM may 

the formulations 

composed solely by CS. Moreover, it is expected that the demonstrated interaction 

etween both polymers, as well as their swelling capacity, can play an important role 

in slowing down the insulin release when microspheres are administered in vivo in a 

Representative confocal fluorescence image 

after incubation with FITC-BSA loaded CS:GM 

 dry powder insufflator). 

a

contribute to significantly reduce the formulation toxicity and even increase the 

mucoadhesive properties of microspheres, as compared with 

b

dry way. Since CS:GM microspheres shown adequate aerodynamic properties and 

a positive behavior in cell bioadhesion studies, we expect they could reach the deep 

lung and adhere to the alveolar epithelium, where the protein would be released and 

CS can promote its absorption. In terms of biodegradation, it is known that CS can 

be degraded by enzymes, such as lysozime, while glucomannan and partially-

dissintegrated microspheres could be removed by the macrophages, since they 
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present specific mannose receptors and an increased phagocytosing activity for 

those smaller particles.  

Further experiments will be aimed to explore the capacity of the CS:GM 

microspheres at decreasing glucose levels in vivo (in rats) following intratraccheal 

administration. 
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ABSTRACT  

 
In the present work our goal was to evaluate the efficiency of several chitosan (CS)-

based formulations to enhance the transport of macromolecular drugs across two 

different cell culture models, TR146 and Calu-3, which are in vitro models of the 

human buccal and bronchial epithelium, respectively.  

Changes in intracellular dehydrogenase activity (MTS/PMS assay) were used to 

assess the cytotoxicity of CS solutions (different Mw and deacetylation degree) and 

nanoparticle (NP) suspensions in proliferating as well as fully-differentiated cells. 

Permeability studies were performed to determine the enhancing effect of the 

different formulations on permeation of fluorescein isothiocyanate labeled dextrans 

(FD) of different Mw across the cell culture models. Apparent permeability coefficient 

(Papp) and absorption enhancement ratio (ER) were calculated and related to 

changes in TEER values and cytotoxicity. 

Sensitivity of TR146 and Calu-3 cells to CS-based formulations was  increased with 

CS dose, deacetylation degree, solution relative to NP and with proliferating 

compared to differentiated cells. In general, the effects of the formulations on 

epithelial permeability of hydrophilic molecules were clearly dependent on CS 

deacetylation degree, with the highest deacetylated CSs performing as the most 

effective absorption enhancers in both cell culture models. CS NP were able to 

significantly increase the permeability of model substances with Mw up to 20 kDa 

across the TR146 cell model, reaching similar values to those obtained with the 

highly deacetylated CS solution. The enhancement effect attained with CS NP and 

low deacetylated CS solutions was lower in the Calu-3 cell model, which could be 

partially atributted to the presence of extracellular mucus on the apical surface. 

 

KEY WORDS: chitosan, deacetylation degree, nanoparticles, macromolecules 

absorption, permeability enhancement, toxicity, TR146 cells, Calu-3 cells. 
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INTRODUCTION 

Nowadays, several non-invasive routes of delivery, such as the buccal, nasal 

or pulmonary route, are being extensively studied as alternatives to the parenteral 

route for the systemic delivery of macromolecular drugs. Both pulmonary and buccal 

routes have the main advantage of avoiding hepatic fist-pass metabolism and 

gastrointestinal degradation, which follow oral administration. Furthermore, 

pulmonary and buccal epithelia contain less proteolytic enzymes than the epithelium 

of the gastrointestinal tract (Lee, 1989). The lung alveoli offer a large absorptive 

surface area, whereas the buccal mucosa offers an extraordinary easy access of the 

drug to the absorption site and an excellent patient acceptance. 

Nevertheless, permeability of these mucosae to peptides and proteins is 

limited because of the high molecular weight (Mw) and the hydrophilic nature of the 

macromolecules. Therefore, for successful absorption of peptides and proteins, the 

use of drug delivery systems with excipients such as permeability enhancers is 

required, but drug absorption enhancement is generally accompanied by mucosal 

damage. An exceptional behavior has, however, been observed for the cationic 

polysaccharide chitosan (CS), which is known to facilitate drug absorption across 

mucosal barriers, such as the nasal, buccal, intestinal, and vaginal (Fernández-

Urrusuno et al., 1999; Portero et al., 2002; Artursson et al., 1994; Rossi et al., 2003). 

Physical and biological properties of CS, such as mucoadhesiveness and 

biocompatibility, are dependent on its Mw and deacetylation degree (DD) (Mima et 

al., 1983; Shipper et al., 1996; Tomihata et al., 1997).  With regard to CS 

biocompatibility, it has been reported that relatively low Mw and low DD favour CS 

degradation by enzymes (Zhang and Neau, 2001). In this sense, CS with a DD 

below 70% were found to be readily degraded when implanted subcutaneously in 

rats, in contrast to a DD above 70% (Tomihata et al., 1997). However, the decrease 

in the DD is also associated with an important loss of the polymer mucoadhesive 

properties, given by the decreased amount of positively charged amino groups able 

to electrostatically interact with mucus or a negatively charged mucosal surface. 

This fact is especially interesting since it has been suggested that one of the most 
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important enhancing mechanism of CS is a combination of mucoadhesion and a 

transient widening of the junctions between epithelial cells (Artursson et al., 1994). 

In this sense, the study of the influence of Mw and DD on CS toxicity and its ability 

to promote the absorption of macromolecules is essential to reach a compromise 

between biocompatibility and permeability-enhancing properties.  

Due to the favourable biological properties, significant efforts are being 

dedicated to design CS-based micro- and nanoparticles (NP) as mucosal drug 

delivery vehicles, since they may (1) provide additional protection to the 

encapsulated labile molecules against degradation, (2) release the active 

compounds in a controlled manner if desired, and (3) present even greater mucosal 

retention than CS solutions. A particular interest lies in the comparative study of CS 

particules and solutions in terms of absorption enhancement and cytotoxicity.  

Fully organized epithelial barriers represent relevant in vitro models to study 

the benefits of the enhancers in improving the absorption of biomacromolecular 

therapeutics. The cell culture models TR146 and Calu-3 represent two distinct types 

of epithelia featuring specialized properties in terms of cell-to-cell junctions, cell 

morphology, and function as physiologic absorption barrier (Table 1). The TR146 

cell line originates from a neck node metastasis of a human buccal carcinoma 

(Rupniak et al., 1985) and, when subcultured on filters, express ultrastructural 

characteristics similar to normal human buccal epithelium. Thus, TR146 

differentiated cells represent an in vitro model of the human buccal epithelium 

(Jacobsen et al., 1995) and potentially may act as a barrier model for other stratified 

squamous epithelia. Calu-3 is a human bronchial submucosal adenocarcinoma cell 

line that forms tight, polarized, and well differentiated monolayers with apical 

microvilli and tight-junctional complexes (Shen et al., 1994). In this sense, Calu-3 

cells have been suggested as an appropriate model for the nasal and 

bronchotracheal airway epithelium (Witschi and Mrsny, 1999; Winton et al., 1998).    
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Table 1. Main characteristics of the TR146 and Calu-3 cell culture models. 

Cell line 

 
 
 
 
 

 
 

 
 
 
 
 

In vitro model Buccal epithelium 
 

Bronchial epithelium 
 

Origin 
   
    Human buccal carcinoma 
 

Human bronchial 
adenocarcinoma 

Characteristics: 
Stratified and non-keratinised 

epithelium Well-differentiated monolayers 

Microvilli No Yes  

Extracellular mucus No Yes 

Tight junctions No Yes 

Compiled from Jacobsen et al., 1995; Foster et al., 2000; Tréhin et al., 2004 

CALU-3  TR146  

10 µm 10 µm 

 

The aim of the present study was to investigate the potential of CS with 

different Mw and DD and CS NP to enhance peptide and protein absorption across 

the TR146 and Calu-3 cell culture models. The effect on viability and integrity was 

related to the efficiency of the CS-based formulations to mediate the transport of 

macromolecules across the cell layer(s). For this purpose, fluorescein 

isothiocyanate labeled dextrans (FD) of different Mw were chosen as 

macromolecular model substances, and 3H-mannitol as an integrity marker. To our 

knowledge, no studies exploring the permeability enhancement and cytotoxicity of 

CS as function as the DD and its formulation into NP have been performed neither 

in the TR146 nor the Calu-3 cell culture model.  
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MATERIALS AND METHODS 

Materials 

The following chemicals were obtained from commercial suppliers and used 

as received: Chitosan (CS): Sea cure G210 (Mw of 300 kD and DD 83%) (Pronova 

Lab., Norway), and Protasan CS G113 Ultrapure (Mw of 128 kD and DD 86%) (FMC 

Novamatrix, Norway); acetic anhydride (AA), and sodium tripolyphosphate (TPP) 

(Sigma-Aldrich, Germany); morpholino-ethanesulphonic acid anhydrous (MES) 

(Applichem GmbH, Germany); D-mannitol-[(1-3H-(N)] 17.00 Ci/mmol (Amersham, 

UK); phenazine methosulphate (PMS), and fluorescein isothiocyanate labeled 

dextrans (FD) FD4, FD20, and FD40 with average Mw (kD)/FITC contents (molecule 

FITC/molecule glucose) of 4.4/0.004, 19.5/0.006, and 40/0.020, respectively (Sigma, 

MO, USA); 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium (MTS) (Promega, WI, USA); Ultima GoldTM MV 

scintillation cocktail (Packard Instruments BV, The Netherlands); Falcon® 12-well 

tissue culture plates and cell culture inserts (0.9 cm2, 0.4 µm pore size, polyethylene 

terephthalate filter inserts) (Falcon, Becton Dickinson Labware, NJ, USA) and 

Transwell® 12-well plates and cell culture inserts (1.1 cm2, 0.4 µm pore size) 

(Corning Inc., Corning, NY); Costar® flatbottomed 96-well cell culture cluster (tissue 

culture treated, polystyrene) (Corning Inc., Corning, NY); vitrogen collagen 

(Nutacon, Belgium); Hanks’ balanced salt solution (HBSS); Dulbecco’s modified 

Eagles medium (DMEM), penicillin, streptomycin, and trypsin-EDTA (Gibco BRL, 

UK); fetal bovine serum (FBS) (Biotech Line A/S, Denmark). 

Methods 

Preparation of CS solutions 

Polymers of different DD were prepared from a highly deacetylated CS 

(G210) by a reacetylation procedure of the polymer with acetic anhydride, followed 

by dialysis and freeze-drying (Labconco Co., MI, USA), as previously described 
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(Teijeiro-Osorio and Remuñán-López, submitted). CS samples with a DD of 47% 

(CS G210-R47) and 38% (CS G210-R38) were obtained. DD was determined by 1H-

NMR spectroscopy (Bruker DRX500, Germany) (Hirai et al., 1991). Solutions of CS 

G210, CS G210-R47, CS G210-R38 and an ultra pure CS G113 UP were prepared 

by dissolving them in HBSS supplemented with 20 mM MES (mHBSS). Just before 

the experiments, the CS solutions were adjusted to pH 6.0 with NaOH.  

Preparation and characterization of CS NP 

CS NP were prepared according to the procedure previosly developed by our 

group (Calvo et al., 1997) based on the ionotropic gelation of CS with TPP anions. 

The particles formed spontaneously upon addition of 1.2 mL of an aqueous TPP 

solution (0.84 mg/mL) to 3 mL of CS G113 UP solution (2 mg/mL) under magnetic 

stirring. NP were isolated by centrifugation at 10.000 g on a glycerol bed for 40 min 

(Mikro 22R, Hettich, DJB Labcare Ltd., UK). Supernatants were discarded and NP 

were resuspended in MQ-water. Particle sizes and zeta potentials were determined 

by photon correlation spectroscopy (PCS) and Laser Doppler Anemometry (LDA), 

using a Zetasizer 4® and Zetamaster® (Malvern Instruments, UK), respectively. For 

the cell experiments NP suspended in MQ water were diluted (1:1) in double 

concentrated HBSS. The resultant NP suspension, with a final pH of 6.3, was 

incubated at 37ºC for 24 h, and size measurements were periodically performed in 

order to evaluate the NP stability. 

Cell culture 

The cell line TR146 was kindly provided by Imperial Cancer Research 

Technology (UK) and cultivation was assessed as previously described (Jacobsen 

et al., 1995) with modifications (Nielsen and Rassing, 1999). Calu-3 cells were 

purchased from American Type Culture Collection ATCC (MD, USA) and cultured as 

previously referred (Tréhin et al, 2004). Cells were detached from culturing flasks by 

trypsin-EDTA and subcultivated for studies with proliferating cells or well-

differentiated epithelium. For studies with proliferating cells the cells were seeded in 

flat-bottomed 96-well culture plates in a density of 2×104 and 4×104 cell/well for 
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TR146 and Calu-3 cells, respectively, and cultured for 22-24 h. To obtain a 

differentiated epithelium, cells were cultured on inserts with a seeding density of 

2.2×104 cells/cm2 for TR146 (on 0.9 cm2 insert) and 8.2×104 cells/cm2 for Calu-3 (on 

1.1 cm2 insert). For Calu-3, the filters were initially coated with collagen (290 ng/mL, 

200 µl). The TR146 cells were cultured submerged. Post seeding onto the filter, the 

Calu-3 cells attached to the filter overnight and the medium was then removed from 

the apical compartment to allow the cells to form a monolayer at an air-liquid 

interface. Apart from the absence of liquid in the apical chamber, the Calu-3 cells 

were cultured as the TR146 cells. TR146 multilayers (passages 19-28) and Calu-3 

monolayers (passages 38-47) were used after 28 and 21 days, respectively. 

MTS/PMS assay in proliferating cells 

The dehydrogenase activity in the TR146 and Calu-3 proliferating cells was 

used to estimate the cells sensitivity to different CS solutions and CS NP 

suspensions and measured according to the MTS/PMS assay (Jacobsen et al., 

1996; Eirheim et al., 2004), optimized for each cell line. Thus, cells grown in 96-well 

culture plates were incubated for 4 h with 100 µL of CS solutions and NP in 

concentrations ranging from 0.001 mg/mL to 5 mg/mL CS. At the end of the 

incubation time, samples were discarded and replaced by the MTS/PMS solution. 

Incubation was done under stirring protected from light for 1-2 h at 37ºC. The 

absorbance was measured at 492 nm using a microplate reader (FluoStar Optima, 

BMG Labtech GmbH, Germany). The effect of the CS solutions and NP was 

measured as the relative decrease in enzyme activity compared to the negative 

control (cells exposed to buffer), and the IC50 was defined as the sample 

concentration inhibiting cell viability with 50%. Analysis of three replicates was 

conducted in three different passages of cells. 

Permeability, TEER and cytotoxicity studies in differentiated cells 

The permeability experiments were performed at 37ºC and 150 rpm by using 

a temperated horizontal shaker (Edmund Bühler, Germany), as previously described 

(Portero et al., 2002). Prior to permeability measurements, following standard 
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protocols, differentiated TR146 and Calu-3 cells were equilibrated for 15 min at 

room temperature in HBSS (pH 7.4), and the transepithelial electrical resistance 

(TEER) was measured (EndohmTM culture cup connected to EVOMTM 

voltohmmeter). Permeability of the different FITC-labeled molecules, alone or in co-

administered with an enhancer (Table 2), across the epithelia was assessed at 150 

rpm to ensure mixing and in order to minimize the aqueous boundary layer. 3H-

mannitol permeability was also determined to validate the cellular integrity of the 

epithelial cell layer(s) at pH 6.0 (in mHBSS) and pH 6.3 (with NP in HBSS, Table 2). 

 
Table 2. Formulations assayed for permeability experiments in the TR146 and Calu-3 cells 

culture models. 

 

Tested formulations  

Enhancer        Mw (kDa); DDb (%)           Concentration   
                                                                      (mg/mL)    Labeled substance 

CSa G113 UP        128 kDa; 86% 0.015,    1 FDc 4, FD20, FD40 

CS G210                300 kDa; 83% 0.015,   1 FD 4, FD20, FD40 

CS G210-R47        300 kDa; 47% 1,    5 FD 4, FD20, FD40 

CS G210-R38        300 kDa; 38% 1,    5 FD 4, FD20, FD40 

CS G113 UP-NP d 1 
3H-mannitol 

FD 4, FD20, FD40 

a CS = chitosan; b DD = degree of deacetylation; c FD = FITC-labelled dextran; d NP = 
nanoparticles 

 

 

Test substance donor solution (0.9 mL in TR146 and 0.7 mL in Calu-3) was 

applied to the apical side of the cell layers, and the inserts were immediately placed 

in wells containing 2.1 mL receptor solution (HBSS, pH 7.4) and 100 µl samples 

were withdrawn from both the receptor and the donor solution. Hereafter, samples 
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were collected from the basal side and replaced with HBSS buffer, every 15 min for 

1 h and every 30 min up to 4 h. At the end of the experiments, 100 µL samples were 

taken from the donor and the receptor solutions. The concentrations of the test 

substances were 0.2 µCi/mL 3H-mannitol, 0.45 mM FD4, 0.50 mM FD20 or FD40. 

Studies were carried out in three replicates and in three different passages of cells. 

Radiotracer samples were mixed with 2.0 mL scintillation cocktail (Ultima Gold, MD, 

USA) and measured by liquid scintillation (Packard Instruments, CT, USA). The 

assessment of FD was performed using black 96-well plates in a microplate reader 

(FluoStar Optima, BMG Labtech GmbH, Germany) at excitation/emission 

wavelenghts of 491 nm/520 nm. 

After the permeability experiment, cells were washed and equilibrated with 

HBSS and TEER was measured again. Finally, MTS/PMS dye was applied to cells 

grown on filters to evaluate the cellular viability after exposure to CS NP and 

solutions. The assay was carried out as previously described (Eirheim et al., 2004). 

A volume of 320 µL MTS/PMS reagent was added to the apical side of the 

epithelium, and 1 mL HBSS was added to the basal side. The cells were incubated 

under conditions described as for studies of cytotoxicity in proliferating cells. 100 µL 

was the withdrawn from the apical side of each filter and transferred to a clear 96-

well plate and the absorbance was measured at 492 nm. The mitochondrial 

dehydrogenase activity was calculated relative to buffer-exposed cells. 

 

Data analysis 

Enzyme activity of TR146 and Calu-3 cells toward different CS solutions and 

NP suspensions were determined relative to cells exposed to the corresponding 

buffer and calculated according to Eq. (1): 

   Relative enzyme activity (%)=[(Abstreated – Absblank)/ (Abscontrol – Absblank)] × 100  (1)                          

where Abstreated is the absorbance of cells treated with the test samples; Absblank is 

the absorbance of wells without cells and without samples; and  Abscontrol is the 

absorbance of buffer-treated cells. Individual data points of the concentration–
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response data curves are presented relative to the control ±SD (n), where n is the 

number of replicates.  

IC50 values were calculated from curves fitted by a non-linear four parameter logistic 

equation with estimation of the correlation coefficient (R2).  

                      
( )s50ICconc1

min)(maxminactivityenzymeRelative
+

−
+=                         (2) 

where min is the minimum value measures, max the maximum value measured, 

conc the concentration, and s the slope of the curve.  

The apparent permeability coefficients (Papp) for the permeability of test 

substances across the TR146 and Calu-3 models were calculated according to Eq. 

(3): 

                                  Papp = dQ/dt × 1/(A x C0)                                             (3) 

where dQ/dt is the steady-state rate of permeation, A is the cross-sectional area of 

the filter membrane, and C0 is the initial concentration of test substance in the donor 

compartment. 

The enhancement ratio (ER) for each test sample was determined as 

described in Eq. (4): 

                        ER = Papp (enhancer)/ Papp (control)                                   (4) 

where Papp (enhancer) and Papp (control) are the apparent permeability coefficients 

of the test compounds (3H-mannitol, FD4, FD20, FD40) across the TR146 and Calu-

3 model in the presence and in the absence of the absorption enhancers (CS, CS 

NP), respectively.    

Statistical Evaluation 
Statistical differences were investigated by using one-way ANOVA followed 

by the Student-Newman-Keuls method for multiple comparissons. Differences 

between groups were judged significant at P < 0.05. 
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RESULTS AND DISCUSSION 

Characterization of CS NP 
 

In an attempt to evaluate the effect of the physical condition of CS 

(presented as a solution or in a particulate form) on its cellular toxicity and 

permeability enhacing properties, CS NP were prepared as described in the 

methodology section. The formation of CS NP occurs spontaneously upon 

incorporation of the counter anion sodium TPP into the CS solution (CS G113 UP) 

(Calvo et al., 1997). As shown in Table 3, CS NP had an average size of 292 nm 

and a positive surface charge of +35 mV. The stability of NP is a crucial issue, since 

it is broadly accepted that the size of the particles plays an important role in their 

ability to interact with mucosal surfaces (De Campos et al., 2004). In fact, one of the 

major problems encountered with colloidal systems is their tendency to aggregate 

after exposure to high ionic strength biological media. In this sense, an immediate 

aggregation of CS NP at pH > 6.5 was observed. This pH limit is probably due to the 

pKa of CS, which value is of approximately 6.5, independently of DD (Domard, 

1987). Consequently, CS NP stability was determined by means of periodical 

particle size measurements upon incubation in HBSS pH 6.3 at 37ºC. The results, 

presented in Table 3, indicate that the size was slighty, but not significantly, 

increased even after 24 h, which led us to consider that the NP were stable under 

these conditions.    

 
Table 3. Physico-chemical properties and stability of chitosan nanoparticles (CS G113 UP- 

NP).  Values are means ± SD (n = 3). 

 

Stability aFormulation Size  
(nm) 

Zeta Potential 
(mV) 4 h 24 h 

CS G113 UP- NP 292 ± 22   35 ± 1 315 ± 34 330 ± 43 
 

a Measured as nanoparticle size after incubation in HBSS (pH 6.3) at 37ºC. 
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MTS/PMS Assay in proliferating cells 

To assess whether CS (different Mw and DD) and CS NP are cytotoxic, the 

effects of several concentrations on intracellular dehydrogenase activity of TR146 

and Calu-3 cells were evaluated by the MTS/PMS assay. It should be emphasized 

that the experiment was carried out by using TR146 and Calu-3 cells that were in 

the exponential growth phase (proliferating cells), which might be more sensitive to 

the formulations than well-differentiated cells grown on permeable inserts for 3-4 

weeks.  

The relative enzyme activity of TR146 cells exposed to various sample 

concentrations was plotted in Figure 1. A very similar profile was found for Calu-3 

cells (Figure not shown). The adverse effects of CS in both cell lines, varied 

between clear concentration-dependent toxicity, for the highly deacetylated CS 

(G113 and G210) and CS NP, to almost no effect at all in the concentration ranges 

Figure 1. Sensitivity of TR146 proliferating cells toward vario

studied, for the reacetylated CS (G210-R47 and -R38).  

us concentrations of different 

assay (means ± SD, n = 3-4). 
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From the IC50 values in Table 4, it is evident that the Calu-3 cell culture 

model was slightly more resilient than the TR146 cell culture model. With regard to 

the effe

 Estimated IC50 (µg/mL) values obtained for different types of chitosan and chitosan 

nanoparticles in proliferating TR146 and Calu-3 cells. 

 

 

                  b IC50 values were estimated by using a four-parameter logistic model (Eirheim et al., 2004) 
                  c Values are means ± SD, n = 3-4, except for CS G113 UP-NP in Calu-3, where n=2 
                           d IC50 values not reached, even at a polymer concentration of 5 mg/mL 
 

or the CS with low DD (CS G210-R47 and -R38), an extraordinaryly higher 

cell viability was obtained, even at the maximum concentration assayed (5 mg/mL). 

For a 2 mg/mL polymer concentration, the relative enzyme activity remained around 

0-70% for both CS G210-R47 and G210-R38 in TR146 cells, and over 80% in 

ted to 

DD, being not or only slighty affected by Mw (Schipper et al., 1996; Huang et al., 

2004). Thus, the toxicity of CS appears to be more related to the 

ct of Mw, it was found that CS toxicity slighty decreased as its Mw increased. 

This variation may be explained by the greater solubility of lower Mw CS, which may 

facilitate closer interaction with the surface of epithelial cells. A similar finding was 

observed by Portero et al. with CS glutamate and hydrochloride salts (Portero et al., 

2002). 

 

Table 4.

 

 

 

 

 

                  a DD = degree of deacetylation 

Formulation  Mw (kDa)
DDa (%) 

IC50 
b,c

(TR146 cells)
IC50 

b,c 

(Calu-3 cells) 
CS G113 UP 128; 86 12.8 ± 4.6     15.7 ± 4.4 
CS G113 UP-NP 128; 86 83.2 ± 12.2 166.3 ± 8.0  

CS G210  300; 83 15.6 ± 4.0 21.2 ± 1.5 
CS G210-R47  300; 47      ~ 3500  > 5000 d

CS G210-R38  300; 38 > 5000 d > 5000 d

F

6

Calu-3 ce ls. This finding concurs l with previous studies performed in different cell 

lines, Caco-2 and A549 cells, in which the key factor in CS toxicity was attribut

its 

DD and, 

consequently, the positive charge density of the polymer, which is in agreement with 

the well-known cell lytic and toxic properties of other cationic polymers with high 
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charge density, such as poly-L-lysine, poly-L-arginine, and protamine (Chang et al., 

1987; Ekrami and Shen, 1995). 

Transformation of soluble CS G113 into a nanoparticulate form led also to a 

significant decrease of cytotoxity. Specifically, the IC50 values of CS NP were 7-fold 

higher in TR146 cells, and 11-fold higher in Calu-3 cells, than the corresponding CS 

solutions. This finding could be related with the crosslinking of CS with TPP that 

occurs during NP formation, process by which the possitive charge density of CS is 

reduced. In disagreement with our results, Huang et al. reported no differences in 

cytotoxicity between CS in solution and NP toward the A549 cells (Huang et al., 

2004). 

3 and G210), since 

a similar concentration (0.020 mg/mL) resulted to be the most effective for 

t in previously reported studies (Portero et al., 2002); and 

(c) a v

However, the existence of free CS molecules (which had not interacted with 

TPP during NP formation) in the CS NP suspensions could explain this fact, as the 

authors did not specify if NP were isolated or not. Although TPP is considered a 

non-toxic crosslinking agent, its possible adverse effects were evaluated in TR146 

and Calu-3 cells as an additional control, and for the concentration range assayed 

(0.01 - 2 mg/mL no cytotoxicity was observed, data not shown). 

Permeability Studies  

Based on the cytotoxicity results obtained in proliferating cells and previous 

studies performed by our group, three CS concentrations were chosen for the 

following permeability studies in differentiated cells: (a) a fixed concentration of 1 

mg/ml for all the formulations, CS and NP, in terms of comparability; (b) a low 

concentration (0.015 mg/mL) for the highly deacetylated CS (G11

absorption enhancemen

ery high concentration (5 mg/mL) for the reacetylated CS (G210-R47 and 

G210-R38), in order to investigate the effects of a high polymer concentration and 

taking advantage of their extremely low cytotoxicity. 

From the permeability profiles of 3H-mannitol, FD4, FD20, and FD40, the 

apparent permeability coeffiecient (Papp) and absorption enhacement ratio (ER) after 

incubation with the different CS and CS NP were calculated and related to changes 

in TEER values and cellular viability measured on the well-differentiated cell layers.  
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It must be pointed out that the different pH of CS solutions (pH 6.0) and NP 

(pH 6.3) resulted in comparable TEER values and 3H-mannitol permeability on both 

TR146 and Calu-3 layer(s). In addition, it has been reported that TR146 cell layers 

are not

permea

EER 

values reported for TR146 differentiated cells used previously (Nielsen et al., 1999; 

rcine models (Nielsen et al., 1999; Junginger et al., 2001; 

Portero

 sensitive to pH changes in the range 5-9 (Nielsen and Rassing, 1999).  

Permeability studies with the TR146 cell culture model 

The TR146 cell culture model has been previously used to study the 

bility enhancing effect of chitosans (different salts and Mw) (Portero et al., 

2002), bile salts (Nielsen et al., 1999), and glycocholate (Eirheim et al., 2004). After 

culturing for 28 days, the mean TEER value of TR146 epithelium, corrected for filter 

background, was 260 ± 54 Ω × cm2 (n=100), which is in the range of those T

Portero et al., 2002).  

Permeability results in the absence and presence of CS and NP are 

summarized in Table 5. As expected, in the absence of enhancers, the highest 

permeability was obtained for 3H-mannitol (14.46×10-7 cm/s), whereas  permeability 

of FD4, FD20, and FD40 decreased with increasing Mw of the test substance, from 

2.53×10-7 to 0.21×10-7 cm/s. Decreased permeability rates of hydrophilic substances 

with increasing Mw have also been previously reported for the TR146 cell culture 

and in vitro buccal po

 et al., 2002). With regard to the results obtained in presence of test 

enhancers, the highly deacetylated CS (G113 and G210) were able to significantly 

increase the permeability of all the model substances (P < 0.05). In general, this 

effect tended to be higher for the lowest CS concentration (0.015 mg/mL versus 1 

mg/mL), although significant differences were found only for FD20 permeability 

values (P < 0.05). This dependence on concentration of the CS effect concurs with 

other studies performed in TR146 and Caco-2 cells (Portero et al., 2002; Schipper et 

al., 1996; Dodane et al., 1999), where a plateu level was reached at a determined 

CS concentration (between 0.020 mg/mL and 1 mg/mL). When the CS 

concentration is increased, the solutions become more viscous, and the diffusion of 

the test substances is hindered. With regard to reacetylated CS, CS G210-R38, 
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which is the most reacetylated sample, was not effective as permeability enhancer 

at any of the test concentrations (1 and 5 mg/mL), whereas CS G210-R47 led to 

significantly increased permeabilities of  all the subtances (P < 0.05) except FD40. 

Once again, the lowest concentration, in this case 1 mg/mL, provided the best 

results (P < 0.05). It has previously been reported that the ability of CS to improve 

transport of hydrophilic compounds across mucosal epithelia dependens on charge 

density. In this sense, Schipper et al. studied the effect of CS with DD ranging 

between 51% and 99% on permeability of 14C-mannitol across Caco-2 cells. In 

agreement with our results, highly deacetylated CS resulted to be the most effective 

but also toxic, while CS with the lowest DD (51%), which could be comparable with 

our CS G210-R47 (DD 47%), provided significantly increased permeabilities at non-

harmful and minimally harmful CS concentrations (0.050 and 0.25 mg/mL) (Schipper 

et al., 1996).  On the part of CS NP, a significantly increased permeability was 

observed for 3H-mannitol, FD4 and FD20 (P < 0.05), reaching similar values to 

those obtained with the highly deacetylated CS and also CS G210-R47 at the same 

concentration (1 mg/mL). In an overall view, the ability of the test enhancers to 

increase permeability could be ranked in the order CS G113≈CS G210 ≥ CS NP≈CS 

G210-R47 > CS G210-R38.  
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Table 5 app) of 3H-mannitol, FD4, FD20, and FD40 

measured in the apical to basolateral direction across the TR146 cell culture model in the 

absence or presence of chitosan of different deacetylation degree and also chitosan 

nanoparticles. 

Papp ± SD (x 10-7 cm s-1)   

. Apparent permeability coefficients (P

 

Formulation 
Enhancer 

concentration 
(mg/mL) 

3H-mannitol FD4 FD20 FD40 

Control - 14.46 ± 8.63 2.53 ± 0.83 0.69 ± 0.10 0.21 ± 0.04 

0.015 14.8 ± 3.55* 2.13 ± 0.21* 0.48 ± 0.09* 
CS G113 UP 

1 
n.d 

10.7 ± 0.88* 1.31 ± 0.11* 0.57 ± 0.08* 

CS G113 UP-NP 1 40.36 ± 8.76* 12.0 ± 2.19* 1.17 ± 0.13* 0.59 ± 0.29 

0.015 17.0 ± 8.51* 2.35 ± 0.51* 0.54 ± 0.17* 
CS G210 n.d 

0.66 ± 0.10* 

9.6 2* 1.8 * 0. 6 
CS G210-R47 

1.13 

 

1 

1 

11.9 ± 1.36* 1.58 ± 0.26* 

5 ± 3.2 9 ± 0.59 57 ± 0.2

5 
n.d 

6.82 ± 0.22* ± 0.26* 0.68 ± 0.25 

1 4.92 ± 2.68 0.93 ± 0.06 0.39 ± 0.11 
CS G210-R38

5 
n.d 

4.77 ± 3.63 0.83 ± 0.28 0.56 ± 0.17 

 
* Denotes significant differ e from .05  m n ot 
determined. 

 

hancem t ratio (ER lues, the 

viabilities obtained for permeability of FD4, FD20 and FD40 across the 

culture model in presence of the different CS formulations, are represented in 

igure 2 and Table 6. It must be pointed out that the cellular viability remained over 

1 mg/mL concentration. However, the best ER values were found at a minimally 

harmful CS concentration (0.015 mg/mL, viability > 80%). It should be noted that a 

tenden

enc  control (P < 0 ). Values are eans ± SD, = 3.  n.d = n

 

The en en ) va as well as corresponding cellular 

TR146 cell 

F
80% in all cases, except for highly deacetylated CS (CS G113 and CS G210) in the 

cy of higher viability of the CS G113 UP was observed when formulated as 

NP. 
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Figure 2.  Enhacement ratio values (ER, bars) of FD4, FD20, and FD40 permeation across 

the TR146 cell culture model when applied together with different types of chitosan and 

chitosan nanoparticles (1 mg/mL) and cellular viability after the experiment (♦), relative to 

untreated cells (mean ± SD, n = 3). Enhacement ratio for untreated cells (ER = 1) is 

represented by the horizontal line. 

 

 

 

4 FD20 FD40 

Table 6. Enhancement ratio values (ER) of FD4, FD20, and FD40 permeation across the 

TR146 cell culture model treated with different types of chitosan (0.015 and 5 mg/mL) and 

cellular viability after the experiment, relative to untreated cells. 

 
FD

Formulation 
Enhancer

conc. 
(mg/mL) ER 

 
Viability

(%) 
ER 

 
Viability

(%) 
ER 

 
Viability

(%) 
CS G113 UP 0.015 5.97 ± 1.11* 84 ± 9 3.13 ± 0.44* 85 ± 1 2.32 ± 0.50 86 ± 3 

C

C

C ± 9 2.63 ± 0.34* 82 ± 5 

S G210 0.015 6.55 ± 1.52* 89 ± 2 3.41 ± 0.55* 86 ± 3 2.43 ± 1.04 83 ± 1 

S G210-R47         5 3.32 ± 0.23* 86 ± 8 1.80 ± 0.65 84 ± 9 3.20 ± 1.07* 90 ± 8 

S G210-R38 5 1.91 ± 0.70 82 ± 7 1.18 ± 0.24 80 
 
* Denotes sig
 

nificant difference from l (P < 0.05). Values are means ± SD, n = 3.   contro
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All the observations made until now in the context of permeability 

enhanceme ted ion w meas ts of R v

en E d a ti igh nc

n cells is re  T ire la  a

ula ha e at o 46

el. ecific 21 G1  N ch to 

omparisson 

saturable, 

since no 

igure
ermeability experiments with FITC-dextrans, expressed as percent of initial values (means 

 SD, n = 6-9). * Denotes significant difference from untreated cell layers (P < 0.05). 

In the buccal epithelium, it is believed that the main permeability barrier, 

sponsible of epithelial cohesion in the superficial layers, is the result of intercellular 

nt presen a good co atrrel ith ur neme TEE alu  es.

Measurem t of TE R is believe  to be good indica on of t tness of ju tions 

betwee . In th  sense, dec ase in EER was d ctly re ted with the bility 

of CS-based form tions to en nce th FD perme ion acr ss the TR1  cell 

culture mod Sp ally, CS G 0, CS 13 and CS P, whi  were able elicit 

the best ER, produced a drastical decrease in TEER to around 20% in c

with buffer-treated cells. The effect on the TEER values seemed to be 

major differences were found when increasing the CS concentration, as 

shown in Figure 3. This observation was previously reported for experiments in 

Caco-2 cell monolayers (Kotze et al., 1998; Artursson et al., 1994). It is also 

interesting to note that, as can be deduced from TEER and cytotoxicity experiments, 

the enhancing effect of CS on permeation across TR146 cells correlated with a 

marked decreased epithelial integrity but not necessarily with cellular damage, as 

found for the lowest CS concentrations. 
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material derived from the membrane coating granules (MCGs). MCGs are spherical 

r oval organelles located in the intermediate cell layers of the epithelium that 

e tight 

nctions between cells, in buccal epithelium, which lack tight juntions, chitosan is 

sugges

rentiated cells (Shen et al., 1994; Witschi and Mrsny, 

er et al., 2006) even though 

variations in Calu-3 cell culture methods (air-liquid or liquid-covered culture, filter 

coating

app

o

discharge their contents (lipids, glycolipids) into the intercellular space (Jasti et al., 

2005). While the penetration enhancement properties of chitosan via mucosae (such 

as the intestinal and nasal) are mainly due to a transient widening of th

ju

ted to act by adhesion and by disruption of the intercellular lipid material 

(Senel et al., 2000). Furthermore, the possible interaction of CS with the 

proteoglycan matrix by ionic interactions could led to a transient widening of the 

intercellular filaments, thus contributing to the permeation enhancement effect by 

the paracellular (intercellular) route (Portero et al., 2002) and also contributing to the 

decrease in TEER. However, a minor permeation enhancement effect of CS by the 

intracellular pathway could not be neglected, since perturbation of the plasma 

membrane and modifications of the intracellular milieu were found by Dodane et al. 

in Caco-2 cells exposed to CS (Dodane et al., 1999). Correspondingly, the present 

results indicate a (non-significant) tendency to slightly decreased enzymatic activity 

of the cells in the cell layers. 

Permeability studies with the Calu-3 cell culture model 

On day 21 after seeding, the apical surface of differentiated Calu-3 cell 

monolayer was covered with an uniform and abundant layer of mucus; the 

production of which is known to be more pronounced under air-liquid culture 

conditions (Florea et al., 2002). The mean TEER value, corrected for filter 

background, was 380 ± 48 Ω × cm2 (n=100). This value is consistent with previously 

reported data for Calu-3 diffe

1999; Borchard et al., 2002; Tréhin et al., 2004; Graing

, seeding density etc.) have resulted in substantial inter- and intra-laboratory 

variability in TEER and permeability values. In this sense, TEER values between 

350 and 2300 Ω x cm2 have been reported (Forbes and Ehrhardt, 2005), while the 

P  values found for mannitol, a widely used integrity marker, varied from 1 to 
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22×10-7 cm/s (Sakagami, 2006). In the present work, permeability of 3H-mannitol 

across the Calu-3 cells was 2.95×10-7 cm/s. As in the TR146 cells, in the absence of 

enhancers, the highest permeability value corresponded to 3H-mannitol, followed by 

FD4, FD20, and FD40, which consecutively decreased from 0.86×10-7 to 0.14×10-7 

cm/s. This inversely proportional relationship between permeability and FD Mw in 

Calu-3 cells has been previously reported (Mathias et al., 2002; Grainger et al., 

2006). However, the Papp values found for the different FD by Mathias et al. were 

very low, in the range of 0.002-0.06×10-7 cm/s, while those of Grainger et al. were in 

the range of 2-4×10-7 cm/s. This increased permeability values could be attributted 

to the reported theoretical pore diameter of the cell monolayer (Grainger et al., 

2006), almost twice as wide as that reported by Mathias and coworkers, and also to 

the TEER values, of 300 Ω × cm2 opposite to >1000 Ω × cm2, both factors 

contributting to a less restrictive barrier.  

The permeability results obtained in the absence and presence of different 

concentrations of CS and NP across the Calu-3 cell culture are summarized in 

Table 7. With regard to the results obtained in the presence of enhancers, the highly 

deacetylated CS (G113 and G210), in a concentration of 1 mg/mL, showed a clear 

tendency to increase the permeability of all the model substances, being significant 

for FD20 and FD40 (P < 0.05). In contrast to the results found in TR146 cells, the 

low CS concentrations (0.015 mg/mL) as well as CS NP (1 mg/mL) were less 

effective as absorption enhancers, only significantly promoting the FD20 permeation 

(P < 0.

 

05). Reacetylated CS (G210-R47 and G210-R38) were not able to increase 

permeability at any concentration, 1 mg/mL or 5 mg/mL.  
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Table 7. Apparent permeability coefficients (Papp) of 3H-mannitol, FD4, FD20, and FD40 

measured in the apical to basolateral direction across the Calu-3 cell culture model in the 

absence or presence of chitosan of different deacetylation degree and also chitosan 

nanoparticles. 

 
Papp ± SD (x 10-7 cm s-1)  

Formulation 
Enhancer 

concentration 
(mg/mL) 

3H-mannitol FD4 FD20 FD40 

Control - 2.95 ± 1.66 0.86 ± 0.11 0.22 ± 0.01 0.14 ± 0.03 

0.015 0.94 ± 0.66   0.69 ± 0.01* 0.19 ± 0.13 
CS G113 UP 

1 
n.d 

3.47 ± 1.75   1.70 ± 0.45*  1.69 ± 0.16* 

1 0.48 ± 0.21 0.06 ± 0.01 0.13 ± 0.04 

5 
n.d 

0.65 ± 0.23 0.11 ± 0.01 0.08 ± 0.02 

0.10 ± 0.03 
C

0.4 8 0. 1 0. 5 

CS G113 UP-NP 1 8.04 ± 6.11 0.95 ± 0.66   0.76 ± 0.09* 0.08 ± 0.02 

0.015 1.05 ± 0.85   0.76 ± 0.14* 0.26 ± 0.10 
CS G210 

1 
n.d 

3.09 ± 2.16   1.72 ± 0.19*  1.46 ± 0.16* 

CS G210-R47 

1 0.48 ± 0.33 0.02 ± 0.01 
S G210-R38 

5 
n.d 

6 ± 0.1 06 ± 0.0 18 ± 0.0

 
* Denotes significant difference from control (P < 0.05). Values are means ±
d

 

ER value well as the corresponding cellular viabilities obtained for 

permeability of FD4, 20 and FD40 acro lu  

p he differe  CS-based ulatio pre Fi d 

Table 8. The cellular viability remained over 80-90% in all except 

h ntration of highly deacetylated CS (CS G113 and CS G210, 1 mg/mL) 

nhancing the FD4 and FD20 permeation. Thus, the best ER values were 

decrease in Calu-3 cell viability was reported by Florea et al. for CS solutions, 

lthough in a higher concentration. The authors did not discard the possibility of 

loosing

 SD, n = 3. n.d = not 
etermined. 

 

The s, as 

FD ss the Ca -3 cell culture model in

resence of t nt  form ns, are re sented in gure 4 an

cases, for the 

ighest conce

e

associated with a slighty decrease in the cell viability to around 60-70 %. A similar 

a

 some cells during the washing steps due to the high bioadhesiveness of 

such highly deacetylated CS (Florea et al., 2006).   
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Figure 4.  Enhacement ratio values (ER, bars) of FD4, FD20, and FD40 permeation across 

the Calu-3 cell culture model treated with different types of chitosan and chitosan 

nanoparticles (1 mg/mL) and cellular viability after the experiment (♦), relative to untreated 

cells (mean ± SD, n = 3). Enhacement ratio for untreated cells (ER = 1) is represented by the 

horizontal line. 

 

 
Table 8 Enhancement ratio values (ER) of FD4, FD20, and FD40 permeation across the 

Calu-3 cell culture model treated with different types of chitosan (0.015 and 5 mg/mL) and 

Enhancement ratio values (ER) of FD4, FD20, and FD40 permeation across the 

Calu-3 cell culture model treated with different types of chitosan (0.015 and 5 mg/mL) and 

. 

cellular viability after the experiment, relative to untreated cells. 

 
FD4 FD20 FD40 

cellular viability after the experiment, relative to untreated cells. 

 
FD4 FD20 FD40 

Formulation 
Enhancer 

Conc. 
(mg/mL) ER 

 
Viability

(%) 
ER 

 
Viability 

(%) 
ER 

 
Viability 

(%) 
CS G113 UP 1.05 ± 0.59 84 ± 5   3.08 ± 0.14* 103 ± 3 0.90 ± 0.53 103 ± 2 

CS G210 

0.015 
 

0.015 1.15 ± 0.79 80 ± 6  3.44 ± 0.75* 108 ± 14 1.45 ± 1.11 106 ± 5 

S G210-R47 0.83 ± 0.33 n.d 0.49 ± 0.01 n.d 0.65 ± 0.32 80 ± 12 5 
 

C

CS G210-R38 5 0.54 ± 0.24 n.d 0.26 ± 0.07 n.d 1.00 ± 0.56 92 ± 10 

 
* Denotes significant difference from control (P < 0.05). Values are means ± SD, n = 3. n.d = not 
determined. 
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The decrease in permeation-enhancing effectiveness of CS NP and 

reacetylated CS in Calu-3 as compared with other cell lines could 

the presence ellular mucu  the apical surfa In this sense, ly 

 CS cu  e c e s  

mucus, re p c a  u  

positive 

harge density. In act, the mechanism for permeability enhancement by CS has 

embranes through a charge-dependent mechanism (Schipper et al., 1997), which 

volves the translocation of tight junction proteins, such as ZO-1 and ocluddin, from 

the me

 

be atributted to 

of extrac s on ce. high

deacetylated  mole les, due to their gr at positive harge d nsity, may trongly

interact with ach the e ithelial ell membr ne, and finally disr pt tight

junctions in a greater extent than CS NP and reacetylated CS, with a lower 

c  f

been reported in Caco-2 cells to be related to the polymer binding to cell 

m

in

mbrane to the cytoskeleton (Smith et al., 2004) and the redistribution of F-

actin (Dodane et al., 1999). It must be mentioned that in our experiments, Calu-3 

differentiated cells presented a very thick mucus layer, which was noticeable by 

simple macroscopical observation. Taking this into account, we decided to perform a 

permeability experiment in Calu-3 cells containing a lower amount of apical mucus. 

Therefore, the apical cell surface was carefully rinsed and the major part of diluted 

mucus removed, in order to somehow mimic physiological clearance mechanisms. 

After that, permeability of FD4 was assessed in presence of CS NP as absorption 

enhancer. Permeability values and the corresponding ER are depicted in Figure 5 . 
As can be observed, CS NP were able to significantly increase the Papp and thus, 

enhance FD4 absorption around 2.5-fold. Interestingly, no cellular damage was 

produced since the viability remained over 80%.  
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Figure app, 

♦ NP, 1 mg/mL), across the 

 SD, n = 2-3). 

 

 

A 

ecrease TEER was found. Thus, decrease in TEER was directly related with the 

bility of CS-based formulations to enhance the FD permeation across the Calu-3 

ell culture model. Specifically, CS G210 and CS G113 (1 mg/mL), which were able 

a strong but reversible decrease in 

EER was observed, concluding no harmful effects on the cells as the TEER 

returned to 90-100% of the initial values alter a recovery period (Florea et al., 2006).  
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5. Enhacement ratio values (ER, bars) and apparent permeability coefficients (P

) of FD4, in presence of chitosan nanoparticles (CS G113 UP- 

Calu-3 cell culture model with different apical mucus thickness (mean ±

Enhacement ratio for untreated cells (ER = 1) is represented by the dashed line. * Denotes 

significant difference from untreated cells (P < 0.05). 

good correlation of permeability enhancing effects and the ability to 

d

a

c

to elicit the best ER, produced a drastical decrease in TEER to around 20% in 

comparisson with buffer-treated cells (Figure 6). A marked decrease in TEER has 

been also reported for experiments with CS solutions in Caco-2 cell monolayers 

(Kotze et al., 1998; Artursson et al., 1994; Smith et al., 2004) and 16HBE14o-cells 

(Lim et al., 2001).  Specifically in Calu-3 cells, 

T
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Fi epithelial electrical resistance (TEER) of Calu-3 epithelium (high 

resence of apical mucus) after permeability experiments with FITC-dextrans, expressed as 

ercent of initial values (means ± SD, n = 6-9). * Denotes significant difference from 

ntreated cell layers (P < 0.05). 

ONCLUSIONS 

Sensitivity of TR146 and Calu-3 cells to CS-based formulations was 

creased with CS dose, deacetylation degree, solution relative to NP and with 

roliferating compared to differentiated cells. The ability of CS to enhance the 

, being minimally harmful, effectively enhance the 

bsorption of macromolecules across the different epithelial barriers. 

 

gure 6. Reduction in trans

p

p

u

 
 
C

in

p

transport of macromolecules across the TR146 and Calu-3 cell culture models was 

mainly related to polymer deacetylation degree (i.e. positive charge density), with 

the highest deacetylated CS being the most effective. Fortunately, it is possible to 

select CS formulations that

a
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PARTE I 
 

 

DISCUSIÓN GENERAL 

 

Como se ha mencionado previamente, el objetivo general de la primera 

parte de esta memoria experimental ha sido el de desarrollar sistemas 

microparticulares destinados a la administración pulmonar de macromoléculas 

terapéuticas con fines sistémicos. Para ello, y teniendo en cuenta las interesantes 

propiedades descritas en la sección de Introducción, se seleccionaron dos 

polisacáridos hidrofílicos, quitosano (CS) y glucomanano (GM) y se prepararon 

sistemas simples (compuestos por un solo polímero) o mixtos (compuestos por 

ambos polímeros) mediante la técnica de atomización. Esta técnica, bien conocida 

y muy versátil, resulta adecuada para la preparación de micropartículas en un 

medio completamente acuoso, tanto a partir de soluciones como de 

suspensiones/dispersiones de polímeros y principios activos1. Las principales 

variables de formulación investigadas han sido el grado de desacetilación (DD) del 

CS (Art. 1) y el porcentaje de GM incorporado en el sistema microparticular (Art. 2). 

Así pues, se estudió el efecto de estas variables sobre las propiedades 

morfológicas y aerodinámicas de las microsferas, así como sobre su capacidad de 

asociar y liberar la macromolécula modelo (insulina). Adicionalmente, se estudió la 

influencia del DD del CS sobre sus propiedades como promotor de la absorción de 

macromoléculas de distinto peso molecular (FITC-dextranos de 4, 20 y 40 KDa) en 

cultivos celulares modelo de los epitelios bucal y traqueobronquial, donde también 

se evaluó su citotoxicidad, al igual que la del GM (Art. 2 y 3).  

 

 
1 Agnihotri S.A., Mallikarjuna N.N., Aminabhavi T.M., Recent advances on chitosan-based micro- and 
nanoparticles in drug delivery, J. Control. Rel., 100 (2004) 5-28. 
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1. Reacetilación del quitosano 

Para la obtención de microsferas de CS de distinto grado de desacetilación, 

el primer paso consistió en el proceso de reacetilación del CS comercial (DD = 

83%) mediante la reacción del mismo con distintas cantidades de anhídrido acético 

(Figura 1a).                                                  

La determinación del DD resultante fue efectuada por 1H-RMN, mediante la 

aplicación de la comúnmente utilizada expresión de Hirai y col.2, obteniendo DDs 

del 47, 38, 26 y 23% (Art. 1, Fig. 2  y Tabla 1). Como se puede observar en la 

Figura 1b, la cantidad de anhídrido acético empleada en la reacción y el DD 

finalmente obtenido no siguen una relación lineal, alcanzando casi un valor de DD 

constante para aquellas cantidades de reactivo superiores a los 5 µL/mg de CS. 

 

 

 

 

 

 

a) b) 

24 h 

      Anhídrido acético  
(0, 1.25, 2.5, 5 y 10 µL/mg de CS)

1. Diálisis 
2. Liofilización 
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Figura 1. Esquema de preparación del CS reacetilado y grados de deacetilación obtenidos 

en función de la cantidad de anhídrido acético utilizada en la reacción. 
 
 
 

 

 
2 Hirai A., Odani H., Nakajima A., Determination of degree of deacetylation of chitosan by 1H NMR 
spectroscopy, Polym. Bull., 26 (1991) 87-94. 
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2. Preparación y caracterización de microsferas de quitosano y quitosano- 
     glucomanano 

Tras numerosas pruebas preliminares, en las que se fijaron las condiciones 

de atomización, se procedió a la preparación de las distintas formulaciones a partir, 

básicamente, de soluciones/dispersiones de: (a) CS de distinto DD (83, 47, 38, 26 y 

23%); y (b) CS y GM en diferentes proporciones (100:0, 75:25, 50:50, 25:75 y 

0:100).  

Un primer paso en la caracterización de las microsferas se dirigió al estudio 

de su composición por espectroscopia de infrarrojos (IR). De este modo, en el caso 

de las microsferas preparadas con CS de distinto DD, la realización de los 

espectros de IR y su posterior análisis cuantitativo no hizo más que confirmar los 

datos de DD obtenidos previamente por RMN para las soluciones/dispersiones 

correspondientes (Art. 1, Fig. 4 y Tabla 3). Para las microsferas compuestas por 

CS y GM, el análisis de IR determinó la existencia de interacciones entre ambos 

polímeros, principalmente por puentes de hidrógeno3, lo que sugiere un grado de 

miscibilidad previo a la atomización que debiera derivar en una distribución 

homogénea de los mismos en la matriz polimérica de las microsferas (Art. 2, Fig. 
4). 

El estudio morfológico de las partículas, realizado por microscopía 

electrónica de barrido, reveló una gran influencia de la composición de las mismas 

sobre su forma y características superficiales (textura, rugosidad). Así, las 

microsferas compuestas en su totalidad por CS comercial (DD 83%) condujeron a la 

obtención de partículas perfectamente esféricas y con una superficie lisa. Sin 

embargo, tanto la inclusión de GM en su composición, como la utilización de CS 

reacetilado (menor DD), hizo que dicha morfología derivase hacia formas 

esferoidales irregulares, con superficies convolucionadas y rugosas, siendo este 

 
3 Alonso-Sande M., Teijeiro-Osorio D., Remuñán-López C., Alonso M.J., Glucomannan, a promissing 
polysaccharide for biopharmaceutical purposes, (ANEXO II de la presente memoria) 
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hecho más notable a medida que la incorporación de GM en las microestructuras 

era mayor o, en su caso, que el DD del CS era menor. Esta evolución en las 

características morfológicas de las partículas puede verse claramente reflejada en 

las Figuras 2 y 3.    

 
    

 
 
 
 
 
 
 
 
Figura 2. Fotografías de microscopía electrónica de barrido de microsferas obtenidas a 

partir de: (a) CS comercial (DD 83%); (b) CS DD 38%; y (c) CS DD 26%. 

 
 
 
 
 
 
 
Figura 3. Fotografías de microscopía electrónica de barrido de microsferas obtenidas a 

partir de: (a) CS:GM (75:25) (b) CS:GM (25:75); y (c) CS:GM (0:100). 

 

La obtención de morfologías irregulares podría estar condicionada por la 

consistencia de la matriz polimérica así como por la afinidad entre polímero y 

disolvente. Cuando durante el proceso de atomización las gotas de solución 

polimérica comienzan a secarse, es posible que primeramente  se forme un film en 

la superficie que pueda dificultar la difusión del agua desde el interior al exterior, 

haciendo que la presión interna llegue a un punto crítico en el que la partícula se 

deforme o desintegre. Obviamente, esta dificultad de difusión del disolvente hacia el 

exterior estará condicionada por las características de ese hipotético film polimérico 
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superficial, tales como su flexibilidad y fuerza mecánica4, que vienen dadas, a su 

vez, por su composición. Así pues, es sabido que existen materiales que tienden a 

formar estructuras microparticulares compactas, como ocurriría en el caso del CS, 

mientras otros forman partículas porosas o deformadas, tal y como acontece con el 

GM. Consecuentemente, las mezclas de ambos polímeros dieron lugar a 

estructuras con una morfología altamente dependiente del porcentaje de cada uno 

de sus componentes5. Del mismo modo, la mencionada dificultad de difusión del 

disolvente a través de la matriz polimérica también puede ser atribuida a una baja 

afinidad entre ambos6,7. Este hecho explicaría lo que ocurre con las microsferas 

preparadas con GM, dada la limitada solubilidad en agua de este polímero8 y, 

asimismo, con el CS reacetilado, puesto que su solubilidad en agua disminuye a 

medida que lo hace su DD9.  

  Interesantemente, estas características morfológicas podrían contribuir a 

mejorar la dispersabilidad de las partículas, dado que la rugosidad superficial hace 

más difícil el contacto entre las mismas y el establecimiento de fuerzas de van der 

Waals que favorecerían su aglomeración10.    

Teniendo en cuenta que el objetivo central de este trabajo era el de 

conseguir microsferas con propiedades adecuadas para su administración 
 

4 Ameri M., Maa Y.–F., Spray drying of biopharmaceuticals: stability and process considerations, Drying 
Technology, 24 (2006) 763-768.  
5 Huang Y. -C., Yeh M. -K., Chiang C. -H., Formulation factors in preparing BTM-chitosan microspheres by 
spray drying method, Int. J. Pharm., 242 (2002) 239-242. 
6 Zhang Z.Y., Ping Q.N., Xiao B., Microencapsulation and characterization of tramadol-resin complexes, J. 
Control. Rel., 66 (2000) 107-113. 
7 Fu Y.J., Mi F.L., Wong T.B., Shyu S.S., Characteristics and controlled release of anticancer drug loaded poly 
(D,L-lactide) microparticles prepared by spray-drying technique, J. Microencapsul., 18 (2001) 733-747. 
8 Alonso-Sande M., Teijeiro-Osorio D., Remuñán-López C., Alonso M.J., Glucomannan, a promissing 
polysaccharide for pharmaceutical and biomedical purposes, (ANEXO II de la presente memoria) 
9 Remuñán-López C., Portero A., Lemos M., Vila-Jato J.L., Núñez M.J., Riveiro P., López J.M., Piso M., 
Alonso M.J., Chitosan microspheres for the specfic delivery of amoxycillin to the gastric cavity, S.T.P. Pharma. 
Sci., 10 (2000) 69-76. 
10 Tarara T. E, Hartman M. S., Gill H., Kennedy A. A., and Weers J. G., Characterization of suspension-
based metered dose inhaler formulations composed of spray-dried budesonide microcrystals dispersed in HFA-
134a, Pharm. Res., 21 (2004) 1607-1614. 
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pulmonar y depósito a nivel alveolar, se investigaron las propiedades aerodinámicas 

de los sistemas obtenidos. Así, se determinaron importantes parámetros como el 

tamaño de partícula, la densidad y el diámetro aerodinámico, los cuales se recogen 

en las Tablas 1 y 2 para algunas de las formulaciones más representativas. 
 
Tabla 1. Características aerodinámicas de las microsferas obtenidas a partir de quitosanos 

de distinto grado de desacetilación (media ± D.E., n = 3-6). 

Formulación Diámetro de 
Feret (µm) 

Densidad 
real (g/cm3) 

Densidad 
aparente (g/cm3) 

Diámetro 
aerodinámico (µm) 

MS DD 83% 2.04 ± 0.93 1.48 ± 0.09 0.48 ± 0.01 1.96 ± 1.53 

MS DD 38% 1.93 ± 1.37 1.43 ± 0.09 0.42 ± 0.02 1.56 ± 1.49 

MS DD 26% 1.85 ± 0.65 1.37 ± 0.04 0.40 ± 0.01 1.56 ± 1.45 

MS DD 23% 1.79 ± 1.16 1.36 ± 0.04 0.38 ± 0.03 1.46 ± 1.45 

MS: microsferas; DD: grado de desacetilación 

 
Tabla 2. Características aerodinámicas de las microsferas obtenidas a partir de diferentes 

proporciones de quitosano y glucomanano (media ± D.E., n = 3-6). 

CS: quitosano; GM: glucomanano RX-L (baja viscosidad) 

Formulación 
(CS:GM) 

Diámetro de 
Feret (µm) 

Densidad 
real (g/cm3) 

Densidad 
aparente (g/cm3) 

Diámetro 
aerodinámico (µm) 

100:0 2.15 ± 1.05 1.49 ± 0.21 0.48 ± 0.02 1.35 ± 1.44 

50:50 2.21 ± 1.04 1.42 ± 0.08 0.46 ± 0.04 1.56 ± 1.50 

25:75 2.69 ± 1.10 1.20 ± 0.08 0.30 ± 0.02 1.64 ± 1.46 

0:100 3.19 ± 1.52 0.97 ± 0.09 0.20 ± 0.02 1.61 ± 1.54 

 

En general, los tamaños de partícula obtenidos se situaron entre las 2 y 4 

µm. En el caso de las microsferas compuestas por CS y GM, se registró una 

tendencia al incremento de tamaño a medida que la cantidad de GM en la 

formulación era mayor, encontrándose este hecho directamente relacionado con el 
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incremento en la viscosidad de la dispersión polimérica, el cual afecta el tamaño de 

gotícula durante la atomización11.  

Del mismo modo, las densidades (reales y aparentes) determinadas para las 

distintas microsferas también se hallaron altamente influenciadas por el contenido 

en GM de las mismas, siendo menores cuanto mayor es la cantidad de GM 

presente en la formulación. Este hecho podría ser explicado por los aspectos 

morfológicos antes mencionados, sin embargo, dado que en el caso de las 

microsferas de CS de diferentes DD, las mismas características morfológicas dan 

lugar a una disminución de la densidad de partícula menos notable, ha de existir 

alguna razón adicional. En este sentido, la tendencia del GM a la formación de 

matrices más porosas y menos compactas sería un factor añadido y determinante 

en la obtención de estructuras tan ligeras o poco densas12. Interesantemente, se ha 

descrito que las microsferas de baja densidad poseen una menor tendencia a la 

agregación que las partículas compactas13.    

En cuanto al diámetro aerodinámico, determinado  mediante la utilización de 

un equipo Aerosizer®-Aerodisperser®, todas las formulaciones presentaron valores 

en el rango 1.5 - 2 µm. En base a que el diámetro aerodinámico apropiado para 

alcanzar las regiones más profundas del pulmón se encuentra entre 1-5 µm14, las 

microsferas obtenidas pueden ser consideradas adecuadas para este propósito. 

Asimismo, sus previamente mencionados tamaños de partícula o diámetros de 

 
11 He P., Davis S. S., Illum L., In vitro evaluation of the mucoadhesive properties of chitosan microspheres, Int. 
J. Pharm., 166 (1998) 75-68. 
12 Wang K., He Z., Alginate-konjac glucomannan-chitosan vedas as controlled release matrix, Int. J. Pharm., 244 
(2002) 117-126. 
13 Edwards D.A., Ben-Jebria A., Langer R., Recent advances in pulmonary drug delivery using large, porous 
inhaled particles, J. Applied Physiol., 85 (1998) 379-385. 
14 Vanbever R., Ben-Jebria A., Mintzes J. D., Langer R., Edwards D. A., Sustained release of insulin from 
insoluble inhaled particles, Drug Deliv. Research, 48 (1999) 178-185. 
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Feret, generalmente ≥ 2 µm, harían menos factible, o cuando menos retrasarían, su 

captación y eliminación por los macrófagos15.    

Aunque, paralelamente, se estudiaron numerosas variables de formulación, 

tales como las concentraciones poliméricas de partida y diferentes tipos de GM de 

distinta viscosidad, de la caracterización de las microsferas resultantes no se 

extrajeron diferencias significativas ni, a priori, ventajas añadidas que pudiesen 

justificar seguir investigando en esa línea.  

 
3. Asociación  y liberación in vitro de macromoléculas terapéuticas (insulina) 
 

El siguiente paso consistió en investigar la capacidad de las microsferas 

como vehículos de macromoléculas terapéuticas. Para ello se seleccionaron las 

formulaciones más representativas de cada estrategia (reacetilación del CS e 

inclusión de GM) y se atomizaron sus correspondientes soluciones poliméricas 

(CS:GM = 100:0, 50:50, 25:75, 0:100 y CS de DD = 83, 38 y 23%) mezcladas con 

una solución de la proteína terapéutica modelo (insulina en HCl, 15% p/p referido al 

total de polímeros). Las partículas cargadas no presentaron cambios morfológicos 

ni de tamaño significativos, manteniendo así su idoneidad para ser administradas 

por vía pulmonar. 

La determinación de la asociación de la insulina a las microsferas fue 

realizada a 22ºC para evitar la tendencia del péptido a formar agregados a 

temperaturas superiores16 y, de esta manera, poder evaluar el contenido total de 

insulina. En general, las eficacias de encapsulación (EE) de insulina obtenidas 

fueron elevadas, aproximadamente de entre el 80 y el 98%, para las microsferas 

compuestas por CS y GM, solo GM, o por CS reacetilado (DD 38% y DD 23%). Sin 

embargo, la cuantificación de insulina fue significativamente menor para aquellas 

formulaciones compuestas únicamente por CS de alto DD,  concretamente de en 

 
15 Roser M., Fisher D., Kissel T., Surface modified biodegradable albumin nano- and microspheres. II: effect of 
surface charges on in vitro phagocytosis and biodistribution in rats, Eur. J. Pharm. Biopharm., 4 (1998) 255-263. 
16 Reithmeier H., Herrman J., Göpferich A., Lipid microparticles as a parenteral controlled release device for 
peptides, 73 (2001) 339-350. 
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torno al 60-70%, lo que sugiere la existencia de interacciones entre el CS y la 

insulina que impidieron la determinación de la misma. Además, el hecho de que las 

EE obtenidas sean menores cuanto mayor es la proporción de CS en la 

composición microparticular y cuanto mayor es el DD del CS, sugiere que estas 

interacciones CS-insulina puedan estar mediadas principalmente por interacciones 

iónicas con los grupos amino libres del CS, aunque puedan coexistir otro tipo de 

interacciones, previamente descritas para ambas especies, tales como uniones por 

puentes de hidrógeno o interacciones hidrofóbicas17. 

La liberación in vitro de insulina a partir de las microsferas se realizó a 37ºC 

para mimetizar la temperatura fisiológica. Los perfiles de liberación obtenidos para 

las microsferas de CS-GM y para las microsferas formadas por CS de diferente DD 

durante la primera hora de ensayo se representan en las Figuras 4 y 5, 

respectivamente. La liberación de insulina a partir de microsferas compuestas 

únicamente por GM fue muy rápida, con un 82% liberado en tan solo 15 minutos. 

Sin embargo, las formulaciones que combinan ambos polímeros, CS y GM, 

experimentaron una notable ralentización en la liberación del péptido, dando lugar a 

valores de aproximadamente un 37% de insulina liberada a los 15 minutos y hacia 

el 40% a los 30 minutos.  

 

 

 

 

 

 

 

 

 

 
17 Fernández-Urrusuno R., Calvo P., Remuñán-López C., Vila-Jato J.L., Alonso M.J., Enhancement of nasal 
absorption of insulin using chitosan nanoparticles, Pharm. Res., 16 (1999) 1576-1581. 
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Figura 4. Perfil de liberación de insulina in vitro en PBS pH 7.4 a partir de microsferas de 

quitosano y glucomanano (n = 3). 

 

La casi inmediata liberación a partir de las microsferas de GM podría venir 

dada por la característica morfología de las mismas, cuyas marcadas convoluciones 

y oquedades determinan una elevada superficie específica en contacto con el 

medio de liberación. Además, su estructura interna, que a juzgar por los valores de 

densidad obtenidos es poco compacta o porosa, también contribuiría a la rápida 

liberación del péptido. Sin embargo, para las microsferas compuestas por CS y GM 

(50:50 y 25:75), cuya morfología y valores de densidad resultaron ser bastante 

diferentes entre sí (ver Figura 3 y Tabla 2), se obtuvieron perfiles de liberación muy 

similares, de manera que ha de ser la interacción entre ambos polímeros, 

previamente demostrada por IR, la responsable de este fenómeno.  

En cuanto a las partículas compuestas por CS de distinto DD, la tendencia 

observada fue la de una liberación algo más rápida cuanto menor era el DD del CS. 

Concretamente, a los 15 minutos se liberó en torno a un 45% de insulina para las 

microsferas de CS DD 83%, un 50% para las de DD 38% y un 60% para las de DD 
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23%. Las diferencias a los 15 minutos resultaron ser significativas solamente en 

este último caso, aunque a los 30 y 45 minutos lo fueron para ambos CS 

reacetilados.   
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Figura 5. Perfil de liberación de insulina in vitro en PBS pH 7.4 a partir de microsferas de 

quitosano de distintos grados de deacetilación (n = 3-6). 

 

Este hecho, una vez más, podría ser explicado por una morfología más 

irregular y, por tanto, con valores de superficie específica en contacto con el medio 

más elevados, así como con valores de densidad algo menores a medida que 

disminuye el grado de desacetilación (ver Figura 2 y Tabla 1). Así, el hecho de que 

el CS reacetilado sea menos soluble es contrarrestado por la influencia de la 

morfología de las partículas. 

Sin embargo, en general, cabría esperar un comportamiento diferente de las 

partículas una vez administradas en forma de polvo seco por vía pulmonar, donde 

el fluido existente en el pulmón (obviamente más escaso que el medio de liberación 

in vitro) simplemente humectaría las microsferas, favoreciendo una liberación del 

péptido más lenta. 
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4. Estudios de mucoadhesión 

Es sabido que la acetilación de los grupos amino libres del CS reduce la 

carga positiva del polímero y afecta, de este modo, a características como la 

mucoadhesión18,19, la cual está mediada principalmente por la interacción 

electrostática con los grupos cargados negativamente presentes en el mucus. Por 

otro lado, la incorporación de GM, un polisacárido para el que no se han descrito 

propiedades mucoadhesivas, también podría a priori repercutir en las 

características de las microsferas resultantes. 

Así pues, se llevó a cabo un primer estudio que consistió en medir el grado 

de interacción de las soluciones poliméricas y la mucina mediante turbidimetría20. 

En dichos ensayos se confirmó, como era esperado, que el GM no posee 

capacidad mucoadhesiva alguna. Sin embargo, curiosa e interesantemente, las 

mezclas poliméricas de CS y GM vieron potenciado el grado de mucoadhesión 

observado para el CS solo, pudiendo concluir la existencia de un efecto sinérgico 

entre CS y GM (Art. 2, Fig. 3). En relación a los resultados obtenidos con el CS de 

diferentes DD en líneas generales, y como era de esperar, la interacción del CS con 

la mucina se vio disminuida a medida que el grado de acetilación de los grupos 

amino del CS era mayor, pero manteniéndose en un rango de valores de 

mucoadhesión positivos (Art. 1, Fig. 3). 

Además, mediante la breve incubación de las microsferas de CS y CS:GM 

con una solución de mucina y la observación de las mismas, completamente 

recubiertas de mucina, por microscopía electrónica de barrido, pudo nuevamente 

comprobarse de un modo cualitativo el alto grado de mucoadhesión de las 

partículas21 (Figura 5).  

 
18 Tomihata K., Ikada Y., In vitro and in vivo degradation of films of chitin and its deacetylated derivatives, 
Biomaterials, 18 (1997) 567-575. 
19 Mima S., Miya M., Iwamoto R. and Yoshikawa S., Highly deacetylated chitosan and its properties, J. Appl. 
Polym. Sci., 28 (1983) 1909-1917. 
20 He P., Davis S.S., Illum L., In vitro evaluation of the mucoadhesive properties of microspheres, Int. J. Pharm., 
166 (1998) 75-68. 
21 Genta I., Pavanetto F., Conti B., Giunchedi P., Conte U., Improvement of dexamethasone dissolution rate 
from spray-dried chitosan microspheres, S. T. P. Pharma Sci., 5 (1995) 202-207. 
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Figura 5. Imágenes de microscopía electrónica de barrido de microsferas de: (a) CS  y (b) 

CS:GM (50:50) recubiertas de mucina. 

 

5. Estudios en cultivos celulares  

Puesto que las microsferas desarrolladas, al no estar reticuladas, no se 

mantienen en suspensión, no fue posible la realización de diluciones seriadas que 

permitiesen trabajar con pequeñas concentraciones, como las comúnmente 

empleadas en estudios en cultivos celulares. Asimismo, los dispositivos de 

administración de polvo seco tampoco permiten la emisión de dosis tan reducidas 

de una manera reproducible y homogénea. Obviamente, este hecho limitó el 

número de estudios que se pudieron hacer con las microsferas como tales, 

reduciéndose a ensayos de carácter cualitativo. Así pues, los estudios en células 

fueron llevados a cabo, principalmente, utilizando las soluciones poliméricas 

correspondientes a la composición de los sistemas, intentando extrapolar y extraer 

conclusiones, en la medida de lo posible, a partir estos resultados. Adicionalmente, 

en el Artículo 3, además de soluciones poliméricas también se evaluaron, a modo 

comparativo, nanopartículas de CS. Sin embargo, dado que se trata de un 

experimento añadido en el que no se debe centrar el interés de la presente 

discusión, será obviado y referido, si procede, en la segunda parte de la memoria 

experimental, dedicada específicamente a la investigación de sistemas de tipo 

nanoparticular.  
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Para los estudios en células se utilizaron dos líneas diferentes, una de ellas 

modelo del epitelio bucal (células TR146) y la otra del epitelio respiratorio (células 

Calu-3). Ambos modelos difieren, fundamentalmente, en que las células TR146 

crecen formando una estructura pseudoestratificada y no presentan uniones “tight” 

intercelulares ni mucus22, mientras la Calu-3 forman una monocapa con presencia 

de uniones intercelulares íntimas y mucus en su parte apical23 (Art. 3, Tabla 1). Los 

estudios de citotoxicidad se realizaron en células en proliferación, dado que este 

estado de crecimiento exponencial de las células permite el ensayo de una batería 

de concentraciones y formulaciones más amplia. Sin embargo, para el resto de 

estudios se utilizaron células completamente diferenciadas, puesto que es en este 

estado cuando constituyen una verdadera barrera biológica modelo. 

5.1. Citotoxicidad 

Sin duda, un importante aspecto a tener en cuenta es el relativo a la 

toxicidad de los polímeros utilizados en la preparación de las microsferas, GM y CS.  

Por ello, se evaluó la toxicidad del GM y el CS de diferente DD en los dos cultivos 

celulares previamente mencionados (Art. 2 y Art. 3). Los resultados obtenidos en 

ambas líneas celulares fueron similares por lo que, de modo representativo, se 

muestran en la Figura 6 aquellos relativos a algunas de las concentraciones de CS 

y GM ensayadas en las células Calu-3.  

La viabilidad celular obtenida tras la incubación de las células con el GM se 

mantuvo en torno a un 90-100% incluso para la concentración de 1 mg/mL, la cual 

se correspondería con una dosis de polímero de 303 µg/cm2. Pero incluso para 

concentraciones 2 veces mayores, la viabilidad resultó ser muy alta, concretamente 

de un 82% (Art. 2, Fig. 2). Cabe decir que, aunque el GM se ha considerado como 

un polisacárido no tóxico debido a su utilización como complemento dietético en los 

países asiáticos, y existen estudios de toxicidad aguda, sub-aguda y sub-crónica 
 

22Jacobsen J., van Deurs B., Pederssen M., Rassing M.R., TR146 cells grown on filters as a model for human 
buccal epithelium. I. Morphology, growth, barrier properties and permeability, Int. J. Pharm., 125 (1995) 165-
184. 
23 Foster K.A., Avery M.L., Yazdanian M., Audus K.L., Characterization of the Calu-3 cell line as a tool to 
screen pulmonary drug delivery, Int. J. Pharm., 208 (2000) 1-11. 
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que corroboran su inocuidad por vía oral24, su efecto a nivel de otras superficies 

mucosas del organismo no habían sido hasta ahora investigados.  

Con respecto al CS, es especialmente destacable la gran influencia del DD 

sobre su perfil de toxicidad. Así, una concentración de polímero de 1 mg/mL (303 

µg/cm2) dio lugar a una viabilidad celular de tan solo el 20% cuando se trató de CS 

comercial (DD = 83%) y de entre un 90 y un 100% cuando se trató de polímero 

reacetilado (DD = 38 y 47%). Además, al igual que con el GM, una dosis de 

polímero reacetilado incluso dos veces mayor (606 µg/cm2) mantuvo la viabilidad 

celular en un porcentaje superior al 90%. En este sentido, diversos estudios han 

dejado patente la gran influencia de la densidad de carga positiva del CS sobre su 

perfil de toxicidad y biodegradabilidad25, ,26 27. Esta relación directa entre carga 

positiva y toxicidad ha sido también descrita para otros polímeros de naturaleza 

catiónica, tales como la poli-L-lisina, la poli-L-arginina y la protamina28,29.  

 
24 Alonso-Sande M., Teijeiro-Osorio D., Remuñán-López C., Alonso M.J., Glucomannan, a promissing 
polysaccharide for pharmaceutical and biomedical purposes, (ANEXO II de la presente memoria) 
25 Schipper N.G.M., Varum K.M., Artursson P., Chitosans as absorption enhancers for poorly water 
absorbable drugs. I. Influence of molecular weight and degree of acetylation on drug transport across human 
intestinal epithelial (Caco-2) cells, Pharm. Res., 13 (1996) 1686-1692. 
26 Tomihata K., Ikada Y., In vitro and in vivo degradation of films of chitin and its deacetylated derivatives, 
Biomaterials, 18 (1997) 567-575. 
27 Zhang H., Neau S.H., In vitro degradation of chitosan by a commercial enzyme preparation: effect of 
molecular weight and degree of deacetylation, Biomaterials, 22 (2001) 1653-1658.  
28 Chang S.W., Westcott J.Y., Henson J.E., Voelkel N.F., Pulmonary vascular injury by polycations in 
perfused rat lungs, J. Appl. Physiol., 62 (1987) 1932-1943. 
29 Ekrami H.M., Shen W.C., Carbamylation decreases the cytotoxicity but not the drug-carrier properties of 
polylysines, J. Drug Target., 2 (1995) 469-475. 
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Figura 6. Viabilidad celular obtenida en células Calu-3 para diferentes concentraciones de 

quitosano de distintos grados de desacetilación y glucomanano (n = 3-4). 

 

Así pues, cabe esperar que los sistemas microparticulares compuestos por  

CS reacetilado o, al menos parcialmente, por GM, presenten un muy buen perfil de 

biocompatibilidad y no toxicidad. 

5.2. Efecto promotor de la absorción de macromoléculas 

 Como ya se señaló en la Introducción, son numerosos los trabajos que 

demuestran la capacidad del CS para promover la absorción de macromoléculas a 

través de distintos epitelios30, , ,31 32 33, principalmente mediante la apertura reversible 

 
30 Portero A., Remuñán-López C., Nielsen H.M., The potential of chitosan in enhancing peptide and protein 
absorption across the TR146 cell culture model- an in vitro model of buccal epithelium, Pharm. Res., 19 (2002) 
169-174. 
31Aspden T.J., Illum L., Skaugrud, O., Chitosan as a nasal delivery system: evaluation of the absorption 
enhancement and effect on nasal membrane integrity using rats models, Eur. J. Pharm. Sci., 22 (1996) 23-31. 
32Artursson P., Lindmark T., Davis S.S., Illum L., Effect of chitosan on permeability of monolayers of 
intestinal epithelial cells (Caco-2), Pharm. Res., 11 (1994) 1358-1361.  
33 Florea B.I., Thanou M., Junginger H.E., Borchard G., Enhancement of bronchial octreotide absorption by 
chitosan and N-trimethyl chitosan shows linear in vitro/in vivo correlation, J. Control. Rel., 110 (2006) 353-361. 
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de las uniones “tight” intercelulares34,35. En esta línea, el objetivo de este estudio ha 

sido evaluar la capacidad del CS de potenciar la permeabilidad de las mucosa bucal 

y traqueobronquial frente a macromoléculas hidrofílicas de diferente peso molecular 

y relacionar, asimismo, dicha capacidad con el DD del CS y con efectos que 

puedan estar asociados, tales como el descenso de la resistencia transepitelial 

(TEER) y la viabilidad celular. Para ello se utilizaron dextranos marcados con 

isotiocianato de fluoresceína (FD) de distintos pesos moleculares (4, 20 y 40 KDa), 

como modelos de macromoléculas hidrofílicas, y 3H-manitol, como marcador de 

bajo peso molecular del paso paracelular o, lo que es lo mismo, como marcador de 

la integridad de membrana (Art. 2). 

En líneas generales, el CS de alto DD (83%) fue capaz de promover la 

absorción de todos las FD a través de ambos modelos epiteliales, bucal y 

traqueobronquial. Curiosamente, y en consonancia con estudios previos31, la 

concentración de CS más efectiva en las células TR146 fue la más baja de las 

ensayadas (0.015 mg/mL). No así en las células Calu-3, donde se obtuvieron 

mejores resultados con la dosis más alta (1 mg/mL) (Art. 3, Tablas 5, 6 y 7). 

Por otro lado, el CS de DD 47% consiguió aumentar significativamente la 

permeabilidad de los FD de hasta 20 KDa a través de las células TR146 pero no en 

las Calu-3; mientras el CS de DD 38% solo produjo pequeños incrementos que no 

resultaron ser significativos  en ninguno de los epitelios. 

Así pues, una primera observación ha de dirigirse a las diferencias obtenidas 

entre ambas líneas celulares, TR146 y Calu-3. Obviamente, la existencia de 

uniones “tight” entre las células Calu-3 ya supone, de por sí, una mayor barrera a la 

absorción, hecho que se refleja en la magnitud de las permeabilidades obtenidas, 

en ausencia de promotores de la absorción, para el 3H-manitol, marcador de la 

 
34 Dodane V., Khan M.A., Merwin J.R., Effect of chitosan on epithelial permeability and structure, Int. J. 
Pharm., 182 (1999) 21-32. 
35 Smith J., Wood E., Dornish M., Effect of chitosan on epithelial cell tight junctions, Pharm. Res., 21 (2004) 
43-49. 
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integridad celular. Pero además, cabe resaltar que la presencia de abundante 

mucus en la parte apical de las células Calu-3 supone una importante barrera 

adicional. En este sentido, las Calu-3 utilizadas en el presente trabajo presentaron 

una secreción de mucus particularmente abundante, evidenciada por la simple 

observación macroscópica del epitelio. La influencia de este “exceso” de mucus fue 

demostrada mediante la realización de un experimento control, en el que se retiró 

cuidadosamente parte del mismo antes de la incubación con las muestras, las 

cuales, de este modo, sí resultaron ser eficaces en la promoción de la absorción de 

la molécula modelo y, además, a dosis no tóxicas (Art. 3, Fig. 5).  

En general, el aumento significativo de la permeabilidad de las 

macromoléculas modelo como consecuencia del tratamiento con las soluciones de 

CS se reflejó en un fuerte descenso de la TEER en ambas líneas celulares, lo que 

puede indicar la apertura de uniones “tight” en las células Calu-3 y una posible 

relajación de la adhesión célula-célula en el caso de las TR146 (Art. 3, Figs. 3 y 6). 

Sin embargo, este marcado descenso en la TEER no estuvo necesariamente 

asociado con la producción de daño celular. Así, por ejemplo, la concentración de 

polímero que resultó ser más efectiva en las células TR146 se relacionó con una 

elevada viabilidad celular (>83%). No así en las células Calu-3, en donde, debido al 

exceso de mucosidad ya mencionado, para conseguir un efecto promotor 

significativo hizo falta una mayor concentración de polímero de elevado DD que sí 

ocasionó una disminución de la viabilidad celular. 

Así pues, como cabía esperar en base a la bibliografía36, la capacidad del 

CS de aumentar el paso celular de las macromoléculas de distinto peso molecular a 

través de los epitelios modelo estuvo altamente influenciada por su densidad de 

carga positiva, al igual que ocurre con sus propiedades mucoadhesivas y su perfil 

de toxicidad. De este modo, queda patente la importancia de alcanzar un 

 
36 Schipper N.G.M., Varum K.M., Artursson P., Chitosans as absorption enhancers for poorly water 
absorbable drugs. I. Influence of molecular weight and degree of acetylation on drug transport across human 
intestinal epithelial (Caco-2) cells, Pharm. Res., 13 (1996) 1686-1692. 
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compromiso entre los distintos parámetros de mucoadhesión, efecto promotor y 

toxicidad-biodegradabilidad, a través de la selección del DD adecuado. 

5.3. Interacción/bioadhesión  

Por último, se utilizaron células Calu-3 diferenciadas para estudiar la 

capacidad de las microsferas de CS y CS-GM de interaccionar con el mucus y 

permanecer adheridas al epitelio. Para ello se prepararon microsferas conteniendo 

albúmina bovina marcada con isotiocianato de fluoresceína (FITC-BSA). Las 

partículas fueron administradas sobre el epitelio mediante la conveniente 

adaptación de un dispositivo insuflador de polvo seco (PennCentury™ DP-4), 

comúnmente utilizado para la administración pulmonar a animales de 

experimentación37,38. La emisión de las microsferas desde el dispositivo resultó ser 

muy satisfactoria y el polvo se dispersó fácilmente para depositarse sobre las 

células. Tras la incubación y lavado del epitelio, las microsferas permanecieron 

adheridas sobre la superficie sin ser, como era esperado, internalizadas, tal y como 

se muestra en la Figura 7. Es en la superficie celular donde se espera que los 

sistemas desarrollados se adhieran y liberen la macromolécula terapéutica 

asociada, promoviendo, a su vez, su absorción.  
 
 
 
 
 
 
 
 
 
 

 
37 Surendrakumar K., Martín G.P., Hodgers E.C.M., Jansen M., Blair J.A., Sustained release of insulin from 
sodium hyaluronate based dry powder formulations after pulmonary delivery to beagle dogs, J. Control. Rel., 91 
(2003). 
38 Grainger C.I., Alcock R., Gard T.G., Quirk A.V., van Amerongen G., de Swart R.L., Hardy J.G., 
Administration of an insulin powder to the lungs of cynomolgus monkeys using a Penn Cantury insufflator, Int. J. 
Pharm., 269 (2004) 523-527. 
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Figura 7. Imágenes de microscopía confocal de la monocapa de células Calu-3 tras la 

incubación con microsferas de: (a) CS (b) CS:GM (50:50) conteniendo FITC-BSA. La escala 

se corresponde con un valor de 20µm. 
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PARTE II 
 
ANTECEDENTES 
 

1. Las nanopartículas de quitosano presentan una gran versatilidad como 

vehículos de macromoléculas terapéuticas, permitiendo una eficaz 

encapsulación y liberación de las mismas en su forma activa1. 

2. Tras su administración por vía nasal, las nanopartículas de quitosano han 

permitido mejorar significativamente la absorción sistémica de insulina2 y, 

además, bien sea a través de la encapsulación de proteínas antigénicas3 o 

ADN plasmídico codificador de las mismas4, han permitido generar 

respuestas inmunes adecuadas.  

3. Algunas ciclodextrinas han demostrado una gran eficacia como promotoras 

de la absorción de macromoléculas, tales como la insulina o la calcitonina, a 

través de distintos epitelios como el nasal5,6 y el pulmonar7,8, e incluso se ha 

descrito su capacidad para desactivar ciertos enzimas proteolíticos9. 

 
1 Janes K.A., Calvo P., Alonso M.J., Polysaccharide colloidal particles as delivery systems for macromolecules, 
Adv. Drug Deliv. Rev., 47 (2001) 83-97. 
2 Fernández-Urrusuno R., Calvo P., Remuñán-López C., Vila-Jato J.L., Alonso M.J., Enhancement of nasal 
absorption of insulin using chitosan nanoparticles, Pharm. Res., 16 (1999) 1576-1581. 
3 Vila A., Sánchez A., Janes K., Behrens I., Kissel T., Vila-Jato J.L., Alonso M.J., Low molecular weight 
chitosan nanoparticles as new carriers for nasal vaccine delivery in mice, Eur. J. Pharm. Biopharm., 57 (2004) 
123-131. 
4 Csaba N., Koping-Hoggard M., Fernández-Megía E., Novoa-Carballal R., Riguera R., Alonso M.J., 
Ionically Crosslinked chitosan nanoparticles as gene delivery systems: effect of PEGylation on in vitro and in 
vivo gene transfer, submitted 
5 Merkus F.W., Verhoef J.C., Marttin E., Romeijn S.G., van der Kuy P.H.M., Hermens W.A.J.J., Schipper 
N.G.M., Cyclodextrins in nasal drug delivery, Adv. Drug Deliv. Rev., 36 (1999) 41-57. 
6 Yu S., Zhao Y., Wu F., Zhang X., Lü W., Zhang H., Zhang Q., Nasal insulin delivery in the chitosan 
solution : in vitro and in vivo studies, Int. J. Pharm., 281 (2004) 11-23. 
7 Kobayashi S., Kondo S., Juni K., Pulmonary delivery of salmon calcitonin dry powders containing absoption 
enhancers in rats, Pharm. Res., 13 (1996) 80-83.  
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4. Recientemente, se ha propuesto un nuevo sistema nanoparticular 

compuesto por quitosano y ciclodextrinas que resulta adecuado tanto para la 

encapsulación y liberación de principios activos hidrofóbicos10 como de 

macromoléculas hidrofílicas11, no habiendo sido hasta el momento 

investigado su potencial in vivo.  

 

 
 
HIPÓTESIS 
 

1. Dada la capacidad las ciclodextrinas de incrementar la permeabilidad 

epitelial, bien mediante la apertura de uniones “tight” o bien por acción 

directa sobre las membranas celulares, las nanopartículas de quitosano y 

ciclodextrina podrán, al igual que aquéllas compuestas únicamente por 

quitosano, promover la absorción de macromoléculas (péptidos, proteínas, 

ADN) y actuar como eficientes vehículos de las mismas.  

2. Las interesantes propiedades de las ciclodextrinas acompañadas de su bien 

conocido perfil de seguridad contribuirán a la obtención de sistemas que, 

presentando una  significativamente menor toxicidad, no vean sin embargo 

disminuida su eficacia. 

 

 
 

8 Hussain A., Yang T., Zaghloul A.A., Ahsan F., Pulmonary absorption of insulin mediated by tetradecyl-beta-
maltoside and dimethyl-beta-cyclodextrin, Pharm. Res., 20 (2003) 1551-1557. 
9 Matsubara M., Ando Y., Irie T., Uekama K., Protection afforded by maltosyl-β-cyclodextrin against α-
chymotrypsin-catalyzed hydrolysis of a luteinizing-releasing hormone agonist, bserelin acetate, Pharm. Res., 14 
(1997) 1401-1405. 
10 Maestrelli F., García-Fuentes M., Mura P., Alonso M.J., A new drug nanocarrier consisting of chitosan and 
hydroxypropylcyclodextrin, Eur. J. Pharm. Biopharm., 63 (2006) 79-86. 
11 Krauland A.H., Alonso M.J., Chitosan/cyclodextrin nanoparticles as macromolecular drug delivery system, 
Int. J. Pharm., in press. 
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OBJETIVOS 
 

Teniendo en cuenta los antecedentes e hipótesis expuestos, el objetivo de la 

segunda parte de esta memoria experimental se ha dirigido al desarrollo de 

sistemas nanoparticulares, compuestos por quitosano y distintos derivados de 

ciclodextrina, destinados a la administración nasal de macromoléculas, tales como 

proteínas y ADN plasmídico. Desde un punto de vista práctico, el trabajo 

experimental llevado a cabo para alcanzar este objetivo se ha recogido en los 

apartados que se detallan a continuación: 

 

1. Preparación y caracterización de nanopartículas de quitosano y 

ciclodextrina. Evaluación de su capacidad promotora de la absorción de 

insulina a través del epitelio nasal: estudios in vitro e in vivo. 

Los resultados han sido recogidos en el Artículo 4: ““A new generation of 

hybrid polysaccharide nanoparticles as carriers for the nasal delivery of 

macromolecules”. 

2. Asociación de ADN plasmídico a nanopartículas de quitosano y 

ciclodextrina. Evaluación de su capacidad transportadora de material 

genético in vitro (cultivo celular modelo del epitelio nasal/traqueobronquial). 

Los resultados han sido recogidos en el Artículo 5: “Chitosan/cyclodextrin 

nanoparticles can efficiently transfect the airway epithelium”. 
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Abstract 

We have recently reported a new generation of polysaccharide nanoparticles 

consisting of chitosan (CS) and cyclodextrin (CD) derivatives, which exhibit a 

number of advantages as compared to the classical CS nanoparticles. In the 

present work our goal was to explore the potential of these hybrid CS/CD 

nanoparticles as carriers for the nasal delivery of macromolecules. First, we 

evaluated the effect of the amount and type of CD (sulfobutylether-β-CD or 

carboximethyl-β-CD), on the physicochemical properties of the nanocarriers. 

Second, we investigated the interaction of CS/CD nanoparticles with the nasal 

epithelium by studying their ability to modulate the tight junctions between epithelial 

cells (Calu-3 cell model) as well as their capacity to overcome mucosal barriers 

(nasal epithelium of rats). Finally, we loaded some selected nanocarriers with insulin 

and studied their potential for enhancing the nasal transport of insulin in rabbits. The 

results showed that CS/CD nanoparticles caused a reversible reduction in the 

transepithelial resistance of the cell monolayer, thus increasing the membrane 

permeability. Moreover, the results obtained following the in vivo administration of 

fluorescent CS/CD nanoparticles to rats, evidenced their capability to overcome the 

nasal mucosal barrier. Finally, the in vivo evaluation in concious rabbits revealed 

that insulin-loaded nanoparticles (association efficiencies >88%) were able to 

significantly decrease plasma glucose levels (more than 35% reduction). Overall, 

these results suggest that these new nanoparticles work as nasal carriers and, 

therefore, have a potential for enhancing the transport of complex molecules across 

the nasal barrier. 

 

 
Key words: absorption enhancement, chitosan, cyclodextrins, insulin, 

nanoparticles, nasal delivery.  
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1. INTRODUCTION 

Recent advances in biotechnology have resulted in the availability of a large number 

of newly designed therapeutic and antigenic molecules (peptides, proteins, plasmid 

DNA), which are generally characterized by a low permeability through biological 

membranes and an insufficient stability in the biological environment. Over the last 

decades, significant efforts have been dedicated to extensively explore new routes, 

alternative to the parenteral, for the administration of these macromolecules 

(Kopping-Hoggard et al., 2001; Prego et al., 2005; Csaba et al., 2006). Among them, 

the nasal mucosa is an attractive site for drug delivery, because it is easily 

accessible, extensively vascularised and avoids hepatic first pass metabolism (Arora 

et al., 2002). However, despite these advantages, there are still major barriers which 

limit the nasal absorption of macromolecules i.e. the poor permeability of the nasal 

mucosa and the mucociliary clearance mechanism. Among the approaches aimed 

to overcome these barriers, the use of bioadhesive nanoparticulate carriers 

represents a challenging but promising strategy, since they are able to: (1) increase 

the residence time of the formulation in the nasal cavity, (2) facilitate the transport of 

the associated drug through the mucosal epithelium, and (3) provide protection to 

the encapsulated molecules against degradation. Particular interest for generation of 

these nanocarriers has received the polysaccharide chitosan (CS), which, besides 

of excellent biological properties (mucoadhesion, biodegradability and low toxicity), 

has demonstrated to enhance the absorption of peptides and proteins across 

mucosal barriers (van der Lubben, 2001). These penetration-enhancing properties 

were initially attributed to the transient widening of the junctions between epithelial 

cells (Artursson et al., 1994; Schipper et al., 1997) and, subsequently, were also 

related to reversible effects on the intracellular pathways (Dodane et al., 1999). 

The ability of CS nanoparticles to facilitate the nasal transport of macromolecules 

has been clearly shown using insulin as peptide model. More specifically, the 

plasma glucose levels following intranasal instillation of insulin-loaded CS 

nanoparticles to rabbits were significantly lower than those corresponding to the 

same dose of CS solutions (Fernández-Urrusuno et al., 1999a,b). A step forward on 
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the evidence of the potential of CS nanoparticles as nasal carriers for 

macromolecules was done using tetanus toxoid as a model antigen. CS 

nanoparticles were able to elicit high and long-lasting mucosal and humoral immune 

responses following nasal administration to conscious mice (Vila et al., 2004).       

Among many others absorption promoters investigated to overcome the above 

mentioned mucosal barriers, cyclodextrins (CDs) are especially attractive since they 

present well-researched pharmaceutical and toxicological profiles. CDs are cyclic 

oligosaccharides with lipophilic inner cavities and hydrophilic outer surfaces 

containing six (α), seven (β) or eight (γ) D-(+) glucopyranose units attached by α-(1, 

4) glucosidic bonds (Challa et al., 2005). As a result of their molecular structure and 

shape, CDs possess a unique ability to act as molecular containers by entrapping 

guest molecules in their internal cavity. The resulting inclusion complexes offer 

several potential advantages in pharmaceutical formulations, such as protection of 

drugs from physical, chemical and enzymatic degradation, increase of drug 

solubility, minimization of irritation effects and modulation of drug release (Loftsson 

and Brewster, 1996; Uekama et al., 1998). Although macromolecular drugs are 

usually too hydrophilic and bulky to be wholly included in the CD cavity, they can 

partially be complexed by CDs by interaction with their hydrophobic side chains (Irie 

and Uekama, 1999). Even if only partially included, the stability of macromolecular 

drugs can be significantly improved (Dotsikas and Loukas, 2002). Additionally, CDs 

are known to enhance the nasal absorption of different peptides and proteins, such 

as calcitonin and insulin (Merkus et al., 1999; Yu et al., 2004), as well as deactivate 

certain proteolytic enzymes (Matsubara et al., 1997). 

Here we propose a new generation of polysaccharide hybrid nanocarriers for the 

nasal delivery of macromolecules. This new generation, whose principle of formation 

was recently reported by our group (Maestrelli et al., 2006; Krauland and Alonso, 

2007), combines the favourable properties of CDs together with the advantages of 

CS nanoparticles in a unique drug delivery system.  

Bearing all this in mind, in the present work, we first studied the effect of type and 

amount of CD (sulfobutylether-β-CD and carboximethyl-β-CD) on the 
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physicochemical properties of the resulting nanoparticles. Secondly, we investigated 

the interaction of CS/CD nanoparticles with the nasal epithelium in terms of their 

ability to modulate the tight junctions between epithelial cells and also their capacity 

to enter the nasal epithelium. Finally, as a conclusive proof-of-concept, we 

evaluated the efficacy of these nanocarriers for the transport of complex molecules, 

i.e. insulin, in rabbits. 
 
2. MATERIALS AND METHODS 

2.1. Materials 

Ultrapure chitosan (CS) hydrochloride salt (Protasan UP CL 113, having a molecular 

weight of 110 KDa and deacetylation degree = 86%) was purchased from FMC 

Biopolymers (Norway). Cyclodextrin (CD) anionic derivatives, sulfobutylether-β-CD 

(SBE-β-CD or Captisol, substitution degree = 7.0) and carboximethyl-β-CD (CM-β-

CD, substitution degree = 3.0-3.5) were purchased from Cydex Inc. (USA) and 

Fluka Biochem. (France), respectively. Eagle´s Minimum Essential Medium (MEM) 

was purchased from ATCC (USA). Foetal Bovine Serum (FBS), 

penicillin/streptomycin (100 µg/mL), fluorescein sodium salt, phosphotungstic acid, 

insulin (from bovine pancreas), trifluoroacetic acid (HPLC grade) and pentasodium 

tripolyphosphate (TPP) were all obtained from Sigma Chemical Co. (USA). 

Acetonitril of HPLC grade was purchased from J.T. Baker. Phosphate-buffered 

saline (PBS), Hanks’ balanced salt solution (HBSS) 1x and 10x were purchased 

from Gibco™ (UK). 12-well tissue culture plates with cell culture inserts (0.9 cm
2
, 

0.4µm pore size, Becton Dickinson Labware, USA). Ultrapure water (MilliQ Plus, 

Millipore Iberica, Spain) was used throughout. All other solvents and chemicals were 

of the highest grade commercially available.  
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Male Sprague-Dawley rats (225-250 g) and Male New Zealand albino rabbits (2-3 

kg) were used in the in vivo studies. The animals were allowed access to food and 

water ad libitum (rabbits fasted 16 h before the experiments). 

2.2. Fluorescein labelling of chitosan (Fl-CS) 

CS was labelled with fluorescein, following a slightly modified method described by 

De Campos et al. (De Campos et al., 2004). The covalent attachment of fluorescein 

to CS was achieved by the formation of amide bonds between primary amino 

groups of the polymer and the carboxylic acid groups of fluorescein. Briefly, 250 mg 

of CS were dissolved in 25 mL of water and an amount of 10 mg of fluorescein was 

dissolved in 1 mL of ethanol. Thereafter, both solutions were mixed together and, to 

catalyse the formation of amide bonds, EDAC (1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide hydrochloride) was added in a final concentration of 0.05 M. The 

reaction mixture was incubated under permanent magnetic stirring for 12 h in the 

dark at room temperature. The resulting conjugate was isolated by exhaustive 

dialysis (cellulose dialysis tubing, pore size 12,400 Da; Sigma-Aldrich, Spain) 

against demineralised water and then freeze-dried. 

2.3. Preparation of chitosan/cyclodextrin nanoparticles 

Nanoparticles were spontaneously obtained by ionotropic gelification using a 

previously developed method (Calvo et al., 1997) which was slightly modified to 

allow the incorporation of CD (Krauland and Alonso, 2007). Two aqueous phases 

consisting of: 1) the CS solution (CS or Fl-CS), and 2) the cyclodextrin solution 

(SBE-β-CD or CM-β-CD) with/without the crosslinker TPP, were mixed under 

magnetic stirring and maintained under agitation for 10 minutes to be sure about the 

complete formation of the nanosystem. The CS, and Fl-CS solutions were prepared 

at a concentration of 2 mg/mL, and the volume employed was fixed at 3 mL. On the 

other hand, in order to modulate the mass ratio of the components that constituted 

the nanoparticles (CS/CD/TPP), the corresponding volumes of the CD aqueous 

solution (SBE-β-CD or CM-β-CD, 6-12 mg/mL) and TPP solution (1.5 mg/mL) were 
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mixed at a final volume of 1 mL. For the association of insulin to the selected 

nanoparticle systems, insulin was directly dissolved in the CD/TPP phase in a 

concentration of 2.4 mg/mL. 

Nanoparticles were isolated by centrifugation on a glycerol bed (16000 g, 30 min; 

Beckman Avanti™ 30, USA) and afterwards resuspended in water. For 

nanoparticles containing insulin, supernatants were collected before resuspension of 

the pellet for determination of the amount of unbound insulin. 

The production yield of the nanoparticles was obtained by centrifuging fixed volumes 

of the nanoparticle suspensions (16000 x g, 30 min, Beckman Avanti™ 30, USA) 

without glycerol bed. The supernatants were discarded and the pellets freeze-dried 

(Labconco Freeze Dry System, USA). The production yield was calculated 

comparing the actual weight with the theoretical weight of the nanoparticles. 

2.4. Characterization of nanoparticles 

2.4.1. Size, zeta potential and morphology 

The mean particle size and the size distribution of the nanoparticles were 

determined by Photon Correlation Spectroscopy (PCS). The zeta potential values of 

the nanoparticles were obtained by Laser Doppler Anemometry (LDA), measuring 

the mean electrophoretic mobility. The PCS and LDA analysis were performed with 

a Zetasizer® 3000 HS (Malvern Instruments, UK). Each batch was analysed in 

triplicate. 

The morphological examination of the nanoparticles was performed by transmission 

electron microscopy (TEM) (CM12 Philips, Eindhoven, Netherlands). The samples 

were stained with 2% w/v phosphotungstic acid, immobilised on copper grids with 

Formvar® and dried overnight for viewing by TEM. 
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2.4.2. Elemental analysis  

For Elemental analysis nanoparticles were prepared as described above, but 

omitting glycerol during centrifugation, and finally freeze-dried (Labconco Freeze 

Dry System, USA). Samples of pure CS, pure CD (SBE-β-CD and CM-β-CD) and 

freeze-dried nanoparticles were analysed by Elemental Analyzer Fisons (model EA 

1108, Thermo Finnigan, Italy) for their content of carbon (C), hydrogen (H), nitrogen 

(N) and sulfur (S) (S only for SBE-β-CD and nanoparticles containing SBE-β-CD). 

The CS content of the sample was analysed by the N content of the sample in 

comparison with that of pure CS. For CD content determination, the C content of the 

samples arising from CS was calculated and subtracted from the observed value. In 

the case of those nanoparticles containing SBE-β-CD, the S content was also used 

for CD determination. The composition values obtained by both methods were in 

close agreement and, thus, the data reported here represent an average of the two. 

The remaining fraction of the nanoparticles composition was attributed to 

counterions (i.e. TPP).  

2.4.3. Insulin association efficiency 

The association efficiency of the nanoparticles was determined after isolation of 

nanoparticles by centrifugation as described in section 2.3. The amount of unbound 

insulin was determined in the supernatant by HPLC analyses (Agilent 1100 Series, 

CA, USA) (Krauland and Alonso, 2007). Briefly, 20 µL of the supernatant was 

injected into HPLC. Insulin and/or degradation products were separated on a protein 

and peptide C18 column (Grace Vydac, W.R. Grace & Co., MD, USA) at room 

temperature. Gradient elution was performed as follows: flow rate 1.0 mL/min, 0–10 

min; linear gradient from 70%A / 30%B to 39%A / 61%B (eluent A: 0.1% 

trifluoroacetic acid in water; eluent B: acetonitrile). Insulin and/or degradation 

products were detected by absorbance at 220 nm with a diode array absorbance 

detector. Concentrations of insulin were quantified from integrated peak areas and 

calculated by interpolation from an according standard curve. 
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The loading efficiency and the association efficiency of insulin were calculated as 

indicated below: 

 Total amount of insulin – Amount of unbound drug 
Loading efficiency (%) =                                                                                          X 100 

Nanoparticles weight  

 

 Total amount of insulin – Amount of unbound drug 
Association efficiency (%)  =                                                                                    X 100 

Total amount of insulin  

 

2.5. Interaction of nanoparticles with the nasal epithelium 

2.5.1. Effect of nanoparticles on epithelial cell tight junctions : TEER studies 

Calu-3 cells were purchased from American Type Culture Collection ATCC 

(Rockville, USA) and grown in MEM (supplemented with 10% FBS and 100 µg/mL 

penicillin/streptomycin) at 37ºC in a 5% CO2 humidified atmosphere. Cells were 

detached from culturing flasks by trypsin-EDTA and subcultivated. To obtain a 

differentiated epithelium, cells were cultured on inserts with a density of 2 x 105 

cells/cm2 (0.9 cm2/insert). Post seeding onto the filter, the Calu-3 cells attached to 

the filter overnight and the medium was then removed from the apical compartment 

to allow the cells to form a monolayer at an air-liquid interface. The differentiation 

stage during cultivation was followed by monitoring the transepithelial electric 

resistance (TEER) of cells. TEER was measured with a Millicell®-ERS system 

connected to a pair of chopstick electrodes (Millipore Corp., USA). After 15-16 days 

the differentiated cells (passage numbers 27 to 29), with TEER values within 1000-

1200 Ω x cm2, were used for the TEER experiments. 
One hour prior to the TEER studies, the cell culture medium was removed and Calu-

3 cells were equilibrated in 1.5 mL HBSS pH 7.4 in the basolateral chamber and 0.5 

mL HBSS, pH 6.4 or 7.4, in the apical compartment. At t = 0, the apical medium was 
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replaced by 0.5 mL nanoparticle suspensions (CS/SBE-β-CD/TPP and CS/CM-β-

CD/TPP) in HBSS (final pH = 6.4) or by 0.5 mL HBSS, pH 6.4 or 7.4, used as 

controls. The TEER was measured before administration (t = -30 min) and t = 30, 

60, 90 and 120 min after administration. Between every measurement, the cells 

were kept in the incubator at 37ºC in an atmosphere of 95% air and 5% CO2. At the 

end of the experiments, the samples were carefully removed and the cells were 

washed 3 times with HBSS and returned to culture medium. Finally, the cells were 

kept in the incubator to determine the recovery of the monolayer integrity.  

The TEER value for every monolayer at t =0 min was normalised to 100% to 

exclude inter-group differences caused by differences in initial TEER value between 

monolayers. Each data point shows the mean ± S.D. of five experiments with 

duplicate determination of TEER.  

2.5.2. Interaction of nanoparticles with the nasal epithelial cells by confocal laser 

scanning microscopy (CLSM)  

CS/SBE-β-CD (4/4) and CS/CM-β-CD (4/6) nanoparticles, which were prepared 

using Fl-CS, were intranasally administered to fully awake rats by following the 

method of Vila et al. with slight modifications (Vila et al., 2004). Two doses of 

nanoparticles suspended in 20 µL of trehalose (5% w/v) (10 µL/nostril), which 

corresponded to 200 µg of Fl-CS/dose, were administered in 5 minutes time interval 

to each group of animals (n = 3). Another group received only the trehalose solution 

(non treated, control group). Rats were killed by cervical dislocation 5 min after the 

last administration and 40 µL of 4% paraformaldehyde solution was introduced in 

each nostril. The whole nasal mucosa was excised, fixed again in paraformaldehyde 

and directly observed by CLSM (Leica TCS-SP2, Leica GmbH, Germany) at 488 nm 

excitation wavelength (Ar laser). 

2.6. In vivo studies in rabbits  

In vivo studies were performed as previously reported for CS nanoparticles 

(Fernández-Urrusuno et al.,1999a, b). Thus, Male New Zealand albino rabbits (2 to 
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3 Kg) were provided with laboratory diet ad libitum and fasted 16 h before 

experiments. In order to avoid any influence of the anaesthesia in glucose levels 

and insulin absorption the animals were kept conscious during the experiments. The 

following preparations were administered at pH 4.3: (1) Control insulin solution, (2) 

Insulin-loaded CS/SBE-β-CD/TPP (4/3/0.25) nanoparticles, and (3) Insulin-loaded 

CS/CM-β-CD/TPP (4/4/0.25) nanoparticles.  

The required dose of insulin (5 IU/Kg) was administered in a volume range of 130 to 

150 µL to rabbits (65 to 75 µL/nostril), depending on the insulin loading of the 

nanoparticles and the animal weight. The amounts of CS/SBE-β-CD/TPP and 

CS/CM-β-CD/TPP nanoparticles instilled were 74.8 mg/Kg and 37.3 mg/Kg, 

respectively. Formulations were intranasally administered using a polyethylene 

tubing inserted about 3 cm into the nostril.  

Blood samples were collected from the ear vein 30 min prior the nasal 

administration (t = -30 min), in order to establish the baseline glucose levels, and at 

different times after dosing (t = 0, 15, 30, 45, 60, 90, 120, 180, 240, and 300 min). 

Glycaemia was determined in plasma samples by the glucose-oxidase method 

(Glucose-TR, Spinreact S.A, Spain). Results are shown as the mean values of 

plasma glucose levels (% of initial level ± SEM) of 6 animals. 

2.7. Statistical analysis  

Statistical differences were investigated by using one-way ANOVA followed by the 

Student-Newman-Keuls method for multiple comparisons. All analysis were run 

using the SigmaStat statistical program (version 3.1) and differences between 

groups were judged significant at P < 0.05. 
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3. RESULTS AND DISCUSSION 

3.1. Preparation and physicochemical characterization of nanoparticles 

We have recently described the mechanisms of formation of new nanocarriers 

combining different oligo and polysaccharides such as CD and CS (Maestrelli et al., 

2006; Krauland and Alonso, 2007). The mechanism and the amount of CD 

incorporated into the nanocarrier varied depending on the structure and charge of 

the CD. For example, the association of an anionic CD such as CM-β-CD led to the 

formation of nanocarriers with a great content in CD (more than 50% of their weight) 

(Krauland and Alonso, 2007). This was obviously due to the important abililty of the 

anionic CD to interact with the positively charged CS molecules. 

In this work, we prepared nanoparticles combining CS and two different anionic CD 

and studied the effect of the CD derivatives on nanoparticle characteristics and their 

biological behavior. SBE-β-CD was selected on account of its negative charge, high 

aqueous solubility and minimal toxicity. In fact, this CD has been widely investigated 

for parenteral use, and two different formulations containing SBE-β-CD are already 

available in the market for IV and intramuscular administration (Challa et al., 2005). 

In addition, CM-β-CD had been shown to be more efficient in increasing the stability 

of proteins compared with other CD (Sigurjónsdóttir et al., 1999). 

First, experiments were conducted in order to select the suitable CS/CD and 

CS/CD/TPP mass ratios for the production of nanoparticles containing both types of 

CD. In general, for very low CD amounts no nanoparticles were formed, whereas an 

excess of CD in the medium led to the formation of imperfect nanoparticles, which 

were not resuspendable after isolation, or even to the precipitation of the system. As 

expected, for a fixed quantity of CS, the amount of CD that could be used for the 

nanoparticles formation varied as function as the CD type and also by the presence 

of TPP. This fact was related with the different degree of substitution (D.S.) of the 

CDs, which is higher in SBE-β-CD (D.S. = 6.4-7) than in CM-β-CD (D.S. = 3.0-3.5), 

as well as for the presence of TPP anions able to compete with CD for the positively 

charged amino groups of CS.  
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Table 1 shows the size, polydispersity index, zeta potetial and production yield of 

the nanoparticles containing either SBE-β-CD or CM-β-CD. It can be noted that all 

selected compositions are in the nanometric size range. However, nanoparticles 

containing SBE-β-CD have a smaller size (200-300 nm) than those prepared with 

CM-β-CD (300-400 nm). This could be related to the more important negative 

charge of SBE-β-CD, as compared to CM-β-CD, and, hence, its stronger ability to 

interact with CS, leading to the formation of more compacted and smaller 

nanoestructures. All the nanoparticles showed a positive zeta potential, ranging from 

+17 to +32 mV. 

 

Table 1. Physicochemical properties of selected CS/SBE-β-CD/TPP and CS/CM-β-CD/TPP 

nanoparticles (means ± S.D., n = 3). 

CD type Ratio  
CS/CD/TPP 

Size (nm) P.I a Zeta potential 
(mV) 

Yield (%) 

4/2/0.5 299 ± 25 0.36-0.46 +32 ± 0.3 46.7 ± 2.0 

4/3/0.25 264 ± 18 0.23-0.37 +27 ± 0.6 49.8 ± 5.4 

4/3/0 200 ± 13 0.11-0.16 + 26 ± 1.4 18.7 ± 1.5 
SBE-β-CD 

4/4/0 238 ± 16 0.08-0.10 + 27 ± 2.4 47.8 ± 0.3 

4/3/0.5 392 ± 36 0.27-0.44 +28 ± 2.3 35.5 ± 4.9 

4/4/0.25 358 ± 13 0.43-0.46 +17 ± 2.2 30.1 ± 2.6 

4/5/0 346 ± 10 0.60-0.68 +28 ± 3.7 19.3 ± 4.2 
CM-β-CD 

4/6/0 359 ± 37 0.52-0.59 +29 ± 4.5 38.5 ± 2.9 

a P.I = Polydispersity index 
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The morphological appearance of the nanoparticles was examined by TEM. As 

shown in Figure 1, homogeneus populations of spherical shaped nanoparticles 

were obtained, irrespectively of their composition. This morphology is consistent 

with that previously observed for nanoparticles prepared by the same technique but 

composed of CS/TPP or CS and other polysaccharides, such as glucomannan 

(Calvo et al., 1997; Alonso-Sande et al., 2006). Interestingly, the morphology of the 

nanoparticles was not affected by the presence or absence of TPP. 
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Figure 1. Electron transmission microphotographs of CS/CD/TPP nanoparticles with 

compositions: (a) CS/SBE-β-CD/TPP (4/3/0), (b) CS/SBE-β-CD/TPP (4/3/0.25), (c) CS/CM-

β-CD/TPP (4/5/0), and (d) CS/CM-β-CD/TPP (4/4/0.25). 

 

 

 

 185



 
 
 
 
 
 
 
 
 
 
 
Artículo 4 
 
 
In addition, elemental analysis of the nanoparticles was carried out in order to 

determine the actual composition of the different systems. As depicted in Figure 2, 

both CDs, SBE-β-CD (a) and CM-β-CD (b) could be very efficiently entrapped into 

the nanostructures, representing more than 50% of the total weight. This high 

incorporation of CD is explained by the already mentioned ionic interaction between 

the positively charged CS and the negatively charged CD. This high CD 

incorporation could benefit the nanoparticle properties, specially in terms of toxicity, 

protection of drug molecules and enhancing permeability.  
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Figure 2. Elemental analysis data of nanoparticle composition (means ± S.D., n = 3). 

 

3.2. Interaction of nanoparticles with the nasal epithelium 

3.2.1. Effect of nanoparticles on epithelial cell tight junctions: TEER studies 

The Calu-3 monolayer has been considered as an appropriate model of the nasal 

and bronchotracheal airway epithelia because of some special features, which are 

also present in normal human tissues, such as tight junctions (expressing the tight 
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junction associated protein ZO-1 and the adherin protein E-catherin), high TEER 

values and mucous excretions (Witchi and Mrsny, 1999; Florea et al., 2002). 

Therefore, we selected this model for the evaluation of the effect of CS/CD 

nanoparticles on the tightness of junctions between epithelial cells.  

Consequently, we measured the TEER values at different time points following 

exposure of the cells to different doses of CS/SBE-β-CD/TPP and CS/CM-β-

CD/TPP nanoparticles and to the controls (HBSS pH 7.4 and HBSS pH 6.4) (Figure 
3, Table 3). The results showed that incubation with both nanoparticle formulations 

led to a significant decrease in the TEER of the cell monolayers, thus evidencing 

their ability to open the tight junctions between the epithelial cells. The effect on the 

TEER values was dose-dependent and saturable, since no major differences were 

found when increasing the nanoparticle dose from 75 to 150 µg/cm2 (Table 3). 

Interestingly, for all the doses assayed, a complete reversibility of the TEER effect 

was observed following removal of the nanoparticles, thus indicating that cells 

remained functionally intact.  

These results, which are in agreement with those previously reported for CS 

nanoparticles on TEER of Calu-3 cell monolayers (Teijeiro-Osorio et al., 2005) 

indicate that nanostructured CS maintains the intrinsic permeabilizing properties of 

CS polymer solutions. In this sense, it is well-known that CS solutions have the 

ability to open the tight junctions between epithelial cells, such as Caco-2 cell 

monolayers (Artursson et al., 1994; Kotze et al., 1998; Smith et al., 2004) and 

16HBE14o- cells (Lim et al., 2001). This effect has been mainly attributted to a 

reorganization of the actin rings (Artursson et al., 1994) and a translocation of the 

ZO-1 and ocluddin tight junction proteins from the membrane to the cytoskeleton 

(Smith et al., 2004).  
On the other hand, CDs are also believed to open the tight junctions between 

epithelial cells (Marttin et al., 1995; 1998). This phenomenon has been traditionally 

related with the ability of CDs to solubilize membrane components, e.g., cholesterol 

(Shao et al., 1992; Marttin et al., 1995). More recently, immunohystochemistry 

studies performed by Yang et al. in confluent 16HBE14o- cells, suggested that the 
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effects of dimethyl-β-CD on decreasing TEER was also caused by forcing a 

reorganization of ZO-1 protein in cell-cell contact sites (Yang et al., 2004).  

Consequently, based on this information, it could be argued that both components of 

the nanoparticles, CS and CD, might be responsible for the permeabilizing 

properties of the nanoparticles. 
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Figure 3. Effect of CS/CD nanoparticles (40 µg/cm2) on the TEER of Calu-3 cell monolayers 

at pH 6.4. Each point represents the mean ± S.D. (n = 5). Keys: (o) control HBSS pH 7.4, (∆) 

control HBSS pH 6.4, (▲) CS/SBE-β-CD/TPP (4/3/0.25) nanoparticles, (♦) CS/CM-β-

CD/TPP (4/4/0.25) nanoparticles, dotted line (----) represents start of reversibility experiment. 
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Table 3. Reduction in TEER of Calu-3 cell monolayers 2 h after incubation with different 

doses of CS/CD nanoparticles (expressed as µg of nanoparticles per cm2) at pH 6.4. (Mean 

± S.D., n = 5). The monolayer integrity was completely recovered after 12 h in all cases. 

TEER (% of initial value) 
Formulation 

40 µg/cm2 75 µg/cm2 150 µg/cm2

CS/SBE-β-CD/TPP 33.82 ± 5.98 32.49 ± 4.45 22.38 ± 1.81 

CS/CM-β-CD/TPP 61.40 ± 8.24 31.80 ± 3.25 22.25 ± 2.11 

 

3.2.2. Interaction of nanoparticles with the nasal epithelial cells  

The transport of particles through mucosal surfaces has been extensively 

investigated in the last coupe of decades (Florence et al., 1997). The overall 

conclusion is that the size and surface composition of the particles are the main 

factors affecting their interaction and transport across mucosal surfaces. In general, 

particles smaller than 1 µm are more efficient in penetrating through mucosal 

barriers (Jung et al., 2000). In order to elucidate whether CS/SBE-β-CD and CS/CM-

β-CD nanoparticles are simply able to adhere to the nasal mucosa or further able to 

enter the epithelium, formulations of selected nanoparticles were prepared using a 

fluorescent CS derivative (Fl-CS) and administered intranasally to rats. As can be 

deduced from comparisson of results in Tables 1 and 4, the use of Fl-CS did not 

affect the characteristics of the resulting labelled nanoparticles. 

 

Table 4. Physicochemical properties of selected CS/SBE-β-CD/TPP and CS/CM-β-CD/TPP 

prepared with a fluorescein-labelled CS (Fl-CS) (means ± S.D., n = 3). 
 

CD type Ratio  
Fl-CS/CD/TPP 

Size (nm) P.I a Zeta potential 
(mV) 

SBE-β-CD 4/4/0 241 ± 4 0.07 - 0.21 + 25 ± 0.4  

CM-β-CD 4/6/0  338 ± 25 0.35 - 0.46 + 27 ± 0.9   

 
              a P.I = Polydispersity index 
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Figure 4 displays the CLSM images of different optical cross sections of the rat 

nasal mucosa, which are fully representative of all animals receiving the same 

treatment. The micrographs show an important fluorescence intensity in the case of 

the mucosas treated with the fluorescent nanoparticles (Figures 4b and 4c), 

whereas no signal was observed in the mucosa control (Figure 4a). Moreover, it 

can be noted that the fluorescence is maintained, although its intensity is slightly 

reduced, as we go 10 microns down into the mucosa, thus evidencing the ability of 

the nanoparticles to enter the nasal epithelium.  

 
a b c 

40 µm 
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 2.

 

 

 

 

 
3.

 

 
 

Figure 4. Confocal laser scanning micrographs of the rat nasal tissue excised following: (a) 

non treatment (control), (b) treatment with Fl-CS/SBE-β-CD nanoparticles, (c) treatment with 

Fl-CS/CM-β-CD nanoparticles. (1) Mucosal surface, (2) cross section of 5 µm, (3) cross 

section of 10 µm, scale bar corresponds to 40 µm. 
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A closer view of the epithelium (Figure 5) permitted us to visualize the intracellular 

localization of the nanoparticles and, thus, the transcellular mechanism of transport. 

These results agree with those previously reported for the transport of different 

nanoparticulate compositions, such as CS nanoparticles (Vila et al., 2004) and 

PLGA:poloxamer and PLGA:poloxamine nanoparticles (Csaba et al., 2006) across 

the nasal epithelium. However, more detailed studies need to be performed in order 

to further elucidate the mechanism of interaction and internalization of the 

nanoparticles within the nasal epithelial cells. 

 

 

20 µm 20 µm

a b
 

 

 

 

 
Figure 5. Confocal laser scanning micrographs of the rat nasal tissue excised following 

treatment with Fl-CS/SBE-β-CD nanoparticles. (a) cross section at 5 µm, (b) cross section at 

10 µm. The white arrows show the intracellular localization of the particles. 

 

3.3. In vivo studies  

Following the observed ability of this new generation of nanoparticles to overcome 

the nasal barrier, we decided to explore their potential as carriers for improving the 

nasal absorption of complex molecules such as insulin.  

For the incorporation of insulin into the nanocarriers and the subsequent in vivo 

studies, we selected two formulations: CS/SBE-β-CD/TPP (4/3/0.25) and CS/CM-β-

CD/TPP (4/4/0.25). As shown in Table 5, and in agreement with a previous work 

(Krauland and Alonso, 2007), the resulting insulin-loaded nanoparticles have a size 

in the range of 327-436 nm, a positive zeta potential (+23 - +32 mV) and very high 

insulin loading (47%). 
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Table 5. Characteristics of selected insulin loaded CS/SBE-β-CD/TPP and CS/CM-β-

CD/TPP nanoparticles (means ± S.D., n = 3). 

 

Formulation Ratio 
CS/CD/TPP 

Size (nm) P.I a
Zeta 

potential 
(mV) 

Association 
efficiency b  

(%) 

Loading 
efficiency 

(%) 

Yield 
(%) 

SBE-β-CD 4/3/0.25 327 ± 27 0.21-0.42 + 32 ± 0.1 94.9 ± 0.1 23.3 ± 1.9 74 ± 6 

CM-β-CD 4/4/0.25 436 ± 34 0.10-0.23 + 23 ± 0.4 88.6 ± 0.8 46.7 ± 0.8 28 ± 2 
 

a P.I = Polydispersity index 
b Concentration of insulin in the SBE-β-CD/TPP or CM-β-CD/TPP phase: 2.4 mg/mL 
 
 
 
As indicated in the methodology section, insulin-loaded CS/SBE-β-CD/TPP and 

CS/CM-β-CD/TPP nanoparticles, as well as a control insulin solution, were 

administered in acetate buffer pH 4.3. In previous studies performed by our group it 

was observed that the manipulation of the conscious animals did not cause any 

alteration in their blood glucose levels (Fernández-Urrusuno et al., 1999a).  

The blood glucose levels attained in rabbits following their treatment with the 

formulations indicated above are displayed in Figure 6. The intranasal 

administration of 5 IU/Kg insulin solution was found to elicit only a maximum 14% 
decrease of blood glucose levels at 30 min post-administration. Interestingly, a 

significantly higher response was achieved after the administration of the same dose 

of insulin associated to the CS/CD/TPP nanoparticles (p< 0.05). In fact, the blood 

glucose levels decreased to about 35% respective to their baseline levels at 1 h 

post-administration (maximum glucose decrease). Despite of their different 

composition and insulin loading capacities (23 and 47%) (Table 5), CS/SBE-β-

CD/TPP (4/3/0.25) and CS/CM-β-CD/TPP (4/4/0.25) nanoparticles led to similar 

hypoglycaemic effects. Consequently, these results indicate that the intensity of the 

hypoglycaemic response is not related with the amount of the nanocarrier 

components (CS and CD). The same type of conclusion was extracted from the 

previous work reporting the ability of CS/TPP nanoparticles to enhance the nasal 
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insulin absorption (Fernández-Urrusuno et al., 1999a). However, a critical difference 

is that the amount of CS required to achieve a similar effect was much lower in the 

present study (0.096 mg/Kg) than in the previous one (0.16 mg/Kg).  

The mechanisms by which CS and CDs enhance the nasal absorption of 

macromolecules have been not fully elucidated until now. As previously mentioned, 

CS penetration-enhancing properties have been attributed to the transient widening 

of the tight junctions between cells (Artursson et al.,1994; Schipper et al., 1997), as 

well as to reversible effects on the intracellular pathways (Dodane et al., 1999). On 

the other hand, CDs are believed to enhance nasal absorption of peptides and 

proteins by inhibiting their enzymatic degradation, disrupting the epithelial 

membrane by extraction of phospholipids and proteins, and/or opening tight 

junctions (Marttin et al., 1995; 1997; Merkus et al., 1999). Nevertheless, a series of 

studies have led us to accept that the mechanism of action of nanoparticles may be 

different as compared to that of the corresponding polymer solutions. In this sense, 

we have previously shown that, under the same experimental conditions used in the 

present study, insulin loaded-CS nanoparticles were able to decrease plasma 

glucose levels in a greater extension than the corresponding insulin dose 

administered in CS solutions to rabbits (Fernández-Urrusuno et al., 1999a,b).  

The ability of CS/CD nanoparticles to enhance the absorption of macromolecules 

(e.g. insulin) could be explained by two different mechanisms. One could be related 

to the adhesion of the nanoparticles to the mucus layer, where the systems, thank to 

their components (CS and CD), act as penetration enhancers by opening the tight 

junctions, and, simultaneously, deliver the associated insulin. This hypothesis could 

be supported by the demonstrated effect of CS/CD nanoparticles on decreasing the 

TEER of epithelial cells. 

On the other hand, there is also the possibility that CS/CD nanoparticles cross the 

nasal mucosa, thereby acting as real macromolecule carriers. This interpretation 

agrees with the ability of these particles to be internalized by nasal epithelial cells in 

vivo, as shown in the CLSM cross sections.  
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Figure 6. Plasma glucose levels achieved in rabbits following nasal administration (at pH 

4.3, acetate buffer) of: (o) insulin solution, (■) CS/SBE-β-CD/TPP nanoparticles, (▲) CS/CM-

β-CD/TPP nanoparticles. (Mean ± SEM, n = 6). * Statistically significant differences from 

control insulin solution (p < 0.05). 

 

 

CONCLUSIONS 

In this report we present a novel type of nanoparticles consisting on CS and two 

different anionic CDs, SBE-β-CD and CM-β-CD, which exhibit a number of features 

that make them a promising nanocarrier for nasal (mucosal) delivery of 

macromolecules, namely: (i) the nanoparticles are prepared by a very mild 

technique (ii) they exhibit permeation-enhancing properties  (iii) they are able to 

penetrate in the nasal mucosa; and, finally, (iv) they are able to transport insulin 

across the nasal barrier, leading to a significant decrease in the plasma glucose 

levels. 
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Abstract 

The main goal of the present study was to investigate the potential of a new 

generation of hybrid polysaccharide nanocarriers, composed by chitosan (CS) and 

anionic cyclodextrins (CD), for gene delivery to the airway epithelium. More 

specifically, these nanocarriers were investigated with regard to their ability to enter 

epithelial cells and promote gene expression in the Calu-3 cell culture model.  

In the search for the most suitable nanocarrier composition for gene delivery, the 

effect of CS molecular weight (Mw) on the nanocarriers characteristics and their 

ability to transfect cells was investigated. Thus, hybrid CS/CD nanoparticles were 

prepared with two different CS Mw, medium (110 kDa) and low (10 kDa), and 

loaded with pSEAP (plasmid DNA model that encodes the expression of secreted 

alkaline phosphatase). The resulting nanoparticles presented an adequate size 

range (100-200 nm, depending on CS Mw), a positive surface charge (+22-+35 mV) 

and very high DNA association efficiency values (>90%). Cellular uptake studies 

showed that the nanoparticles were effectively internalized by the cells, providing a 

good indication of their potential as gene carriers. The transfection efficiency of the 

different formulations, measured by the concentration of secreted gene product 

(SEAP), indicated that all the nanoparticles were able to elicit a significantly higher 

response than the naked DNA (control), being the transfection efficiency more 

important for low Mw CS nanoparticles than for those composed of medium Mw CS. 

Overall, this report is the first evidence of the potential of a new generation of safe 

polysaccharide nanocarriers for gene delivery to the airway epithelium.    

 

Key words: Calu-3 cells, chitosan, cyclodextrin, nanoparticles, nanocarriers, 

gene/DNA delivery. 
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Introduction 

Over the last years, there has been an increasing interest in the delivery of genes to 

the airway epithelium, either for therapeutic (e.g. cystic fibrosis, α1-antitripsin 

deficiency) or vaccination purposes (Graham and Launspach, 1997; Brigham et al., 

2000; Griesenbach, 2001). In spite of the advances made in facilitating the delivery 

of drugs to the nasal/bronchial epithelium there are still important barriers to 

overcome before achieving a successful gene transfer in these respiratory regions. 

Probably, the most critical barriers are represented by the mucus-gel layer involved 

in the mucociliary clearance mechanisms and the low rate of endocytosis taking 

place on the apical side of airway epithelial cells (Pickles et al., 1998; Lemoine et al., 

2005).  

Currently, the transport of exogenous DNA to cells can be accomplished by using 

viral and non-viral vectors. Although both gene delivery systems are under 

investigation, virus-based gene therapy is limited by concerns about endogenous 

virus recombinations, oncogenic effects and immunological reactions (Lee et al., 

2007). Alternatively, the non-viral gene delivery agents offer several advantages, 

including easiness of production and low cost, safety, and lack of immunogenicity. 

However, their use has been limited by their relatively low transfection efficiency in 

vivo (Lollo et al., 2000; Gautam et al., 2002).  

Most commonly, the non-viral systems consist of ionic complexes formed by the 

condensation of DNA through electrostatic interactions with cationic polymers 

(polyplexes) or lipids (lipoplexes). Among cationic polymers, chitosan (CS), which is 

a natural linear polysaccharide obtained by partial deacetylation of chitin, exhibits 

several favorable biological properties, such as biodegradability, low toxicity, 

biocompatibility and mucoadhesiveness (Felt et al., 1998). Although CS polyplexes 

are promissing for mucosal gene delivery, they still suffer from several limitations, 

such as undefined physical shapes, dissociation of the complexes in presence of 

anions and a limited capacity to co-associate other functional molecules that could 

help to achieve efficient gene transfer and expression. As an alternative, our 

research group and others have recently reported the preparation of CS 
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nanoparticles formed by ionic gelation with tripolyphosphate (TPP) as delivery 

systems for DNA (Koping-Hoggard et al.,submitted; Csaba et al., submitted) and 

siRNA  (Katas and Alpar, 2006).  These nanoparticles consisting of CS were able to 

associate high amounts of genetic material and provided high gene expression 

levels both in vitro and in vivo.  

Recently, we reported a new generation of polysaccharide nanocarriers consisting 

of the polysaccharide CS and cyclic oligosaccharides named cyclodextrins (CD) 

(Maestrelli et al., 2006; Krauland and Alonso, 2007). The rational behind the design 

of these new nanocarriers was to combine the promising behaviour of CS 

nanoparticles with the excellent biopharmaceutical properties of CD. Indeed, CD are 

very well-known in the pharmaceutical field because of their ability to protect drugs 

from physical, chemical and enzymatic degradation, and to enhance membrane 

permeability (Cryan et al., 2004). Currently, there are several kinds of neutral, 

amphiphilic and cationic CD, which can be used for the design of novel gene 

delivery systems. For example, CDs have been also conjugated with polycationic 

polymers, such as polyamidine and polyethylenimine, and dendrimers, to form 

polyplexes, which were found to elicit an increased transfection efficiency and 

stability against enzymatic degradation with low in vitro and in vivo toxicity (Hwang 

et al., 2001; Arima et al., 2001; Forrest et al., 2005; Challa et al., 2005). 

Bearing all this information in mind, we hypothesized that the incorporation of CDs 

to the already effective CS-based gene delivery nanocarriers could positively 

contribute to: (a) offer further DNA protection from degradation, (b) promote cellular-

uptake, and (c) decrease the cytotoxicity of the systems.  

The aim of the present work was to investigate the potential of CS/CD nanoparticles 

as gene delivery systems to the airway epithelium. For this purpose, different 

nanoparticulate compositions of CS and CD (different CS Mw and different anionic 

CD derivatives) were prepared and characterized. The nanoparticle cytotoxicity and 

ability to enter and transfect cells in vitro was evaluated in the human mucus-

producing cell line Calu-3, a model for the nasal and bronchotracheal airway 
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epithelium, recently proposed as an adequate model for gene delivery (Florea et al., 

2002).  
 

2. Materials and methods 

2.1. Materials 

Ultrapure chitosan (CS) hydrochloride salt (Protasan UP CL 113, having a molecular 

weight of around 110 KDa and deacetylation degree = 86%) was purchased from 

FMC Biopolymers (Norway). Cyclodextrin (CD) anionic derivatives, sulfobutylether-

β-CD (SBE-β-CD, substitution degree ≈ 7) and carboximethyl-β-CD (CM-β-CD, 

substitution degree = 3.0-3.5) were purchased from Cydex Inc. (USA) and Fluka 

Biochem. (France), respectively. Plasmid DNA (pDNA) encoding secreted alkaline 

phosphatase (pSEAP) based on the gWiz™ high-expression vector system, was 

pursached from Aldevron (USA). Eagle´s Minimum Essential Medium (MEM) was 

purchased from ATCC (BMG Lab., Spain). Foetal Bovine Serum (FBS), 

penicillin/streptomycin (100 µg/mL), MTT ((3-4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide), fluorescein sodium salt, and pentasodium 

tripolyphosphate (TPP) were all obtained from Sigma-Aldrich (Spain). Phosphate-

buffered saline (PBS), Hanks’ balanced salt solution (HBSS) 1x and 10x were 

purchased from Gibco™ (UK). One KBp DNA ladder was obtained from Life 

Technologies (Spain). Triton® X-100 and DMSO was acquired from Fluka Biochem. 

(Spain). 12-well tissue culture plates with cell culture inserts (0.9 cm2, 0.4µm pore 

size) and flatbottomed 96-well plates were obtained from Falcon™ (Becton 

Dickinson Labware, USA). Ultrapure water (MilliQ Plus, Millipore Iberica, Spain) was 

used throughout. All other solvents and chemicals were of the highest grade 

commercially available. 

2.2. Preparation of fluorescein labelled chitosan (Fl-CS) 

CS was labelled with fluorescein, following a slighty modified method described by 

De Campos et al. (De Campos et al., 2004). The covalent attachment of fluorescein 
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to CS was achieved by the formation of amide bonds between primary amino 

groups of the polymer and the carboxylic acid groups of fluorescein. Briefly, 250 mg 

of CS were dissolved in 25 mL of water and an amount of 10 mg of fluorescein was 

dissolved in 1 mL of ethanol. Thereafter, both solutions were mixed together and, to 

catalyse the formation of amide bonds, EDAC (1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide hydrochloride) was added in a final concentration of 0.05 M. The 

reaction mixture was incubated under permanent magnetic stirring for 12 h in the 

dark at room temperature. The resulting conjugate (Fl-CS) was isolated by 

exhaustive dialysis (cellulose dialysis tubing, pore size 12,400 Da; Sigma-Aldrich, 

Spain) against demineralised water and then freeze-dried.  

2.3. Depolymerization of chitosan 

Low molecular weight CS (LMwCS) was obtained from Protasan UP CL 113 by 

sodium nitrite degradation as previously described (Janes and Alonso, 2003). 

Briefly, 200 µL of 0.1M NaNO2  were added to 4 mL of the CS solution (10 mg/mL) 

at room temperature under magnetic stirring. The reaction was left overnight to 

assure completion of the degradation, and fragments with an approximate Mw of 10 

KDa were recovered by freeze-drying. The molecular size of the LMwCS was 

verified by size exclusion chromatography (SEC). 

2.4. Nanoparticle preparation  

Nanoparticles were spontaneously obtained by ionotropic gelification (Calvo et al., 

1997). Two aqueous phases containing: 1) the CS solution (CS, Fl-CS or LMwCS), 

and 2) the cyclodextrin solution (SBE-β-CD or CM-β-CD) with the crosslinker TPP, 

were mixed under magnetic stirring and maintained under agitation for 10 minutes to 

allow the complete formation of the system. The CS, Fl-CS or LMwCS solutions 

were prepared at a concentration of 2 mg/mL, and the volume employed was fixed 

at 3 mL. On the other hand, in order to modulate the mass ratio of the components 

that constituted the nanoparticles (CS/CD/TPP), the corresponding volumes of the 
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CD aqueous solution (SBE-β-CD or CM-β-CD, 6-12 mg/mL) and TPP solution (1.5 

mg/mL) were mixed at a final volume of 1 mL.  

For nanoparticles encapsulating a pDNA model, the required amount of the plasmid 

encoding secreted alkalin phosphatase (gWizTMpSEAP) was incorporated directly in 

the CD/TPP phase. The theoretical loadings were fixed at 5% (w/w).  

As a control, nanoparticles composed solely by CS and TPP were prepared by the 

same method and loaded by including the corresponding amount of pDNA model in 

the TPP solution.  

2.5. Nanoparticle characterization  

The mean particle size and the size distribution of the nanoparticles were 

determined by Photon Correlation Spectroscopy (PCS). The zeta potential values of 

the nanoparticles were obtained by Laser Doppler Anemometry (LDA), measuring 

the mean electrophoretic mobility. The PCS and LDA analysis were performed with 

a Zetasizer® 3000 HS (Malvern Instruments, UK). 

Eventually, nanoparticles were concentrated by centrifugation (Beckman Avanti TM 

30, Beckman, Spain) on a glycerol bed. In order to resuspend the nanoparticles at 

the required concentration, the amount of nanoparticles in the sediment was 

calculated by weight upon their freeze-drying.  

The association of pDNA to the nanoparticles was studied by a conventional 

agarose gel electrophoresis assay. Samples of the nanoparticles were placed in 1% 

agarose gel containing ethidium bromide, and ran for 90min at 60V in TAE buffer 

(Sub-Cell GT 96/192, Bio-Rad Laboratories Ltd., England). 

2.6. Cell culture 

Calu-3 cells were purchased from American Type Culture Collection ATCC 

(Rockville, USA) and grown in MEM (supplemented with 10% FBS and 100 µg/mL 

penicillin/streptomycin) at 37ºC in a 5% CO2 humidified atmosphere. Cells were 

detached from culturing flasks by trypsin-EDTA and subcultivated for studies with 
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proliferating cells or a well-differentiated epithelium. For cytotoxicity studies with 

proliferating cells the cells were seeded in flat-bottomed 96-well culture plates in a 

density of 6 x 104 cell/well and cultured for 72 h. To obtain a differentiated 

epithelium, cells were cultured on inserts with a density of 2 x 105 cells/cm2 (0.9 

cm2/insert). Post seeding onto the filter, the Calu-3 cells attached to the filter 

overnight and the medium was then removed from the apical compartment to allow 

the cells to form a monolayer at an air-liquid interface. The differentiation stage 

during cultivation was followed by measuring the transepithelial electric resistance 

(TEER) (Millicell®-ERS, Millipore Corp., USA). After 15-18 days the differentiated 

cells, with mean TEER values around  1100-1200 Ω x cm2, were used in cellular 

uptake studies and transfection experiments with pSEAP. Pass numbers 28 to 40 

were used for the following experiments. 

2.7. Cytotoxicity studies  

The effect of different nanoparticle compositions and concentrations on cellular 

viability of proliferating Calu-3 cells was determined by MTT colorimetric assay, 

which was conveniently optimized. MTT is a yellow tetrazolium salt that is reduced 

only in living, metabolically active cell mitochondria. Cells grown in 96-well culture 

plates were washed twice with 100 µL of HBSS and the test nanoparticle 

suspensions (100 µL, in HBSS pH 6.4) were added in concentrations ranging from 

0.0125 to 2.5 mg/mL to the wells. At the end of the incubation time (2 h, 37ºC) and 

according to extensive pretests, samples were discarded and replaced by 25 µL of 

MTT solution (5 mg/mL) and 100 µL of HBSS pH 7.4. The plates were further 

incubated for 4 h at 37ºC (protected from light) and the MTT solution was removed. 

The blue crystals formed in each well were dissolved with 100 µL of DMSO. Positive 

(Triton® X solution, 2% w/v) and negative (HBSS) control wells were treated similarly 

as above. Absorbance values were measured at 570 nm using a microplate reader. 

Cell viability, as a percent of the negative control, was calculated from the 

absorbance values. The IC50 was defined as the sample concentration inhibiting 
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50% cell viability. Analysis of four replicates was conducted in two different 

passages of cells (n = 8). 

2.8. Uptake studies 

Nanoparticles were prepared with a fluorescein-labelled CS (Fl-CS) according to the 

procedure described before, suspended in trehalose (5% w/v) and then added to the 

Calu-3 differentiated cells. After 1h incubation at 37ºC, samples were removed and 

cells were rinsed three times with HBSS. Samples were fixed with 4% 

paraformaldehyde, permeabilised with 0.1% Triton®-X and the cell nuclei were 

stained with propidium iodide according to manufacturers instructions, including the 

ribonuclease A pre-treatment. Thereafter, the filters were cut and examined under 

Confocal Laser Scanning Microscopy (CLSM) (Leica TCS SP2, Leica GmbH, 

Germany), that allowed the simultaneous visualization of the two different 

fluorescent markers. Excitation wavelengths were 488 nm for fluorescein and 633 

nm for propidium iodide.  

2.9. Transfection studies  

Transfection studies were performed with nanoparticles loaded with 5% (w/w) 

gWizTMpSEAP and naked pDNA (control) (2 µg/insert), placed on the apical 

compartment and incubated for 4 h. The yield of gene expression was non-

invasively evaluated by monitoring concentrations of secreted alkaline phosphatase 

(SEAP) in the basolateral compartment at different time points. The first samples 

were taken inmediatly after incubation of cells with the formulations, transferred to 

1.5 mL eppendorf tubes and stored at –20ºC. Remaining medium from the 

basolateral compartment and solutions from the apical compartment were removed. 

Both sides were washed with PBS and fresh culture medium was applied on the 

basolateral side. Thereafter, samples were taken in the same manner during 6 days 

(t = 1, 2, 4 and 6 days). Finally, the samples were analyzed for SEAP quantification 

with a fluorescence assay using the Great EscAPeTM SEAP Reporter System Kit 
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protocol (BD Biosciences Clontech, USA) and Fluorimeter (LS 50B Luminescence 

Spectrometer, Perkin-Elmer, USA). 

2.10. Statistical Analysis 

Statistical differences were investigated by using one-way ANOVA followed by the 

Student-Newman-Keuls method for multiple comparissons. All analysis were run 

using the SigmaStat statistical program (version 3.1) and differences between 

groups were judged significant at P < 0.05. 

 

 

3. Results and discussion 

As indicated in the introduction, the overall goal of this work was to asses the 

potential of a new nanocarrier based on biodegradable and non toxic poly and 

oligosaccharides as a vehicle for the delivery of genes to the airway epithelia. To 

reach this goal several stages need to be taken into consideration: 

(i) the ability to associate genes to the proposed nanocarrier without altering the 

inherent properties of the gene and also of the carrier 

(ii) the interaction  of the nanocarrier with the selected target cells (Calu-3 cells) 

(iii) the capacity of the gene-loaded nanocarrier to achieve cell transfection  

These three stages will be analized in detail in this specific section. 

 

3.1. Definition of nanocarriers formation conditions and their ability to associate 

pDNA 

CS and CS/CD nanoparticles were prepared by ionic gelation in the presence of 

TPP, as described in the methodology section. The mechanism of formation of the 

nanosystems combines the electrostatic interaction between CS and CDs, which are 

oppositely charged, with the ability of CS to undergo a liquid-gel transition due to its 

ionic interaction with TPP. As we postulated that the incorporation of CD would 

benefit the system properties, preliminar experiments were aimed at finding the 
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maximum CD/CS mass ratio in which nanoparticles formed can be conveniently 

isolated, resuspended and characterized. This maximum ratio was found to be 3/4 

(w/w) for SBE-β-CD/CS and 4/4 for CM-β-CD/CS. This great and different 

incorporation capacity of CD could be determined by their degree of substitution 

(D.S.) which is higher in SBE-β-CD (D.S. = 6.4-7) than in CM-β-CD (D.S. = 3.0-3.5).  

As shown in Table 1, all particles were in the nanometric range (234 – 358 nm) and 

exhibited a positive zeta potential (+35-+17 mV), however these properties were 

dependent on the composition. The smallest size was observed for SBE-β-CD/CS 

nanoparticles. This could be due to the fact that SBE-β-CD is more substituted than 

CM-β-CD and consequently led to the formation of more compacted and, thus, 

smaller nanoestructures. As expected, a decrease in the surface charge was found 

in nanoparticles containing CD as compared to those made solely by CS. The 

lowest value was observed for nanoparticles containing CM-β-CD, thus indicating 

the presence of an important amount of CD on the surface of the nanoparticles.  
 

 
Table 1. Physicochemical characteristics of nanoparticles composed solely by CS or CS and 

two different CD derivatives (SBE-β-CD, CM-β-CD) (means ± S.D., n = 3). 

 

CD type CS/CD/TPP 
mass ratio 

Size 
(nm) P.I 

Zeta 
Potential 

(mV) 

SBE-β-CD 4/3/0.25 264 ± 18 0.2 - 0.3 +27 ± 0.6 

CM-β-CD 4/4/0.25 358 ± 13 0.4 - 0.5 +17 ± 2.2 

- 4/0/1 335 ± 18 0.3 - 0.4 +35 ± 0.9 

          
                P.I = Polydispersity index 
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Once we defined the appropriate conditions for the formation of the nanoparticles, 

we studied the possibility to efficiently associate pSEAP, a pDNA model that 

encodes the expression of secreted alkaline phosphatase. With this idea in mind, we 

explored the influence of CS Mw on the characteristics of the nanoparticles and, 

afterwards, on their ability to transfect cells. More specifically, we chose CS, ≈110 

KDa (Protasan UP CL 113) and low molecular weight  CS (LMwCS, ≈10 KDa), 

obtained by partial depolymerization of the previous one. On the other hand, we 

fixed the theoretical pDNA loading at 5% (w/w, based on weight of all nanoparticle 

components: CS or LMwCS, CD and TPP) and we used nanoparticles made of 

solely CS as a control, given their reported efficacy for gene delivery (Koping-

Hoggard et al., submitted; Csaba et al., submitted).  

As shown in Tables 2 and 3, all the formulations were in the desired nanometric 

range, presenting low polydispersity and positive zeta potential values. It can also 

be noted that nanoparticles made of LMwCS presented a lower positive zeta 

potential and a smaller size than those made of regular CS. This fact agrees with 

previous results on CS nanoparticles prepared by ionic gelation (Janes and Alonso, 

2003; Katas and Alpar, 2006; Koping-Hoggard et al., submitted). The effect of CS 

Mw on the nanoparticle size could be related to the greater ability of lower Mw CS 

molecules to organize forming smaller structures. Moreover, the smaller size and 

higher solubility of LMwCS could led to a more efficient interaction with the pDNA, 

thus resulting in the formation of smaller particles (Katas and Alpar, 2006; Koping-

Hoggard et al., submitted). 
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Table 2. Physicochemical characterization of 5% gWiz™pSEAP-loaded nanoparticles 

consisting of CS (110 kD) and two different CD derivatives (SBE-β-CD, CM-β-CD) (means ± 

S.D., n = 3). 

 

CD type CS/CD/TPP 
mass ratio 

Size 
(nm) P.I Zeta Potential 

(mV) 

SBE-β-CD 4/3/0.25      180 ± 2 0.1 - 0.2 + 35 ± 6   

CM-β-CD 4/4/0.25 234 ± 15 0.1 - 0.2 + 25 ± 5 

- 4/0/1 192 ± 25 0.2 - 0.3 + 34 ± 5 

 
               P.I = Polydispersity index 

 
Table 3. Physicochemical characterization of 5% gWiz™pSEAP-loaded nanoparticles 

consisting of CS with a low Mw (10 kD) and two different CD derivatives (SBE-β-CD, CM-β-

CD) (means ± S.D., n = 3). 
 

CD type LMwCS/CD/TPP 
mass ratio 

Size 
(nm) P.I Zeta Potential 

(mV) 

SBE-β-CD 4/1.5/0.25 143 ± 2 0.0 - 0.1 + 24 ± 4 

CM-β-CD 4/3/0.25 140 ± 8 0.0 - 0.1 + 22 ± 6 

         
         P.I = Polydispersity index 

 

The ability of the polysaccharide nanoparticles to entrap pDNA was studied using 

agarose electrophoresis technique. From the photograph of the obtained agarose 

gel, depicted in Figure 1, it could be stated that most of the DNA was associated to 

the nanoparticles, since no migration of free DNA was observed. This fact is in 

agreement with previous results obtained for other CS-based nanometric systems 

and it can be easily explained by the high affinity of CS for the DNA (Csaba et al., 

submitted; De la Fuente et al., submitted a). Indeed, it is known the strong 
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electrostatic interaction existing between the phosphate groups of DNA and the 

amino groups of CS, as well as hydrophobic and hydrogen bonds (Li et al., 2003). 
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Figure 1. Agarose gel electrophoresis of the different nanoparticles encapsulating plasmid 

DNA: (a) CS/SBE-β-CD/TPP; (b) CS/CM-β-CD/TPP; (c) CS/TPP; (d) LMwCS/SBE-β-

CD/TPP; (e) LMwCS/CM-β-CD/TPP. 1kb DNA ladder and untreated  gWiz™pSEAP  were 

used as control. 

 

Consequently, overall these data show the possibility to obtain different 

compositions of these novel nanocarriers containing a great amount of CD; all of 

them with adequate physicochemical properties in terms of size, polydispersity and 

zeta potential, and a very high association capacity of pDNA.  

 

3.2. Study of the toxicity of the nanocarrier and its interaction with the 
selected target cells (Calu-3 cells) 

A critical step towards the design of a new pDNA carrier is the information about its 

ability to enter the target cells. However, since this ability is often connected with 

cytotoxicity, we found it important to evaluate first the toxicity of these new 

nanocarriers in the Calu-3 cell line model (proliferating cells). We chose cells in the 

 215



 
 
 
 
 
 
 
 
 
 
 
Artículo 5 
 
 
proliferating stage due to their greater sensitivity against toxic materials than the well 

differentiated cells (Teijeiro-Osorio et al., 2005).  

The percentage of cell viability as a function of the administered nanoparticle dose 

(µg/cm2) is depicted in Figure 2. It can be noted that CD/CS nanoparticles exhibit a 

significantly lower cytotoxicity than those composed of solely CS. More specifically, 

the estimated IC50 values, which are the nanoparticle doses causing a reduction of 

50% cell viability, were 3-fold higher for CD-containing nanoparticles than for the CS 

control nanoparticles. This very good viability profile exhibited by this new 

generation of polysaccharide nanoparticles could be easily explained by the good 

safety record of CD (Challa et al., 2005). Moreover, when comparing both types of 

CD-containing nanoparticles, we observed a significantly lower toxicity for those 

containing CM-β-CD than those containing SB-β-CD. 
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Figure 2. Sensitivity of Calu-3 proliferating cells toward various doses of different 

nanoparticle formulations (CS/SBE-β-CD/TPP, CS/CM-β-CD/TPP, CS/TPP) determined by 

the MTT assay (means ± SD, n = 8). * Denotes significant differences (P < 0.05). 
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In a second stage, once we knew about the cytotoxicity of the nanocarriers, we 

studied the interaction of nanoparticles with the Calu-3 cells. For this specific type of 

study we selected differentiated rather than proliferating cells. The Calu-3 

differentiated cells are considered as an appropriate model for the nasal and 

bronchotracheal airway epithelia because of its features typically observed in the 

normal human tissues, such as tight junctions, high TEER values and mucous 

excretions (Witschi and Mrsny, 1999; Florea et al., 2002). Additionally, as previously 

mentioned in the methodology section, Calu-3 differentiated cells were cultured at 

an air-liquid interfase (removal of apical culture medium one day after seeding), in 

order to better reproduce the physiological situation (Borchard, 2002; Grainger et al., 

2006).  

The study of the interaction of the nanocarriers with the cells was performed by 

confocal fluorescence microscopy. Therefore, for the purpose of this study we also 

developed fluorescent nanoparticles from a fluorescent CS derivative (Fl-CS). The 

results showed that the labelling procedure did not alter the physicochemical 

properties of the nanoparticles.  

The Calu-3 monolayer was then exposed to the fluorescent nanoparticles and the 

cell nuclei were stained with propidium iodide in order to facilitate the localization of 

the particles in the cells. As noted by the localization of the green signal 

corresponding to the nanoparticles, the CLSM images depicted in Figure 3A (x-y 

sections) indicate that, irrespective of their composition, the nanoparticles were 

effectively internalized by the cells. The localization of the nanoparticles can be 

better visualized in the x-z cross sections of the cells, in which the green 

fluorescence derived from the nanoparticles can be localized around the cell nuclei 

(red emission) (example shown on Figure 3B). These results are in accordance with 

previous studies reported by our group for CS nanoparticles (Koping-Hoggard et al., 

submitted) and CS/hyaluronic acid nanoparticles (De la Fuente et al., submitted a), 

and provides a good indication of their potential as gene carriers. The mechanism of 

this transcellular penetration is thought to occur predominantly by adsortive 
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endocytosis iniciated by nonspecific interactions between nanoparticles and cell 

membranes (Huang et al., 2002). 

 
 
 

A B C  
 
 
 
 
1. 

 
 
 
 
 
 
 
 
 
 
2. 

 
 
 
 
 
Figure 3A. Confocal laser scanning microphotograps of Calu-3 cells incubated with (1) 

CS/CM-β-CD/TPP and (2) CS/SBE-β-CD/TPP nanoparticles prepared with fluorescein-

labelled chitosan (Fl-CS, green channel), x-y cross sections: A) epithelium surface, B) 5 µm, 

and C)  10 µm. Cell nuclei are stained with propidium iodide (red channel). 
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Figure 3B. Confocal laser scanning microphotograps of Calu-3 cells incubated with CS/CM-

β-CD/TPP nanoparticles prepared with fluorescein-labelled chitosan (Fl-CS, green channel), 

x-z section. Cell nuclei are stained with propidium iodide (red channel). 

 
 

3.3. Study of the capacity of the gene-loaded nanocarrier to achieve cell 
transfection  

Following the observation of the capacity of the nanocarriers to enter the cells, and 

with the final goal of exploring their potential in gene therapy, we studied their ability 

to transfect the cell monolayer. It should be pointed out that the in vitro transfection 

studies are commonly carried out in proliferating and fast-growing cells, which are 

relatively easy to transfect. In contrast, the well-differentiated cells, which represent 

a most adequate model of the in vivo situation, are difficult to transfect since they 

are not prepared to easily accept a foreign pDNA (Florea et al., 2002). For this 

reason, we selected these Calu-3 differentiated cells as an useful tool for predicting 

their further real possibilities in gene therapy.  

For this study we used a non-invasive method previously reported for epidermal 

(REK cells) and corneal (HCE cells) cell culture models (Paasonen et al., 2006; De 

la Fuente et al., submitted b). More specifically, the nanoparticles containing pSEAP 

were added to the monolayer and the amount of alkaline phosphatase produced by 

the cells and, then, secreted to the culture medium was determined for up to 6 days. 

The nanoparticle dose selected for this study was of 45 µg/cm2, which resulted in a 

cellular viability within 90-100% in differentiated Calu-3 cells (data not shown).  
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As shown in Figures 4 and 5, transfection with naked pDNA produced very low 

gene expression, whereas all the nanoparticle formulations were able to elicit a 

significantly higher response. This fact can also be clearly noted in Table 4, which 

depicts the pharmacokinetic parameters of SEAP secretion by the monolayer. The 

maximum transfection levels were observed at 2 days post-incubation in all cases. 
The comparison of the efficiency of the nanocarrier prototypes (Figure 4), led us to 

the conclusion that the nanocarriers composed by CS and CM-β-CD are the most 

promising, since they elicit values which are closed to those of positive control (CS 

nanoparticles). The lower efficacy of SBE-β-CD/CS nanoparticles could be related to 

the strong electrostatic interaction between CS and SBE-β-CD, which may prevent 

the intracellular DNA release. Interestingly, this reduced efficacy was not observed 

for the nanoparticles made of LMwCS (Figure 5), in which case both prototypes 

containing either SBE-β-CD or CM-β-CD elicited a similar and high expression level.  
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Figure 4. Secreted alkaline phosphatase (SEAP) concentration in the Calu-3 cell culture 

model after transfection with naked pDNA and three different nanoparticle formulations 

(CS/SBE-β-CD/TPP; CS/CM-β-CD/TPP; and CS/TPP) encapsulating pDNA  (means ± S.D., 

n = 5). 
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Figure 5. Secreted alkaline phosphatase (SEAP) concentration in the Calu-3 cell culture 

model after transfection with naked pDNA and two different nanoparticle formulations 

(LMwCS/SBE-β-CD/TPP; LMwCS/CM-β-CD/TPP) encapsulating pDNA  (means ± S.D., n = 

5). 

 

 

Moreover, this response was significantly higher than the one obtained with the 

original CS ( Mw 100 KDa) (Figure 4; Table 4). These results agree with those 

reported by other authors, who related the higher efficacy of nanoparticles and 

polyplexes composed of low Mw CS with the easier intracellular release of the 

pDNA (Koping-Hogard et al., 2004; Koping-Hogard et al., submitted). A similar 

finding was described by De la Fuente et al. for the nanoparticles composed of 

hyaluronic acid and different CS Mw (De la Fuente el al., submitted b).  

To summarize, this final step of the work represents a clear evidence of the ability of 

this new generation of polysaccharide nanocarriers to transfect complex and 

structured cell monolayers such as the Calu-3 monolayer. 
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Table  4. Pharmacokinetic parameters of the SEAP expression by the Calu-3 cell culture 

model after transfection with naked DNA (gWiz™pSEAP) and several nanoparticle 

formulations (means ± S.D, n = 5). 

 

Formulation Cmax

(µg/mL) 

Cumulative 
SEAP secretion* 

(µg) 

AUC 
(µg h/mL) 

gWiz™pSEAP 0.024 ± 0.01 0.045 ± 0.01     2.33 ± 0.41 

CS/SBE-β-CD/TPP 0.044 ± 0.01 0.101 ± 0.03   4.39 ± 1.76 

CS/CM-β-CD/TPP 0.084 ± 0.02 0.202 ± 0.02 10.16 ± 0.93 

CS/TPP 0.102 ± 0.03 0.255 ± 0.05 12.50 ± 2.33 

LMwCS/SBE-β-CD/TPP 0.113 ± 0.03 0.276 ± 0.04 13.45 ± 1.61 

LMwCS/CM-β-CD/TPP 0.105 ± 0.04 0.264 ± 0.04 12.72 ± 1.60   

 
           * after 6 days 
 

Conclusions 

In this work we present a new generation of polysaccharide nanocarriers consisting 

of CD and CS as a nonviral gene delivery system. Besides their great pDNA 

association capacity, these nanoparticles exhibit a low citotoxicity and the ability to 

enter the cells, deliver the associated DNA and elicit high levels of protein 

expression. Consequently, these nanocarriers represent a promising approach for 

gene therapy at the level of mucosal surfaces and, in particular the respiratory 

mucosa.  
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PARTE II 

 
 

 
DISCUSIÓN GENERAL 

Recientemente, nuestro grupo de investigación ha diseñado un nuevo 

sistema nanoparticular compuesto por quitosano (CS) y ciclodextrina (CD) para la 

administración, a través de mucosas, de principios activos de carácter lipofílico1 y 

macromoléculas hidrofílicas2.  

Teniendo en cuenta la versatilidad de este sistema, y tomando como 

referencia los interesantes resultados que en nuestro laboratorio se han obtenido 

con nanopartículas de quitosano3, ,4 5, el principal objetivo del presente trabajo 

experimental ha sido el de investigar el potencial de las nanopartículas de CS y CD 

como vehículos para la administración de macromoléculas terapéuticas a través de 

mucosas, y más específicamente, a través de la mucosa nasal.  

Para los estudios en cultivos celulares se ha seleccionado la línea Calu-3, 

ampliamente descrita en la bibliografía como un modelo que simula adecuadamente 

las características del epitelio respiratorio (nasal y tráqueobronquial)6,7.  

 
1 Maestrelli F., García-Fuentes M., Mura P., Alonso M.J., A new drug nanocarrier consisting of chitosan and 
hydroxypropylcyclodextrin, Eur. J. Pharm. Biopharm., 63 (2006) 79-86. 
2 Krauland A.H., Alonso M.J., Chitosan/cyclodextrin nanoparticles as macromolecular drug delivery system, 
Int. J. Pharm., in press. 
3 Janes K.A., Calvo P., Alonso M.J., Polysaccharide colloidal particles as delivery systems for macromolecules, 
Avd. Drug Del. Rev., 47 (2001) 83-97. 
4 Vila A., Sánchez A., Janes K., Behrens I., Kissel T., Vila-Jato J.L., Alonso M.J., Low molecular weight 
chitosan nanoparticles as new carriers for nasal vaccine delivery in mice, Eur. J. Pharm. Biopharm., 57 (2004) 
123-131. 
5 Alonso M.J., Sánchez A., The potential of chitosan in ocular drug delivery, J. Pharm. Pharmacol., 55 (2003) 
1451-1463. 
6 Witchi C., Mrsny R. J., In vitro evaluation of microparticles and polymer gels for use as nasal platforms for 
protein delivery, Pharm. Res., 16 (1999) 382-390. 
7 Florea B.I., Meaney C., Junginger H.E., Borchard G., Transfection efficiency and toxicity of 
polyethylenimine in differentiated Calu-3 and nondifferentiated COS-1 cell cultures, AAPS PharmSci, 4 (2002) 
E12 (http://www.aapspharmsci.org). 
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1. Preparación y caracterización de nanopartículas de quitosano y 
ciclodextrina  

La técnica empleada para la producción de las nanopartículas es la de 

gelificación iónica, previamente puesta a punto en nuestro laboratorio para la 

preparación de nanopartículas de CS8, y ligeramente modificada para la 

incorporación de CD9. Esta técnica es extremadamente suave y, por tanto, 

adecuada para la encapsulación de macromoléculas terapéuticas. 

Para la preparación de los sistemas se utilizaron dos CDs aniónicas 

diferentes, la carboximetil-β-CD (CM-β-CD) y la sulfobutileter-β-CD (SBE-β-CD) y, 

opcionalmente, se incluyó tripolifosfato (TPP) como agente reticulante. La selección 

de derivados de CD de carácter aniónico se basó en que, gracias a su carga 

negativa, poseen una mayor capacidad de incorporación a las nanoestructuras de 

CS cargadas positivamente. Estos derivados aniónicos de CD poseen, además, 

una elevada solubilidad en agua y una toxicidad mínima. De hecho, existen dos 

formulaciones que contienen SBE-β-CD ya comercializadas para su administración 

por vía parenteral10,11. 

En primer lugar se seleccionaron los ratios CS/CD y CS/CD/TPP óptimos 

para cada una de las CDs, SBE-β-CD y CM-β-CD, en términos de obtención de 

nanopartículas con rendimientos de producción aceptables y que pudiesen ser 

convenientemente aisladas y resuspendidas.    

 

 

 
8 Calvo P., Remuñán-López C., Vila-Jato J.L., Alonso M.J., Novel hydrophilic chitosan-polyethylene oxide 
nanoparticles as protein carriers, J. Appl. Pol. Sci., 63 (1997) 125-132. 
9 Krauland A.H., Alonso M.J., Chitosan/cyclodextrin nanoparticles as macromolecular drug delivery system, 
Int. J. Pharm., in press. 
10 Challa R., Ahuja A., Ali J., Khar R.K., Cyclodextrins in drug delivery: an updated review, AAPS 
PharmSciTech, 6 (2005) E329-E357. (http://www.aapspharmscitech.org). 
11 Cydex Inc. website, disponible en: http://www.cydexinc.com, Consultada el 04/05/07. 
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1.1. Caracterización físico-química y morfológica de las nanopartículas 

En la Tabla 1 se muestran los valores de tamaño, índice de polidispersión, y 

potencial zeta de los sistemas obtenidos. Todas las formulaciones preparadas 

presentaron un tamaño nanométrico, variando ligeramente en función de la 

composición. Concretamente, las nanopartículas compuestas por SBE-β-CD 

resultaron ser más pequeñas (200-300 nm) que aquéllas preparadas con CM-β-CD 

(300-400 nm). Esto puede ser debido a una interacción más fuerte entre el CS y la 

SBE-β-CD (puesto que la SBE-β-CD posee un mayor grado de sustitución que le 

confiere una más alta densidad de carga negativa), que conduciría a la obtención 

de nanoestructuras con un mayor grado de compactación y, por tanto, de menor 

tamaño. Por otra parte, la carga superficial o potencial zeta de las partículas 

presentó valores positivos en todos los casos, entre +17 y +32 mV. 

 
 
Tabla 1. Características físico-químicas de nanopartículas de CS/SBE-β-CD y CS/CM-β-CD 

con o sin TPP. 

Tipo de CD  
 

CS/CD/TPPa Tamaño 
(nm) 

I.P b Potencial Zeta 
(mV) 

4/2/0.5 299 ± 25 0.36-0.46 +32 ± 0.3 

4/3/0.25 264 ± 18 0.23-0.37 +27 ± 0.6 

4/3/0 200 ± 13 0.11-0.16 + 26 ± 1.4 
SBE-β-CD 

4/4/0 238 ± 16 0.08-0.10 + 27 ± 2.4 

4/3/0.5 392 ± 36 0.27-0.44 +28 ± 2.3 

4/4/0.25 358 ± 13 0.43-0.46 +17 ± 2.2 

4/5/0 346 ± 10 0.60-0.68 +28 ± 3.7 
CM-β-CD 

4/6/0 359 ± 37 0.52-0.59 +29 ± 4.5 
 

               a Relación en masa; b Índice de polidispersión 
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El estudio morfológico de las nanopartículas (Figura 1) reveló que presentan 

una forma completamente esférica y que además son poblaciones muy 

homogéneas, independientemente de su composición y presencia de TPP (Art. 4, 
Fig. 1).  
 

 
Figura 1. Fotografía obtenida por microscopía electrónica de transmisión de nanopartículas 

de CS/SBE-β-CD (4/3). 
 

 
Mediante análisis elemental de las diferentes nanopartículas, se 

determinaron los porcentajes reales de cada componente (CS, CD y TPP) presente 

en las mismas (Art. 4, Fig. 2). La eficacia de incorporación de las CDs fue muy 

elevada, detectándose una cantidad de CD incluso superior al 50% de la 

composición total de las nanopartículas. Esto es especialmente importante dadas 

las interesantes propiedades de las CDs12,13, mencionadas con anterioridad.    

 

 
 
 

 
12 Loftsson T., Brewster M.E., Pharmaceutical applications of cyclodextrins. 1. Drug solubilization and 
stabilization, J. Pharm. Sci., 85 (1996) 1017-1025. 
13 Uekama K., Hirayama F., Irie T., Cyclodextrin drug carrier systems, Chem. Rev., 98 (1998) 2045-2076. 

 232



 
 
 
 
 
 
 
 
 
 
 
Desarrollo de nanopartículas de polisacáridos para la administración nasal de macromoléculas... 
 
 

                                                

1.2. Estudios de citotoxicidad 

Un importante parámetro a la hora de valorar el potencial de un nuevo 

vehículo de liberación de fármacos es su toxicidad celular. Teniendo esto en 

cuenta, la toxicidad de las nanopartículas de CS/SBE-β-CD y CS/CM-β-CD fue 

evaluada incubando dosis crecientes de las mismas sobre células Calu-3 en 

proliferación. Del mismo modo, y con la intención de determinar el efecto de la 

incorporación de CDs sobre la citotoxicidad de los sistemas, se ensayaron como 

control nanopartículas compuestas únicamente por CS.  

Como se muestra claramente en la Figura 2, las nanopartículas que 

contienen CD en su composición resultaron ser menos tóxicas en un amplio rango 

de dosis, lo que puede ser atribuido al excelente perfil de biocompatibilidad de las 

CDs14. Concretamente, los valores de IC50 fueron aproximadamente 3 veces 

mayores que para la formulación de CS sin CD.  
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Figura 2. Estudio de viabilidad celular tras la incubación de células Calu-3 con distintas 

formulaciones y dosis de nanopartículas durante 2 h.  

 
14 Challa R., Ahuja A., Ali J., Khar R.K., Cyclodextrins in drug delivery: an updated review, AAPS 
PharmSciTech, 6 (2005) E329-E357. (http://www.aapspharmscitech.org). 
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Por otro lado, las pequeñas diferencias encontradas entre los sistemas 

compuestos por una u otra CD podrían deberse a sus diferentes cargas 

superficiales (ver Tabla 1), dada la bien establecida relación entre citotoxicidad y 

densidad de carga positiva15. 
 
2. Aplicación de las nanopartículas a la administración nasal de péptidos y 
proteínas 

2.1. Interacción de las nanopartículas con el epitelio nasal 

Para evaluar el potencial de nanopartículas de CS y CD como vehículos de 

transporte de macromoléculas a través del epitelio nasal, se consideró de gran 

interés el estudio de su interacción con el mismo. Este objetivo se abordó de dos 

formas diferentes; una de ellas dirigida a evaluar el efecto de los sistemas en 

términos de modulación de la barrera intercelular, lo que se midió mediante la 

monitorización de los cambios en la resistencia transepitelial (TEER); y la otra 

vertiente del estudio dirigida a la visualización del proceso de interacción de las 

nanopartículas con el epitelio, mediante microscopía confocal (CLSM).  

- Efecto sobre las uniones “tight” intercelulares: estudios de TEER 

El efecto de nanopartículas de CS/CD (CS/SBE-β-CD y CS/CM-β-CD) sobre 

las uniones “tight” intercelulares o, lo que es lo mismo, sobre el grado de unión de 

las células epiteliales, se llevó a cabo en células Calu-3 diferenciadas, que como ya 

se mencionó con anterioridad, representan un modelo adecuado del epitelio nasal. 

Puesto que el CS, en solución16,17 o en forma nanoparticular18,19, y algunas CDs20 

 
15 Forrest M.L., Gabrielson N., Pack D.W., Cyclodextrin-Polyethylenimine conjugates for targeted in vitro 
gene delivery, 89 (2005) 416-423. 
16 Smith J., Wood E., Dornish M., Effect of chitosan on epithelial cell tight junctions, Pharm. Res., 21 (2004) 
43-49. 
17 Dodane V., Khan M.A., Merwin J.R., Effect of chitosan on epithelial permeability and structure, Int. J. 
Pharm., 182 (1999) 21-32. 
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han demostrado actuar sobre la permeabilidad de diferentes epitelios mediante la 

disminución de la TEER, cabía esperar que las nanopartículas de CS/CD fuesen 

capaces de mediar un efecto al menos similar. Para comprobarlo, las células fueron 

expuestas a diferentes dosis de nanopartículas de CS/CD, midiendo los valores de 

TEER a distintos tiempos hasta las 2 h y, una vez retiradas las muestras, hasta las 

12 h (para comprobar la reversibilidad del efecto, si lo hubiese). Mientras los 

controles (HBSS pH 6.4 y HBSS pH 7.4) no produjeron cambios, las nanopartículas 

de CS/CD redujeron la TEER de una manera significativa incluso a la menor de las 

dosis ensayadas (40 µg/cm2) (Art. 4, Fig. 3). Para las dosis de nanopartículas 

mayores (75 y 150 µg/cm2) el descenso de la TEER fue más acusado y tendió a 

igualarse entre las dos formulaciones (CS/ SBE-β-CD y CS/ CM-β-CD). En líneas 

generales, se puede hablar de un efecto dosis-dependiente y saturable (Art. 4, 
Tabla 3), como se ha descrito anteriormente para el CS en solución21,22.  

Este descenso de la TEER, que suele atribuirse principalmente a la apertura 

de uniones “tight” intercelulares supone, en cualquier caso, un aumento de la 

permeabilidad del epitelio al paso de moléculas por vía paracelular, lo que 

demuestra el potencial de estos sistemas como promotores de la absorción de 

fármacos. Interesantemente, se registró una completa reversibilidad del efecto, lo 

que indicaría que las células se encuentran funcionalmente intactas tras el 

experimento.   

 
18 Teijeiro-Osorio D., Remuñán-López C., Nielsen H.M., Comparative studies of chitosan nanoparticles and 
molecules in Calu-3 and TR146 cells, 32nd Ann. Meet. Exp. Control. Rel. Soc., (2005) 378.   
19 Prego C., García M., Torres D., Alonso M.J., Transmucosal macromolecular drug delivery, J. Control. Rel., 
101 (2005) 151-162. 
20 Marttin E., Verhoef J.C., Merkus F.W.H.M., Efficacy, safety and mechanism of cyclodextrins as absorption 
enhancers in nasal delivery of peptide and protein drugs, J. Drug Target., 6 (1998) 17-36. 
21 Artursson P., Lindmark T., Davis S.S., Illum L., Effect of chitosan on permeability of monolayers of 
intestinal epithelial cells (Caco-2), Pharm. Res., 11 (1994) 1358-1361. 
22 Kotze A.F., Lueβen H.L., De Boer A.G., Verhoef J.C., Junginger H.E., Chitosan for enhanced intestinal 
permeability: prospects for derivatives soluble in neutral and basic environments, Eur. J. Pharm. Sci., 7 (1998) 
145-151. 
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- Transporte de las nanopartículas a través del epitelio nasal: estudios de  

  CLSM tras su administración “in vivo” 
 

La efectividad de cualquier formulación administrada por vía nasal va a estar 

altamente influenciada por el rápido aclaramiento mucociliar que tiene lugar en la 

cavidad nasal, una de las principales limitaciones de esta vía. Así pues, en el caso 

concreto de las nanopartículas, la interacción de las mismas con el epitelio va a 

condicionar en gran parte el éxito de la terapia a la que estén dirigidas. Para el 

estudio de la capacidad de las nanopartículas de CS/CD de adherirse y/o atravesar 

el epitelio nasal, se utilizó CS marcado con fluoresceína (Fl-CS), el cual no modificó 

las características de las formulaciones resultantes (Art. 4, Tabla 4) y permitió su 

visualización. Tras la administración por vía intranasal a ratas de la suspensión de 

nanopartículas marcadas, los animales fueron sacrificados y la mucosa nasal 

extraída y fijada para su observación directa por CLSM. La presencia de 

nanopartículas se identificó con facilidad mediante la simple comparación de la 

mucosa tratada con las mismas frente al tejido control (mucosa no tratada). En la 

Figura 3 se presenta una serie imágenes que corresponden a secciones 

transversales de la mucosa, tratada con nanopartículas de Fl-CS/CD (Fl-CS/SBE-β-

CD) y no tratada, desde la superficie de la misma hasta una profundidad de 15 µm. 

Dichas fotografías ponen en evidencia la capacidad de las nanopartículas de 

CS/CD para atravesar superficies mucosas, mostrando así su capacidad para 

actuar como verdaderos vehículos de moléculas activas. Este hecho coincide con lo 

descrito para otros sistemas coloidales23,24 evaluados bajo condiciones 

experimentales similares. 

 

 

 
 

23 Vila A., Sánchez A., Janes K.A., Behrens I., Kissel T., Vila-Jato J.L., Alonso M.J., Low molecular weight 
nanoparticles as new carriers for nasal vaccine delivery in mice, Eur. J. Pharm. Biopharm., 57 (2004) 123-131. 
24 Csaba N., Sánchez A., Alonso M.J., PLGA:Poloxamer and PLGA:Poloxamine blen nanostructures as carriers 
for nasal gene delivery, J. Control. Rel., 113 (2006) 164-172. 
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Figura 3. Imágenes de microscopía confocal de mucosa nasal: (a) tras la administración de  

nanopartículas de Fl-CS/SBE-β-CD (4/4) y (b) sin tratamiento. Imagen de superficie y cortes 

a distintas profundidades (5, 10 y 15 µm). Escala = 20 µm. 

 
 

Al menos de un modo cualitativo, no se registraron diferencias entre las 

formulaciones preparadas con una u otra CD, SBE-β-CD o CM-β-CD (Art. 4, Figura 

4). 

2.2. Estudios in vivo 

Teniendo en cuenta la aplicación final de estos sistemas nanoparticulares de 

CS y CD, se investigó su potencial como vehículos de macromoléculas in vivo. Para 

ello se encapsuló insulina como molécula modelo, dada la facilidad de medir los 

niveles de glucemia y, de este modo, la eficacia de las formulaciones. 

En la Tabla 2 se representan las características físico-químicas de las 

formulaciones de CS/SBE-β-CD y CS/CM-β-CD cargadas con insulina. Las 

nanopartículas presentaron un adecuado tamaño (≈300-400 nm), carga superficial 

positiva y una elevada eficiencia de asociación de insulina (> 88%). Esta elevada 
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asociación del péptido, que condujo a valores de capacidad de carga de las 

nanopartículas de hasta casi un 47%, podría explicarse principalmente por la 

interacción electrostática entre la insulina, que al pH básico de la fase de CD y TPP 

se encuentra cargada negativamente, y los grupos amino del CS, cargados 

positivamente25. 

 
Tabla 2. Características de nanopartículas de CS/SBE-β-CD/TPP y CS/CM-β-CD/TPP 

cargadas con insulina. 

 

Tipo de CD CS/CD/TPPa Tamaño 
(nm) 

I.P b
Potencial 

Zeta  
(mV) 

Eficiencia de 
asociaciónc  

(%) 

Capacidad 
de carga 

(%) 

SBE-β-CD 4/3/0.25 327 ± 27 0.21-0.42 + 32 ± 0.1 94.9 ± 0.1 23.3 ± 1.9 

CM-β-CD 4/4/0.25 436 ± 34 0.10-0.23 + 23 ± 0.4 88.6 ± 0.8 46.7 ± 0.8 

 
    a Relación en masa; b Índice de polidispersión  
    c Concentración de insulina en la fase SBE-β-CD/TPP o  CM-β-CD/TPP: 2.4 mg/mL 
 
 

Los estudios in vivo consistieron en la administración nasal a conejos de 

ambas formulaciones de nanopartículas de CS/CD conteniendo insulina, así como 

de un control constituido por el péptido en solución. Los resultados obtenidos 

mostraron que las nanopartículas produjeron un descenso máximo de los niveles de 

glucosa plasmática en torno a un 35% con respecto al nivel basal, frente a sólo un 

14% producido por la administración de la misma dosis de insulina en solución (5 

UI/Kg) (Figura 4). A pesar de la diferente composición de los sistemas (CS/SBE-β-

CD y CS/CM-β-CD) y la diferente capacidad de carga de insulina de los mismos (23 

y 47%, respectivamente), el efecto hipoglucémico obtenido fue muy similar. El 

hecho de que las nanopartículas de CS/CM-β-CD presenten una capacidad de 

carga 2 veces mayor que la de las de CS/SBE-β-CD, y consigan igualar la 

respuesta hipoglucémica de éstas implica que la efectividad no se vio influenciada 
                                                 
25 Krauland A.H., Alonso M.J., Chitosan/cyclodextrin nanoparticles as macromolecular drug delivery system, 
Int. J. Pharm., 2007 
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por la cantidad de CS y CD presente en la formulación, lo cual había sido 

previamente demostrado por nuestro grupo con nanopartículas compuestas 

únicamente por CS26, siendo 0.160 mg/Kg la menor dosis de polímero utilizada en 

el estudio. En el presente trabajo, gracias a la presencia de CD en la composición 

de los sistemas, la dosis de CS utilizada fue aún más reducida, concretamente de 

0.096 mg/Kg, hecho que, sin afectar a la eficacia de los sistemas, sin duda 

contribuirá a minimizar aún más la toxicidad de los mismos.  
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Figura 4. Niveles de glucemia obtenidos en conejos tras la administración nasal a pH 4.3 

de: (o) insulina en solución, (■) nanopartículas de CS/SBE-β-CD/TPP, y (▲) nanopartículas 

de CS/CM-β-CD/TPP (Media ± SEM, n = 6). * Denota diferencias significativas con respecto 

a la solución de insulina (p < 0.05). 

 

 

 

 

 
26 Fernández-Urrusuno R., Calvo P., Remuñán-López C., Vila-Jato J.L., Alonso M.J., Enhancement of nasal 
absorption of insulin using chitosan nanoparticles, Pharm. Res., 16 (1999) 1576-1581. 
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En base a los resultados de interacción de las nanopartículas de CS/CD con 

el epitelio reflejados en el Apartado 2.1 y estudios previos realizados por nuestro 

grupo de investigación27, ,28 29 con diferentes sistemas nanoparticulares, se pueden 

sugerir dos principales mecanismos por los que las nanopartículas son capaces de 

incrementar la absorción sistémica de insulina. Por una parte, las nanopartículas se 

adhieren al epitelio nasal donde, gracias a sus componentes (CS y CD), actúan 

como promotores de la absorción mediante la apertura de las uniones “tight” 

intercelulares y, simultáneamente, liberan la insulina. De este modo, el péptido vería 

facilitado el paso por vía paracelular. Por otro lado, de un modo minoritario, las 

nanopartículas pueden ser internalizadas y atravesar el epitelio nasal por vía 

transcelular, actuando como verdaderos vehículos de macromoléculas.  

 
 

 
 

 

 

 

 

 

 

 

 

 

 

 
 

27 Fernández-Urrusuno R., Calvo P., Remuñán-López C., Vila-Jato J.L., Alonso M.J., Enhancement of nasal 
absorption of insulin using chitosan nanoparticles, Pharm. Res., 16 (1999) 1576-1581. 
28 Fernández-Urrusuno R., Romani D., Calvo P., Vila-Jato J.L., Alonso M.J., Development of a freeze-dried 
formulation of insulin-loaded chitosan nanoparticles intended for nasal administration, S.T.P. Pharma Sci., 9 
(1999) 429-436. 
29 Alonso-Sande M., des Rieux A., Schneider Y.J., Remuñán-López C., Alonso M.J., Préat V., Pharm. Res., 
sometida a evaluación. 
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3. Aplicación de las nanopartículas a la administración nasal de material 
genético 

3.1. Internalización celular de las nanopartículas  

Para el estudio del potencial de las nanopartículas de CS/CD como 

vehículos sintéticos de ADN se evaluó su interacción con células diferenciadas en 

cultivo mediante microscopía confocal. Para ello se utilizaron nanopartículas 

preparadas con CS marcado con fluoresceína (emisión en verde) (Tabla 3), 

mientras que para la precisa localización de los sistemas se consideró la utilización 

de un segundo marcador, el yoduro de propidio (emisión en rojo), como marcador 

del núcleo celular30. Las imágenes mostraron que las nanopartículas penetran de 

forma eficiente en las células y se distribuyen de forma homogénea en el medio 

intracelular (Figura 5b) (Art. 5, Figs. 3a y 3b), independientemente de su 

composición (CS/SBE-β-CD o CS/CM-β-CD), tras su incubación con las células. 

Estos resultados concuerdan con lo observado en el caso de nanopartículas 

compuestas solo por CS31 o CS/hialurónico32 en donde, además, se demostró la 

muy limitada capacidad de internalización celular del ADN plasmídico en forma 

libre. Así pues, se puede deducir que el ADN, una vez encapsulado en las 

nanopartículas de CS/CD, podrá penetrar de manera eficiente al interior de las 

células.  

Adicionalmente, y dada la dificultad que entrañó la realización de un 

eficiente triple marcaje, se utilizó Bodipy® Phalloidin para la tinción de las 

membranas celulares sin tratar con las nanopartículas, únicamente como control 

para observar la correcta formación de la monocapa de células y la morfología de 

las mismas (Figura 5a).  
 

30 Csaba N., Sánchez A., Alonso M.J., PLGA:poloxamer and PLGA:poloxamine blend nanostructures as 
carriers for nasal gene delivery, J. Control. Rel., 113 (2006) 164-172. 
31 Csaba N., Sánchez A., Fernández-Mejía E., Novoa-Carballal R., Alonso M.J., Chitosan nanoparticles for 
the delivery of plasmid DNA. Preparation and characterization, sometida a evaluación. 
32 De la Fuente M., Seijo B., Alonso M.J., New hyaluronic acid-chitosan nanoparticles as ocular gene carriers: 
studies in human corneal and conjunctival epithelial cell lines, sometida a evaluación.  
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Tabla 3. Características físico-químicas de nanopartículas preparadas con CS marcado con 

fluoresceína (Fl-CS) y ciclodextrinas. 

 

Tipo de CD  
 

CS/CD/TPP 
 

Tamaño 
(nm) I.P a

Potencial 
Zeta  
(mV) 

SBE-β-CD 4/3/0.25 253 ± 13 0.2 - 0.3 +25 ± 1.1 

CM-β-CD 4/4/0.25 364 ± 32 0.3 - 0.4 +16 ± 0.8 

- 4/0/1 312 ± 11  0.3 - 0.4 +32 ± 1.4 

       
                         a Índice de polidispersión 
 

 
 

20 µm20 µm20 µm 20 µm20 µm20 µm

b) a) 
 
 
 
 
 
Figura 5. Imágenes de microscopía confocal de: (a) membrana celular no tratada (tinción 

con Bodipy® Palloidin), y (b) localización de las nanopartículas de Fl-CS/CM-β-CD 

(fluoresceína, canal verde) tras el estudio de internalización celular (tinción de núcleos con 

ioduro de propidio, canal rojo). 
 
 

3.2. Optimización de los sistemas de quitosano y ciclodextrina para su 
utilización en terapia génica. Asociación de ADN plasmídico. 
 

Así pues, la encapsulación de material genético fue el siguiente objetivo a 

abordar. Las condiciones de formación de las nanopartículas fueron ligeramente 

adaptadas, ajustando tanto las concentraciones como los volúmenes de las 

soluciones de CS, CD y TPP para la preparación de lotes más reducidos, pero sin 

modificar las relaciones en masa de los componentes. El ADN plasmídico fue 
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añadido en la fase de CD/TPP previamente a la formación de las nanopartículas, 

siendo la carga teórica del 5% (p/p). En esta etapa del trabajo se desarrollaron, 

además, nuevas formulaciones preparadas con CS de bajo peso molecular (≈10 

KDa) obtenido por depolimerización del polisacárido comercial (≈110 KDa). Para 

ello, y en base a mantener fija la carga teórica de ADN en un 5%, fue necesario 

disminuir la cantidad de CD, debido al elevado número de cargas negativas 

presentes durante la constitución del nanosistema en relación a las positivas.  

Como control, dados los buenos resultados obtenidos recientemente en 

experimentos de transfección in vitro e in vivo33, se prepararon nanopartículas 

compuestas únicamente por CS y TPP. 

Como modelo de ADN plasmídico se utilizó el plásmido SEAP (pSEAP), el 

cual codifica la expresión de la fosfatasa alcalina. Las características de los 

diferentes sistemas  preparados se muestran en la Tabla 4. Se obtuvieron 

nanopartículas de pequeño tamaño (140-234 nm), reducidos índices de 

polidispersión y carga superficial positiva (+22-35 mV). En cuanto a la eficacia de 

encapsulación, los valores fueron muy elevados (>90%), independientemente de la 

composición de las nanopartículas (Art. 5, Fig. 1). Valores similares han sido 

obtenidos para otros sistemas nanoparticulares que presentan, como denominador 

común, CS en su composición34,35. En este sentido, se ha descrito una fuerte 

interacción electrostática entre los grupos fosfato del ADN y los grupos amino del 

CS, además de otras interacciones de tipo hidrofóbico y por puentes de 

hidrógeno36. 

 
33 Csaba N., Koping-Hoggard M., Alonso M.J., Chitosan nanoparticles as gene delivery systems: effect of 
chitosan molecular weight and protein-coencapsulation, sometida a evaluación. 
34 Csaba N., Sánchez A., Fernández-Mejía E., Novoa-Carballal R., Alonso M.J., Chitosan nanoparticles for 
the delivery of plasmid DNA. Preparation and characterization, sometida a evaluación. 
35 De la Fuente M., Seijo B., Alonso M.J., New hyaluronic acid-chitosan nanoparticles as ocular gene carriers: 
studies in human corneal and conjunctival epithelial cell lines, sometida a evaluación. 
36 Li  X.W., Lee D.K.L., Chan A.S.C., Alpar H.O., Sustained expression in mammalian cells with DNA 
complexes and chitosan nanoparticles, Biochim. Biophys. Acta, 1630 (2003) 7-18. 
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Tabla 4. Características físico-químicas de nanopartículas preparadas con CS de peso 

molecular medio (CS comercial, 110 KDa) y bajo (10 KDa) y CD (SBE-β-CD, CM-β-CD) y 

cargadas con gWiz™pSEAP al 5%. 
 

CS CD  
 

CS/CD/TPP a
 

Tamaño 
(nm) I.P b

Potencial 
zeta  
(mV) 

SBE-β-CD 4/3/0.25     180 ± 2 0.1 - 0.2 + 35 ± 6 

CM-β-CD 4/4/0.25 234 ± 15 0.1 - 0.2 + 25 ± 5 Peso molecular 
medio 

- 4/0/1     192 ± 25 0.2 - 0.3 + 34 ± 5 

SBE-β-CD 4/1.5/0.25     143 ± 2 0.0 - 0.1 + 24 ± 4 Peso molecular 
bajo CM-β-CD 4/3/0.25     140 ± 8 0.0 - 0.1 + 22 ± 6 

 
    a Relación en masa; b Índice de polidispersión 
 
 
 
3.3. Estudios de transfección in vitro 

La utilidad de células Calu-3 diferenciadas como modelo del epitelio 

respiratorio (nasal, traqueobronquial) ha sido propuesta como método alternativo a 

los ensayos in vivo para la evaluación de la eficiencia de transfección de vehículos 

de liberación de ADN37. Por ello, se ha utilizado en este trabajo para estudiar la 

capacidad de transfección de las nanopartículas desarrolladas. La selección del 

pSEAP, que codifica la expresión de fosfatasa alcalina, como plásmido modelo se 

realizó en base a la posibilidad de cuantificar la proteína secretada al medio de 

cultivo mediante una técnica no destructiva38,39 (ver Figura 7). 
 
 

                                                 
37 Florea B.I., Meaney C., Junginger H.E., Borchard G., Transfection efficiency and toxicity of 
polyethylenimine in differentiated Calu-3 and nondifferentiated COS-1 cell cultures, AAPS PharmSci, 4 (2002) 
E12 (http://www.aapspharmsci.org). 
38 Paasonen L., Korhonen M., Yliperttula M., Urtti A., Epidermal cell culture model with tight stratum 
corneum as a tool for dermal gene delivery studies, Int. J. Pharm., 307 (2006) 188-193.   
39 De la Fuente M., Seijo B., Alonso M.J., A novel bioactive nanocarrier for ocular gene delivery: hyaluronan-
chitosan nanoparticles, sometida a evaluación. 
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Figura 7. Dibujo esquemático del experimento de transfección en células diferenciadas. 
 
 
 

Las formulaciones ensayadas fueron las representadas en la Tabla 4. Tras 

la incubación de las nanopartículas sobre las células, la expresión de proteína 

secretada al medio de cultivo (compartimiento basolateral) fue cuantificada durante 

6 días. En la Figura 8 se muestran las cantidades acumuladas de proteína 

expresada correspondientes a las diversas formulaciones y, como se puede 

apreciar, existen diferencias notables entre los resultados obtenidos para cada una 

de ellas. Todas las formulaciones ensayadas dieron lugar a un mayor nivel de 

expresión que el plásmido libre. Si se comparan los resultados obtenidos con las 

nanopartículas de CS de peso molecular medio (Figura 8a), se observa que las de 

CS/CM-β-CD produjeron los mayores niveles de expresión, alcanzando niveles 

similares a los obtenidos con las nanopartículas utilizadas como control positivo 

(CS/TPP). Sin embargo, y aunque no era esperable, la formulación compuesta por 

CS/SBE-β-CD no dio lugar a niveles de expresión significativamente superiores a 

los alcanzados con el plásmido libre. Posiblemente, el mayor grado de sustitución 

de la SBE-β-CD, que le confiere más carga negativa, sería responsable de una 

interacción más fuerte entre CS y CD que dificultaría la liberación del plásmido. 

Por otra parte, las nanopartículas preparadas con CS de bajo peso 

molecular mediaron niveles de expresión prácticamente idénticos y elevados, 
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independientemente del tipo de CD (Figura 8b), resultando ser mayores que 

aquellos obtenidos para los sistemas compuestos por CS de peso molecular medio. 

Estos resultados concuerdan con los obtenidos en diversos estudios realizados con 

nanopartículas de CS y CS/hialurónico y complejos de CS-ADN plasmídico, en los 

cuales las mayores eficacias de transfección encontradas con la utilización de CS 

de bajo peso molecular se atribuyeron a una más fácil y rápida liberación 

intracelular del plásmido mientras, en el caso de las nanopartículas, se preserva 

igualmente la capacidad de proteger el ADN de la degradación40, ,  41 42 . Asimismo, 

esta más débil asociación del CS y el ADN plasmídico podría explicar los elevados 

niveles de transfección obtenidos con las nanopartículas de CS de bajo peso 

molecular y SBE-β-CD, en comparación con los descritos para la formulación 

equivalente preparada con CS de peso molecular medio.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
40 Koping-Hoggard M., Varum K.M, Issa M., Danielsen S., Christensen B.E., Stokke B.T., Artursson P., 
Improved chitosan-mediated gene delivery based on easily dissociated chitosan polyplexes of highly defined 
chitosan oligomers, Gene Therapy, 11 (2004) 1441-1452. 
41 Csaba N., Koping-Hoggard M., Alonso M.J., Chitosan nanoparticles as gene delivery systems: effect of 
chitosan molecular weight and protein-coencapsulation, sometida a evaluación. 
42 De la Fuente M., Seijo B., Alonso M.J., New hyaluronic acid-chitosan nanoparticles as ocular gene carriers: 
studies in human corneal and conjunctival epithelial cell lines, sometida a evaluación. 
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Figura 8. Cantidad acumulada (µg) de fosfatasa alcalina (SEAP) secretada en células 

diferenciadas Calu-3 tras la transfección con: (A) nanopartículas de CS/CD y CS sólo 

preparadas con CS de peso molecular medio y (B) nanopartículas de CS/CD preparadas 

con CS de peso molecular bajo. Control = pSEAP libre. 
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CONCLUSIONES 
 
 
El trabajo experimental que se recoge en la presente memoria se ha dirigido al 

diseño de sistemas micro- y nanoparticulares constituidos por polisacáridos y 

destinados a la administración de macromoléculas por las vías mucosas pulmonar y 

nasal, respectivamente. De un modo más específico, los resultados obtenidos nos 

han permitido extraer las siguientes conclusiones: 

 

Parte I. Desarrollo de microsferas de polisacáridos para la administración pulmonar 

de macromoléculas terapéuticas 
 

1. Se han preparado microsferas compuestas por los polisacáridos quitosano 

y/o glucomanano con características morfológicas y aerodinámicas 

adecuadas (diámetros aerodinámicos entre 1 y 5 µm) para administración 

por vía pulmonar, utilizando una técnica de atomización. La morfología y 

densidad de las microsferas se encuentran altamente influenciados por el 

grado de desacetilación del quitosano empleado en su preparación, así 

como por el contenido en glucomanano. Estas microsferas presentan una 

excelente capacidad de asociar y liberar insulina, utilizada como péptido 

modelo en este estudio.  

 

2. Los estudios llevados a cabo en cultivos celulares revelaron que el 

glucomanano posee un excelente perfil de biocompatibilidad, no pudiendo 

alcanzarse el parámetro IC50 a ninguna de las concentraciones ensayadas. 

En cuanto al quitosano, su citotoxicidad depende básicamente de la dosis 

de polímero y grado de desacetilación, siendo el de menor grado de 

desacetilación el menos citotóxico. Por otra parte, la capacidad del 

quitosano de favorecer el paso de macromoléculas a través de epitelios, 

aumenta a medida que se incrementa el grado de desacetilación. No 
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obstante, este aumento de la permeabilidad celular no se encuentra 

necesariamente asociado a la producción de daño celular. Todo esto denota 

la importancia de alcanzar un compromiso entre dosis de polímero, grado 

desacetilación y efectividad como promotor de la absorción.   

      Estudios de interacción de las microsferas, realizados in vitro en  

      células epiteliales procedentes del epitelio respiratorio humano,   

      evidenciaron el carácter mucoadhesivo de los sistemas. 

 

 
Parte II. Desarrollo de nanopartículas de polisacáridos para la administración nasal 

de macromoléculas terapéuticas 

 

1. Se han preparado nanopartículas compuestas por quitosano y diferentes 

derivados aniónicos de ciclodextrina mediante la técnica de gelificación 

iónica. Esta técnica ha permitido encapsular macromoléculas, tales como la 

insulina y el ADN plasmídico, en condiciones extremadamente suaves 

dando lugar a la obtención de nanoestructuras con tamaños dentro del 

rango nanométrico, carga superficial positiva y forma esférica.  

 

2. El análisis estructural de los nanosistemas desarrollados ha permitido 

comprobar la eficaz incorporación de las ciclodextrinas en la matriz 

polimérica de los mismos, alcanzándose una cantidad superior al 50% de la 

composición total de las nanopartículas, lo que se traduce, según se ha 

demostrado en estudios celulares in vitro, en una significativa reducción de 

la citotoxicidad de los sistemas. 

 

3. Asimismo, estas nanopartículas muestran una excelente capacidad de 

atravesar barreras celulares y mucosas, así como de incrementar la 

permeabilidad del epitelio al paso de moléculas por vía paracelular mediante 

la apertura reversible de las uniones íntimas intercelulares. 
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4. Tras ser administradas in vivo por vía nasal, las nanopartículas de 

quitosano/ciclodextrina conteniendo insulina han dado lugar a una respuesta 

hipoglucémica muy satisfactoria, poniendo de manifiesto su potencial para la 

administración de macromoléculas terapéuticas a través de vías mucosas. 

5. Por último, en estudios de expresión genética in vitro, en los que se utilizó 

un modelo de epitelio nasal/bronquial, se ha demostrado la capacidad de 

estas nanopartículas de dar lugar a elevados niveles de transfección. 

Asimismo, se observó que la composición de las nanopartículas determina 

en gran medida la eficacia de las mismas para promover la transfección 

genética. En este sentido, las formulaciones preparadas a partir de 

quitosano de bajo peso molecular han resultado ser significativamente más 

efectivas.  
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Abstract 

Over the last decades, polysaccharides have gained increasing attention in 

the biomedical and drug delivery fields. Among them, glucomannan (GM), has 

become a particularly attractive polymer. In this paper, we review the 

physicochemical and biological properties which are determinant for the exploitation 

of GM as a biomaterial. These properties include the structural organization, 

molecular weight, solubility, viscosity, gelling properties and degradation behaviour. 

Moreover, herein we analyze the possibilities to combine GM with other hydrophilic 

polymers, as well as the preparation of semisynthetic derivatives of GM, which may 

be of interest in the pharmaceutical context. Finally, we discuss the specific 

applications of GM in the drug delivery field.  

 

Key words: Glucomannan; polysaccharides; gelation; colloidal systems; 

nanoparticles; nanocomplexes; drug delivery. 
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Introduction 

Natural polysaccharides, as well as their derivatives, have been classically 

used in pharmaceutical formulations as solubilizers or adhesives. Over the last 

years, the evolution of these polysaccharides from the concept of “pharmaceutical 

excipient” to “bioactive material” has raised their potential utility in the design of drug 

delivery carriers. This conceptual change has, partially, been motivated by the 

recent emphasis in the design of biomimetic and intelligent drug delivery 

nanostructures, which can be recognized and assimilated in the body (1-4). In fact, 

polysaccharides can be used as ligands in order to facilitate the interaction of a 

nanostructure with a specific biological surface (5,6). As a consequence of these 

new potential applications, the number of publications dealing with the use of 

polysaccharides for drug delivery has remarkably increased over the last 10 years 

(see Fig. 1). 
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Figure 1. Number of scientific publications published on the topic of hydrophilic 

polysaccharides in the drug delivery field as function of the publication year. Taken from 

CAPLUS and MEDLINE (SCIFINDER SCHOLAR2006 Edition). Keywords entered: 

Polysaccharides and Drug Delivery.  
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A very promising polysaccharide, which has been lately incorporated into the 

drug delivery field is glucomannan (GM) (7-11). GM is a hydrocolloidal 

polysaccharide consisting in β-1,4 linked mannose and glucose residues (12). 

Despite of its potential in drug delivery, most of the review articles about GM have 

been focused on its chemical and physicochemical properties, such as chemical 

structure, molecular weight, gelation behaviour, and ability to interact with other 

polymers, such as carregeenan or xanthan (13,14). Just a few recent reports have 

considered only the pharmaceutical and therapeutic applications of GM (15,16). In 

this paper, we review the critical aspects about GM, closely related with its 

promising utility in the design and development of new drug delivery systems. 

 

1. Glucomannan: Origin and Structure  

Glucomannan (GM) is a polysaccharide of the mannan family, very abundant 

in nature, specifically in softwoods (hemicellulose), roots, tubers and many plants 

bulbs (17-23). Despite the variety of sources, the most commonly used type of GM 

is named Konjac GM, which is extracted from tubers of Amorphophallus konjac 

(24,25). Irrespective of its origin, GM is composed of β-1,4 linked D-mannose and D-

glucose monomers (Fig. 2) (12). However, the mannose/glucose monomer ratio 

may vary depending on the original source of GM. For example, it has been 

reported that  Konjac GM has a molar ratio of around 1.6:1, whereas GMs extracted 

from Scotch pine and orchid tubers have ratios of 2.1:1 and 3.6:1, respectively 

(20,26). These values should be taken cautiously given the variability observed 

depending on the studies and, in particular, on the analytical procedures. 

In addition to the variable glucose/mannose ratio, the different types of GM 

may differ in their acetylation degree. The typical acetylation degree values are 5-10 

%. On the other hand, it is known that native GM can be easily acetylated with 

acetic anhydride in presence of a catalyst (27-29).  
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Despite the information about the GM chemical structure, additional work is 

needed in order to fully understand how its structure and composition affect its 

physicochemical and pharmaceutical behaviour. 
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Figure 2. Chemical structure of GM  

 

2. Physicochemical Properties 

2.1. Solubility 

Although GM is a hydrophilic molecule, its solubility in water is reduced due 

to the formation of strong hydrogen bonds after purification or drying processes 

(30,31). Among the parameters that affect the aqueous solubility of GM, the 

acetylation degree appears to be particularly important. More specifically, it has 

been described that the presence of acetyl groups in the GM inhibits the formation 

of intramolecular hydrogen bonds, thus improving the GM solubility (29). Moreover, 

a number of GM derivatives (discussed in section 4) have been synthesized in order 

to increase the GM aqueous solubility. This versatile solubility behavior could be of 

special interest for a variety of pharmaceutical applications that will be later 

described. 
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2.2. Molecular weight  

The molecular weight (Mw) of GM has been determined by light scattering, 

viscosimetry and Gel Permeation Chromatography (GPC). One of the main 

problems in the determination of GM Mw relies on its limited water solubility. In fact, 

some of Mw studies have been performed with GM which has been chemically 

modified in order to increase its solubility in water or others solvents (30). Mark-

Howinks parameters were fixed according to η = 3.8 · 10-2 x Mw
0.723 for a solution of 

konjac GM in water at 25 ± 0.5ºC  (32).  

The most frequently used and commercially available GM has a Mw in the 

range of 1.9·106 and 1·104 (30,33,13,14). Nevertheless, there is also the possibility 

to depolymerise GM in order to obtain low Mw GM. This strategy may offer 

interesting possibilities in the pharmaceutical field. In fact, it is known that the 

polymer Mw has an influence on the physicochemical characteristics of the drug 

delivery systems (34, 10), as well as on their efficacy in vitro and in vivo. As an 

example, polymeric nanoparticles based on low Mw chitosan showed higher 

transfection efficiency in vitro and in vivo, than those prepared with high Mw 

chitosan (35,36).  

Among the techniques described until now to decrease the GM Mw, acid, 

alkaline and enzyme hydrolysis are the most important (19,37,12,38,39).  

It is well known that certain enzymes can convert polysaccharides into 

oligosaccharides. The complete degradation of the GM backbone requires the 

action of β- mannanase, β-mannosidase and β- glucosidase (40-42). 

β-mannanase is of special interest in polysaccharides degradation because it 

catalyzes the random cleavage of β-D-1,4-mannopyranosyl linkages. The 

breakdown of these linkages in GM leads to mannobiose and mannotriose (43-50). 

The ability of β-mannanase to degrade the GM backbone depends on several 

factors, such as the number and distribution of the substituents on the backbone 
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and the ratio of glucose to mannose (51). This enzyme is in bacteria (Bacillus sp., 

Aeromonas sp., Penicillium sp., Pseudomonas sp. or Vibrio sp.) (52-57)  fungi 

(Streptomyces sp., Tyromices sp., Trichosporum sp., Sclerotium sp. and Aspergillus 

sp.) (58-62,50), as well as in plants (Amorphophallus konjac) (40), in animals 

(63,49) and in the colonic region of humans (64,65).  

The enzyme β-mannosidase, which catalyzes the removal of D-mannose 

residues from β-1, 4-linked manno-oligosaccharides, leads to the conversion of GM 

into D-mannose (43,66). As in the case of mannanase, this enzyme is present in 

many microorganisms, plants and animal tissues (67).  

Finally, the degradation by β- glucosidase occurs only at a terminal glucose 

unit and stops at terminal oxidized residues or mannose units (68) (Fig. 3).  

 

 

β-mannanases 

cellulase 

mannobiose 

mannotriose 

β-D- 1,4 linkages 

β-mannosidase 

D-mannose 
residues 

oligosaccharides 

β-glucosidase 

D-glucose 
residues 

oligosaccharides 

Complete glucomannan enzymatic degradation 

Glucomannan  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 3. Scheme of the enzymatic degradation of GM
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With respect to the influence of GM properties on its enzymatic degradation, 

some studies have shown that the acetyl groups inhibit β-mannanase and β-

mannosidase activity (62,69). 

2.3. Gelation properties 

The knowledge of the GM gelation mechanism, as well as the variables that 

affect this process, are useful in the design and understanding of the mechanism of 

formation of GM-based delivery systems. GM gels can be prepared by heating a GM 

solution containing alkaline compounds or higher amounts of neutral salt (33,70). 

The gelation process occurs due to the interaction of the GM acidic moieties with 

alkalis (71). This interaction induces structural changes in the GM molecules, which 

facilities the establishment of hydrogen bonds and hydrophobic interactions between 

the GM chains and, consequently, leading to the formation a network gel structure 

(Fig. 4) (27,33,14,71,29). 

There are a number of parameters which affect the GM gelation behaviour 

and, thus, the properties of the final gel structure. These parameters are the GM 

acetylation degree, the GM Mw, the temperature and also the concentration of both 

GM and the alkali involved in the gelation process (see Table 1). The specific 

influence of each parameter is described as follows. 

Since acetylation hinders the aggregation of GM, the increase in the GM 

acetylation degree leads to a delay the gelation process (71,29). On the contrary, 

gelation is favoured when the Mw, alkali concentration or the temperature increases. 

This is due to enhancement of the interactions between GM chains (14), but also 

because the formation of hydrogen bonds in the junction zones requires energy 

(27,71,14,29).  

At low GM concentrations, the formation of the GM gel is impaired by the 

distance between molecules. In this situation a previous deacetylation process is 

required in order to facilitate the approximation of the GM molecules. However, at 
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high GM concentrations the proximity of GM molecules promotes the interaction 

between them, favouring the formation of the network (33,27,14,71,29).  
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Figure 4. Scheme of gelation mechanism of GM 
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Table 1. Influence of different variable on the gelation mechanism of GM 

 

Variable                                    Gelation Mechanism 

↓ acetylation degree ↑ formation of hydrogen 
bonds 

↑ GM Mw 
↑ number of junction zones 
↑ length of connecting 
chains 

↑ GM concentration 
↑ number of molecules 
↑ proximity between 
molecules 

↑ temperature ↑ formation of hydrogen 
bonds 

↑ alkali concentration 
↑ deacetylation process 
↑ formation of hydrogen 
bonds 

Promote the formation 
of GM gel 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
3. Interaction of glucomannan with other polymers 

The possibility to combine GM with other polymer increases its versatility in 

the drug delivery field. In fact, the interaction of GM with other polysaccharides has 

been extensively investigated in order to produce new gels with improved gelling 

properties (72-74). 

 Carrageenan, Xanthan, Acetan, Gellam gum, alginate or chitosan are some 

examples of polysaccharides which could be combined with GM 

(75,31,76,14,24,25).   

 

3.1. Interaction with kappa carrageenan 

Kappa carrageenan forms thermoreversible gels and its gelation depends on 

the temperature, concentration of counterions or other polysaccharides. More 

specifically, its interaction with GM gives thermo-reversible gels (75), whose 
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structure is affected by the GM Mw (31) and also by the addition of a small amount 

of sugars (13).  

The potential of these hydrogels for drug delivery applications has been 

suggested (77). However, so far we have not found any evidence of this potential in 

the literature. 

3.2. Interaction with Xanthan 

Xanthan gum does not naturally gel at any concentration, however 

gelification can be induced by temperature, ionic strength of the solution, the pH and 

the nature of electrolyte (K+, Cs+, Na+, NH4
+, Ba2+, Mg2+, Ca2+). The interaction with 

GM is ruled by a preferred stoichiometry, where the ratio Xanthan:GM is 1:2 (78,79, 

80).  

It has been recently reported the application xanthan-GM gels and solutions 

as drug delivery systems of macromolecules and low Mw drugs (80-82).  

3.3. Interaction with Acetan (xylinan) 

The polysaccharide acetan, secreted by the bacterium Acetobacter xylinum, 

has a similar chemical structure to xanthan (83,84). It has been reported that 

deacetylation of acetan provides stability to the molecule and improves the 

establishment of intermolecular binding with GM (85,86,76), obtaining transparent 

thermoreversibe gels at sufficiently high polymer concentrations and theoretical 

deacetylated acetan/GM ratios above 6/4 (76).  

From our knowledge there are no references on the utility of acetan-GM 

complexes for drug delivery. However, taking into account the similar chemical 

structure reported for xanthan and acetan, comparable applications could be given 

to these both polymers and to their combination with GM.  

3.4. Interaction with Gellan gum 

The interaction of gellan gum with GM molecules is promoted with increasing 

concentration of cations, such as sodium or calcium. However, an excessive salt 
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content leads to a separation phase, caused by the formation of aggregates of 

gellam gum helices with different thermal stabilities (87,14).  

With regard to the drug delivery applications of gellam gum-GM mixtures, the 

only report found in the literature refers to blend films as releasing active agents 

systems for food packaging purposes (88).  

3.5. Interaction with Alginate 

Previous studies have shown that the interaction between GM and alginate is 

mediated by hydrogen binding and electrostatic interactions (24,8). This interaction 

has been the basis for the formation of GM-alginate beads intended for the 

controlled delivery of proteins (8). In this work it was shown that the introduction of 

GM led to the formation of stronger and more stable gels than those composed only 

of alginate.  

 

3.6. Interaction with Chitosan 

Using IR and X-Ray spectroscopy it was found that the interaction between 

chitosan and GM is due to the formation of intermolecular hydrogen bonds between 

the amine groups of chitosan and the hydroxyl and carboxymethyl groups of GM 

(25, 8).  

The combination of GM with chitosan has been reported to offer an 

interesting potential in the drug delivery field. In fact, films, beads, micro and 

nanoparticles have been prepared, based on the combination of these polymers, 

and presented as new drug and protein carriers (25,8,11,10,9,89,90, 91). These 

specific applications will be described in detail at the end of this review article. 

4. Glucomannan Derivatives 

The poor water solubility of GM (30,31,68) together with its specific 

advantages (14,13,65) has motivated active research towards the formation of GM 

derivatives of different solubility. Indeed, most frequently the chemical modification 

of GM has been intended to obtain derivatives with improved solubility properties 

and/or enhanced capacity to interact with other polymers (Table 2). 
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              Table 2. Characteristics of semisynthetic GM derivatives 

Derivative Main Characteristics 

Dicarboxy-GM Negative charge 

Higher water solubility 

Carboxymethylated-GM Negative charge 

Higher water solubility 

Methylated-GM Non charge  

Higher water solubility 

Tosylated-GM Non charge 

Higher solubility in organic solvents 

Palmitoyl-GM Non charge 

Water in oil emulsifier 

Benzoyl-GM Non charge 

Higher solubility in polar solvents 
 
 

4.1. Dicarboxy-GM 

Matsumura et al. (92) proposed the preparation of dicarboxy-GM, a 

negatively charged derivative, which presents carboxylic groups between the sugar 

residues and at C-3 position. This chemical modification has resulted in an important 

increase in GM water solubility, and also in its ability to interact with positively 

charged polymers. These new features are very attractive for the design of new drug 

carriers. On the other hand, this chemical modification may also affect its biological 

activity. 

For example, Ohya and co-workers have found that the inherent ability of 

GM to stimulate macrophages could be modulated by varying the dicarboxy 

substitution degree (5,68).  
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4.2. Methylated-GM 

The methylation of GM (Fig. 5) has also been intended to increase the water 

solubility of this polysaccharide. This modification was first proposed by Kishida et 

al. in 1979 in order to improve the reologycal properties of GM (93,94). 

Up until now, no pharmaceutical or medical application has been specifically 

reported for this derivative; however, it could be induced that the increase of GM 

water solubility could promote its use as a pharmaceutical excipient.  
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Figure 5. Chemical structure of methylated-GM 

 

 

4.3. Carboxymethylated-GM 

A high degree of substitution (DS) (DS>0.1), in carboxymethylated-GM (Fig. 
6), leads to a soluble product in water. This derivative is a negatively charged 

polyelectrolyte, which is susceptible of interacting with positively charged polymers 

by electrostatic attraction (95,96,68). 

A biomedical application of this derivative has been reported by Du et al. 

(9,89,90). They prepared polyelectrolyte chitosan- Carboxymethylated-GM 

nanoparticles by simple mixing of both polymers using sonication. 
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                          Figure 6. Chemical structure of carboxymethylated-GM 

 
4.4. Tosylated-GM 

A few years ago, Takechi et al. synthesized tosylated-GM (Fig. 7), with the 

idea of improving the solubility of GM in a variety of organic solvents (97). Although 

this derivative could offer certain advantages in pharmaceutical technology, the 

most attractive use of this derivative is as a precursor in polysaccharide chemistry. 

Indeed, the tosyl group is a good leaving group, allowing the easy modification in 

this position (97). 
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                      Figure 7. Chemical structure of tosylated-GM 
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4.5. Palmitoyl-GM 

Various degrees of palmitoylated GM were prepared by Tian and colleagues 

following a heterogeneous method previously reported by Fujii (98). This synthesis 

was based on similar work on chitosan (99) and cellulose (100). It was found that 

palmitoylated-GM may work as a water in oil (w/o) and oil in water (o/w) emulsifier, 

being active at very low concentrations (0.1-0.01%) (101). Despite this specific 

application, no references were found reporting the use of palmitoylated-GM in the 

drug delivery field. 

4.6. Benzoyl-GM 

Benzoyl-GM (Fig. 8) with a degree of substitution of 1.6 is highly soluble in 

polar solvents. This derivative plays an important role in films coating, enhancing the 

mechanical properties and water resistively of the coated films (102). The use of 

benzoyl-GM has been reported for the preparation of coating films (103,104); 

however, no reference has been published about its use in the drug delivery field.  
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                     Figure 8. Chemical structure of benzoyl-GM 
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4.7. Glucomannan grafted acrylic acid 

 The preparation of the GM grafted acrylic acid co-polymer was performed by 

free radical polymerization, leading to the introduction of the acrylic acid at the C1 

position. The application of this derivative was aimed at the preparation of hydrogels 

for colonic drug delivery. The combination of both ingredients was chosen in order to 

obtain a more selected release at the colonic level. This hypothesis was supported 

by the biodegradation behaviour of GM and pH dependence of acrylic acid (121). 

4.8. Natural derivatives of glucomannan 

 Finally, besides the chemically synthesized derivatives of GM, there is a 

class of natural derivatives of GM, such as those obtained from the bacteria 

Candida utilis. This variety of GM is characterized by the presence of phosphate 

groups, a high content in mannose (mannose:glucose ratio 11.4:1) and α-1,6 

linkages in the main backbone. Moreover, in contrast to the ordinary GM, the 

phosphorylated derivative presents low molecular weight (around 150 KD) and high 

solubility in water and polar solvents, such as acetone and ethanol.  

 The negative charge of this derivative is a very attractive characteristic for its 

application in the pharmaceutical field. For example, our group has extensively 

investigated the formation and drug delivery applications of nanoparticles, made of 

chitosan and phosphorylated GM (10,11).   

5. Biopharmaceutical applications 

Traditionally, the use of konjac flour has been related with food applications. 

Indeed, Konjac GM is a health product widely used in Asian countries and the 

United States for its unique properties. This thickening agent presents an 

extraordinary water absorption capacity, a unique viscosifying action and a 

synergistic behaviour with others gums. In fact, Konjac GM has been used to 

improve the bread texture, as a dietary fibre…etc. However, over the last years this 

polymer has gained increasing importance in the biomedical and pharmaceutical 

fields (Table 3). More specifically, these applications include: 
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Table 3. GM biomedical and pharmaceutical applications 

Applications Advantages 

Obesity Weight loss 

Cholesterol Decrease LDL cholesterol levels 

Diabetes type 2 Decrease the carbohydrate 
absorption 

Biomedical 

Cancer Antitumor activity against 
sarcoma-180 solid tumor 

Pharmaceutical forms 

 

Sustained release profiles 

Increase of stability 

Improve the interaction between 
polymers 

Enhance protein association 

Coating Antiseptic coating 

Pharmaceutical 

Targeting Recognize mannose receptors 

 

5.1. Glucomannan as a bioactive polymer 

 GM can not be considered as a drug, however, some biological effects 

described in the literature suggest its potential as a bioactive polymer. For example, 

GM has been found to decrease the serum glucose levels following oral 

administration to diabetes type 2 rats. This hypoglycemic effect was attributed to the 

inhibition of carbohydrate absorption (105,106,107) and also to the decrease of the 

postprandial insulin flow (108). On the other hand, some studies performed in 

rodents have suggested the activity of GM as a growth inhibitor of solid tumors, such 

as sarcoma (109,110,111). Unfortunately, this effect and the corresponding 

mechanism of action have not been evaluated in further detail. 
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5.2. Pharmaceutical applications of glucomannan 

GM has been investigated as a pharmaceutical excipient in tablets, films, 

beads and hydrogels, due to its gelling, solubility and biodegradable properties 

(7,8,25). Interestingly, recent work in this field has highlighted the potential of GM for 

the targeting of nanocarriers to specifics receptors, i.e. the mannose receptors on 

the cell surface (112). This mannose receptor is a 180 kDa transmembrane protein 

with five domains, able to recognize several sugars, such as mannose (113). This 

hypothesis is supported by previous reports which have shown that the presence of 

mannose residues on the particle’s surface increases their uptake by the  M cells 

(114,5) and macrophages (6), where the mannose receptors are overexpressed.  

Glucomannan-based films 

A number of recent articles have described the preparation of films made of 

GM or its derivatives in combination with other polymers (115,88, 

116,117,118,95,119,25,24,120). Among them, GM-methylcellulose and GM-

poly(acrylic)acid films have been found particularly promising for drug delivery (115, 

88). The role of GM in these films is the modulation of their swelling properties and, 

hence, their ability to control drug release. 

Glucomannan-based beads 

 Beads made of GM in combination with others polymers have been prepared 

in order to be used for protein delivery (8). The results have shown that the 

incorporation of GM into the alginate beads causes, not only the modification of the 

particle surface, but also the different disposition of the components inside the 

network. The resulting beads exhibited an improved protein loading capacity and 

also a pH-dependent swelling behaviour. 

Glucomannan-based hydrogels      

Due to the fact that GM is degraded by the enzymes secreted by the colonic 

bacteria, some authors have underlined the potential of GM-based hydrogels for 

 324



 
 
 
 
 
 
 
 
 
 
 
Glucomannan: a promissing polysaccharide for biopharmaceutical purposes 
 
 
colonic drug delivery (117,118,121). These hydrogels were prepared using 

combinations of GM with acrylic acid or sodium tripolyphosphate. In addition, in 

order to achieve a selective colonic drug delivery, GM hydrogels were also formed 

using azo polymers as cross-linkers. It was concluded that GM is responsible of the 

enzymatic degradation of hydrogels, and thus, for the resulting drug release from 

the systems. 

The formation of hydrogels from oxidized- konjac GM and chitosan was very 

recently reported (115). In this gels GM works as a crosslinker agent for chitosan, 

thus improving the controlled release properties of the resulting hydrogels. 

Glucomannan-based microparticles 

We have recently developed GM and chitosan-GM microparticles intended 

for pulmonary drug delivery using the spray-drying technique. The results showed 

that the morphology and surface appearance of the microspheres, as well as their 

densities and aerodynamic diameters, are closely dependent on their composition 

(presence and amount of GM) (Fig. 9). Furthermore, studies performed on well-

differentiated Calu-3 cells showed the ability of these chitosan-GM microspheres to 

closely interact with the mucus layer, remaining adhered to the epithelium (122). 

 

                                Figure 9. SEM photograph of GM microspheres  
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Glucomannan-based nanoparticles 

Nanoparticles made of carboxymethylated GM and chitosan have been 

prepared by electrostatic interaction between the negative carboxylic groups of 

carboxymethylated GM and the positive amino groups of chitosan, followed by a 

sonication step (89). These nanoparticles exhibit a positive charge, and a size that 

can be modulated within the range of 50-1200 nm, depending on the polymer 

concentration. Additionally, these nanoparticles elicited an ability to entrap and 

release bovine serum albumin (BSA) (9,89,90). The introduction of GM in these 

formulations was intended to increase their stability and their controlled release 

properties.   

Similarly, in our lab, we have developed a new protein particulate carrier 

made of GM and chitosan. The difference with the above mentioned nanoparticles, 

relies on the preparation technique, which, in our case was based on an ionotropic 

gelation process (10). These nanoparticles are obtained spontaneously by the 

simple mixing of the components. These very mild conditions make this approach 

very attractive for the association of delicate macromolecules to the nanoparticles. 

The interaction between both polymers, GM and chitosan, is expected to be driven 

by hydrophobic interactions and hydrogen bonds. Moreover, the presence of TPP 

(sodium tripolyphosphate) helps to build up the nanostructure, resulting in round and 

homogenous nanoparticles.  

As expected, these nanoparticles exhibited an improved stability in ionic 

media and a delayed protein release (10,11). This delay could be explained by the 

higher crosslinking degree of chitosan nanogels impaired by the presence of GM 

(8,10,7). Furthermore, the results from our group have shown that the introduction of 

GM in the nanoparticles has led to a facilitated interaction with the intestinal 

epithelium both in vitro and in vivo (123,124). In summary, GM-chitosan 

nanoparticles offer attractive features as carriers for transmucosal drug delivery 

applications (Fig. 10). 
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Figure 10. Release profiles from Insulin loaded Chitosan-GM nanoparticles. Insulin release 

profiles of CS/TPP (CS/TPP ratio: 6/1) (▲);CS/TPP/GM (CS/TPP/GM ratio: 6/1/1.8) (loading 

29%) ( ); CS/TPP/GM (CS/TPP/GM ratio: 6/1/1.8) (loading 15%) ( ) and CSreac/TPP/GM 

(CSreac/TPP/GM ratio: 6/1/1.8) (loading 15%) (○) nanoparticles in artificial gastric juice (pH: 

1.2) for 1 hour at 37ºC (mean ± SD, n = 4). 

 

6. In vivo degradation of glucomannan  

Tradicionally, konjac GM has been considered a polymer non susceptible to 

biodegradation in the human body. However, recently a number of GM-degrading 

enzymes have been identified in some microorganisms which are present in the 

human gut flora such as Aerobacter mannanolyticus, Clostridium butyricum and 

Clostridium beijerinckii. These bacteria produce endo-β-mannanase, an enzyme that 

catalyzes the cleavage of the β-1,4 linkages of GM to produce mainly the 

disaccharides β-1,4-D-mannobiose, cellobiose and 4-O-β-D-glucopyranosyl-D-

glucopyranosyl-D-mannopyranose. These intermediate products are finally 

degraded to glucose and/or mannose by intestinal bacteria. Additionally, the 

monosaccharides serve as a carbon source for the proliferation of intestinal 
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bacteria, which ferment them into short-chain fatty acids (mainly acetic, propionic 

and butyric acid) (Fig. 11). These fermentative products can be absorbed across the 

intestinal wall and metabolized efficiently (64,65). In fact, it is known that short-chain 

fatty acids are rapidly absorbed from the colon of humans (124,125). Consequently, 

these results indicate that GM is a biodegradable polymer, which degradation 

products are natural compounds present in the human body. 
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Figure 11. Scheme of the in vivo degradation of GM 
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7. Toxicity of Glucomannan 

It is well known that GM has been traditionally used as a food additive in 

China and Japan, most specifically as a dietary fibre and, hence, considered good 

for health (14). Despite this long-use tradition, the results of the toxicity studies are 

very promising but still limited. For example, several authors have found no 

evidence of toxicity in rats after the long-term feeding of rats with a GM dose 

equivalent to an intake of 500 mg/kg body weight per day (126,127). Other authors 

have performed more detailed toxicity studies aimed at identifying signs of toxicity 

such as oral toxicity, sensitization studies in the skin, sub-acute and sub-chronic 

intestinal toxicity studies, cell-ageing, embryocitoxicity and genotoxicity studies 

(128,129). Interestingly, none of these studies has revealed significant signs of 

toxicity and only minor effect such as diarrhoea, abdominal pain and flatulence were 

reported at doses higher than 5g/day (130,131, 132).  

Finally, concerning the regulatory aspects, in 1996 the European Commision 

in its “Report of the scientific committee for food” (41st series) considered that even 

when the GM toxicity studies were no enough to establish and Acceptable Daily 

Intake (ADI) “the use of konjac gum as an additive at intended levels up to 1% in 

food is acceptable provided that the total intake from all sources did not exceed 

3g/day”. 

8. Conclusion 

The polysaccharide GM and the family of related polymers present very 

attractive characteristics from the biopharmaceutical point of view. Over the last 

years a number of GM-based drug delivery systems, intended for their 

administration by different routes, have been designed. More specifically, hydrogels, 

beads, micro and nanoparticles made of GM or its derivatives have been obtained 

and evaluated for their ability to associate and deliver drugs. Even if the interest of 

the pharmaceutical field for GM is still recent, a general conclusion is that GM is a 

promissing and versatile polysaccharide for the preparation of new drug delivery 

systems.  
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El principal objetivo de este trabajo ha sido el desarrollo de sistemas micro- y 
nanoparticulares compuestos por polisacáridos y destinados a la administración 
pulmonar y nasal de macromoléculas terapéuticas, tales como péptidos, proteínas 
y ADN. Se prepararon microsferas de quitosano y quitosano/glucomanano
mediante un proceso de atomización, cuyas características morfológicas y 
aerodinámicas, así como su capacidad de asociar y liberar insulina (molécula 
modelo) resultan adecuadas para su administración por vía pulmonar. El potencial 
de dichas formulaciones se ha visto reforzado por los resultados obtenidos en los 
diferentes estudios realizados in vitro en cultivos celulares, que demuestran su 
efecto promotor de la absorción de macromoléculas, su reducida citotoxicidad y su 
capacidad bioadhesiva. Por otra parte, utilizando una técnica de gelificación iónica 
extremadamente suave, se prepararon nanopartículas compuestas por quitosano y 
derivados aniónicos de ciclodextrina, en cuya estructura fue posible incorporar 
eficazmente macromoléculas (insulina y ADN). Dichos sistemas demostraron una 
excelente capacidad de atravesar barreras celulares y mucosas (nasal). Finalmente, 
y como prueba de concepto del potencial de estas nanopartículas, se realizaron 
estudios de expresión genética in vitro utilizando un modelo de epitelio 
nasal/bronquial, así como estudios in vivo (administración nasal), que condujeron a 
la obtención de prometedores resultados en cuanto a eficiencia de transfección y 
descenso de los niveles de glucemia, respectivamente. 

The main objective of the present work was the development of micro- and 
nanoparticulate systems made of polysaccharides, intended for pulmonary and 
nasal delivery of therapeutic macromolecules, such as peptides, proteins and DNA. 
Chitosan and chitosan/glucomannan microspheres, whose morphological and 
aerodynamic characteristics as well as capacity to associate and release insulin 
(model molecule) resulted adequate for being administered by the pulmonary route, 
were prepared by spray-drying. The potential of these formulations was reinforced 
by the results obtained in the different in vitro studies performed in cell cultures, 
demonstrating their ability to enhance the permeation of macromolecules, reduced 
cytotoxicity and bioadhesion. On the other hand, nanoparticles consisting of 
chitosan and anionic cyclodextrin derivatives were prepared by the extremely mild 
ionic gelification technique and macromolecules (i.e. insulin and DNA) were 
entrapped into the nanostructure very efficiently. These systems evidenced their 
excellent capability to overcome cellular and mucosal barriers (i.e. nasal). Finally, 
as a proof-of-concept of the potential of these nanoparticles, in vitro gene 
expression studies (nasal/bronchial epithelium model) and in vivo studies (nasal 
administration) were performed, obtaining promissing results with regard to 
transfection efficiency and decrease of glucose levels, respectively. 
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