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RESUME 

La liberation de medicaments consiste a administrer un compose pharmaceutique 

dans un corps vivant pour obtenir un effet therapeutique. La livraison de 

medicaments controlee, qui atteint le meme effet d'une facon controlee, est devenue 

tres prometteuse dans de nombreuses disciplines. Compare au systeme therapeutique 

conventionnel, un systeme de livraison controlee de medicaments offre de nombreux 

avantages, tels que la livraison ciblee du medicament, une concentration constante du 

medicament, moins d'effets secondaires, moins d'administrations repetees du 

medicament, une efficacite amelioree de celui-ci et un meilleur confort pour le 

patient. L'objectif final de la livraison controlee de medicament (controlled drug 

release) est de liberer les substances therapeutiques d'une facon controlable, 

permettant ainsi une livraison continue sur une longue periode. 

Les materiaux polymeres poreux sont largement etudies dans divers domaines et on 

les retrouve aussi dans les applications biomedicals, lis peuvent etre utilises comme 

echafaudages dans le domaine du genie tissulaire, et aussi comme substrat pour des 

dispositifs pour la liberation de medicaments. Differentes techniques de fabrication 

permettent de preparer ces materiaux poreux, dont le volume de porosite, les 

dimensions et la distribution des pores sont ajustes pour l'application visee. Les 

melanges de polymeres dont les phases sont co-continues se sont averes etre une 

methode reproductible pour concevoir des structures polymeres poreuses adaptees 

pour la livraison de medicaments. Cette technique offre un large controle des 
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caracteristiques du materiau poreux telles que la fraction volumique de pores et la 

taille de pore. 

L'objectif de ce projet etait d'ameliorer les proprietes de livraison controlee d'une 

structure poreuse derive d'une melange de polymere co-continue. 

Ce travail a demontre qu'il etait possible de mieux controler la liberation instantanee 

initiale et d'accroitre la duree totale de livraison de la BSA. 

Deux strategies ont ete utilisees: la deposition a la surface interne de polyelectrolytes 

couche par couche et la fermeture partielle de la porosite a la surface externe de la 

structure. Un substrat poreux de polylactide (PLA) ayant une taille de pore moyenne 

de 1.5 (im, a ete utilise comme dispositif de livraison d'une substance modele. Ce 

substrat a ete obtenu par l'extraction selective de la phase PS d'un melange PLA/PS 

dont les phases etaient co-continues. L'aire de surface interne et les dimensions des 

pores ont ete determinees par la methode BET d'adsorption d'azote et par analyse 

d'image. L'albumine de serum bovin (BSA) a ete selectionnee comme substance 

modele pour l'etude de la liberation controlee. La proteine a ete chargee dans les 

substrats poreux en suivant un protocole de cycles haute pression/vide. II a ete 

montre que la solution de BSA penetrait dans tous les pores du substrat. Les substrats 

poreux de PLA avec 0, 3 et 5 couches de polyelectrolytes et avec une surface externe 

ouverte a 100, 12 et 2% ont ete etudies separement et en combinant les deux types de 

modifications. Des essais de liberation in vitro ont permis de determiner le profil de 

livraison de l'albumine de serum bovin (BSA) via la spectrophotometrie UV. U a ete 
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demontre que, bien que les deux effets soient importants, la modification de la 

surface interne predomine dans le controle du taux de liberation. Quand la 

modification avec 5 couches de polyelectrolytes est combinee avec une surface 

ouverte externe du substrat de 2% (echantillon L5C), la synergie est dramatique, 

presentant alors une liberation instantanee initiale 5 fois plus faible pour les deux 

premieres heures et une livraison totale 123 fois plus longue que celle obtenue avec 

l'echantillon de reference (100% d'ouverture externe, surface interne non modifiee). 

A la fin de l'essai, l'echantillon L5C a libere 89% de la masse totale de BSA chargee, 

indiquant un haut niveau d'interconnect!vite des micro-canaux dans le PLA poreux. 

Le mecanisme de livraison pour ce systeme est clairement controle par la diffusion, 

avec des gradients de concentration bien definis, tels que mesures par XPS, suivant la 

direction de la liberation et cela, aussi bien pour l'echantillon ayant sa surface 

externe 100% ouverte et a surface interne modifiee (L0) que pour l'echantillon ayant 

uniquement une extremite ouverte (L5E). Ces effets indiquent un mecanisme de 

diffusion combine avec une interaction sorption/desorption de la BSA avec le 

substrat de PLA. 
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ABSTRACT 

Drug delivery refers to the administration of a pharmaceutical compound into a 

living body to achieve a therapeutic effect. Controlled drug delivery, which achieves 

the same effect in a controlled fashion, has raised significant interest from multiple 

disciplines. Compared to a conventional therapeutic system, a controlled drug release 

system offers many advantages, such as stabilized plasma drug concentration, fewer 

side effects, less repeat drug administrations, improved drug efficacy and patient 

compliance. The ultimate goal of controlled drug release is to release therapeutic 

agents in a controllable manner, achieving sustained release over an extended time 

period. 

Porous polymer materials are widely used in various fields including biomedical 

applications. They can be used as scaffolds for tissue engineering, and also as a 

substrate for drug delivery devices. Different fabrication techniques have been used 

to prepare porous polymer materials varying in porosity, pore-size and its distribution, 

which meet different requirements of various applications. Polymer blends with a co-

continuous morphology via immiscible binary polymer blending has been shown to 

be a reproducible route to fabricate porous polymer materials for drug delivery. This 

technique offers wide control over the morphology of the porous material including 

porosity and pore-size. 

The objective of this work is to improve the burst release and final drug release times 

from porous devices derived from co-continuous polymer blends. 
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This work has demonstrated that it is possible to exercise a wide range of control 

over both the initial burst release and the final drug release times from porous PLA 

devices derived from co-continuous polymer blends. Two strategies were used, a 

layer-by-layer polyelectrolyte surface deposition approach on the porous PLA 

surface and the application of a partially closed-cell protocol. A PLA porous 

substrate with a pore-size of 1.5 \im, derived from a PLA/PS blend via selective 

solvent extraction of PS phase, was used as the drug delivery device. The surface 

area and pore dimensions were examined via BET nitrogen adsorption and image 

analysis. Bovine serum albumin (BSA) was used as a model drug for the controlled 

drug release study. The protein is loaded into the porous substrates following a high-

pressure-vacuum loading protocol. Studies of the accessibility of BSA solution to the 

micropores was carried out and showed a full solution penetration into the porous 

device. Porous PLA substrates with 0, 3 and 5 layers of polyelectrolyte and with 

open areas of 100%, 12 % and 2% were studied both separately and in combination. 

In vitro release tests were performed to study the release profile of BSA from the 

devices via UV spectrophotometry. It is shown that, while both are important, surface 

modification is more dominant in controlling the release rate than the partially closed 

cell approach. When a 5 polyelectrolyte layer surface modification of the PLA and a 

partially closed cell approach (2 % open area) are combined, in the L5C sample, the 

synergy is dramatic with a 5 times reduction in the first two hour burst release 

amount and a total release time which is extended by 123 times as compared to the 
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100% open cell, surface unmodified, reference sample. The L5C sample ultimately 

releases 89% of the total BSA loaded demonstrating the high level of 

interconnectivity of the micro channels in the porous PLA. The mechanism of 

release in this system is clearly diffusion controlled with well defined concentration 

gradients, as measured by XPS, observed in the direction of release for both the 100% 

open cell system (L0) and the surface modified, partially closed sample with one end 

open (L5E). These effects point towards a diffusion mechanism combined with a 

sorption/desorption interaction of the BSA with the modified PLA surface. 
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CONDENSE EN FRANgAIS 

1. La livraison controlee de medicaments 

La livraison controlee de medicaments s'est rapidement developpee dans les 

dernieres decennies. Ce nouveau centre d'interet implique les technologies de 

multiples disciplines telles que la biologie, la chimie, la science des materiaux et le 

genie chimique. 

Les medicaments les plus avances impliquent des proteines et des genes qui 

requierent une administration efficace et une liberation controlable afin que le patient 

en beneficie pleinement. La prise conventionnelle de medicaments fait face a de 

nombreux defis, tel qu'un effet moindre lorsque le medicament est degrade ou 

desactive dans l'environnement gastro-intestinal. Elle doit etre plus frequente et 

cause inevitablement des fluctuations de concentration du medicament dans le 

plasma sanguin tout en ne permettant pas de cibler le site d'activite du medicament, 

son taux de liberation, une bioactivite specifique et sa duree d'action. Les techniques 

de liberation controlee ont pour objectif de resoudre un certain nombre de ces 

problemes, en liberant et en maintenant les concentrations de medicament a un 

niveau therapeutique actif, et d'ainsi ameliorer l'efficacite du medicament et de 

reduire les effets secondaires toxiques. Comme le medicament est libere avec une 

plus grande efficacite, il est possible de reduire la frequence d'administration et aussi 

de minimiser l'inconfort du patient. A cette fin, les substances therapeutiques 
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devraient etre liberees de maniere controlable, permettant une liberation continue sur 

une longue periode de temps. On trouve de tels systemes de liberations controles 

sous forme de microparticules, nanoparticules, hydrogels, implants, etc., qui peuvent 

etre ingeres oralement, injectes par intraveineuse, inhales ou agir au contact de la 

peau. La question cle est de concevoir un substrat ou echafaudage convenable, qui 

pourra efficacement agir avec les molecules therapeutiques. 

2. Les dispositifs poreux en polymere biodegradable 

Les dispositifs polymeres sont de bons candidats comme biomateriaux en raison de 

leurs proprietes physico-chimiques. lis ont ete fortement etudies pour la liberation 

controlee depuis les annees 70. Beneficiant de leurs excellentes proprietes 

mecaniques, ainsi que de leur biocompatibilite et leur biodegradabilite, ces 

polymeres ont ete appliques comme sutures, implants et systemes de liberation de 

medicaments. Ces systemes se decomposent gdneralement via une degradation 

hydrolytique et l'erosion de la matrice polymere. Le taux de biodegradation ou de 

bioerosion depend essentiellement de la structure, du poids moleculaire et de la 

cristallinite du polymere. Le taux de liberation du medicament peut etre controle en 

agissant sur la diffusion de celui-ci a travers la matrice polymere et / ou en modifiant 

le comportement du polymere pour se degrader. Les proprietes de biodegradation du 

materiau, son interaction avec les molecules actives et 1'environnement specifique 

determinent le profil de liberation pour le dispositif. 
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Le polylactide (PLA) est parmi les polymeres biodegradables les plus intensivement 

etudies. Les materiaux poreux metalliques et de polymeres ont montre leur potentiel 

dans le developpement de dispositifs biomedicaux. Les proprietes telles que le 

volume de porosite, la taille de pore et la distribution en taille de pore sont 

essentielles. Ces parametres sont dependants des materiaux et des techniques de 

fabrication et doivent etre correspondre a 1'application visee. Precedemment, il a ete 

demontre que les structures poreuses issues de melanges binaires de polymeres 

immiscibles dont les phases sont co-continues presentaient des proprietes 

prometteuses comme systemes de liberation de medicaments. Deux polymeres 

immiscibles sont melanges a l'etat fondu pour creer une morphologie entierement co-

continue. Ensuite, une structure ayant une porosite continue peut etre obtenue par 

l'extraction selective de l'une des phases polymeres. Les proprietes du substrat 

poreux decoulent de celles du melange de polymeres et ces dernieres peuvent etre 

controlees de maniere precise via differents parametres tels que la composition du 

melange, la rheologie des polymeres et les conditions du procede de mise en oeuvre a 

l'etat fondu. 

Des dispositifs poreux obtenus via cette technique possedent une aire de surface 

interne tres grande et une taille de pore controlable. 

L'hydrophobie du PLA peut constituee une limitation importante pour son 

application dans le domaine biomedical. C'est pourquoi plusieurs techniques de 

modifications de surface ont ete etudiees pour resoudre cet inconvenient: 
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modifications de l'etat physique, implantations ioniques, traitements plasma et auto-

assemblages couche par couche (LbL). Parmi celles-ci, le depot couche-par-couche 

est tres adapte pour la modification de la surface de materiaux tridimensionnels 

complexes, dont la surface est difficilement accessible par d'autres techniques. 

L'objectif de ce projet est d'ameliorer la liberation instantanee initiale et la liberation 

continue de medicaments dans des substrats poreux issus de melanges de polymeres 

co-continus. Nous avons applique deux strategies : 1) le depot de polyelectrolytes 

couche-par-couche sur les surfaces internes de la structure poreuse; 2) la fermeture 

partielle des pores a la surface externe du substrat dans le but de diminuer la 

liberation instantanee initiale et de prolonger la periode de liberation de la substance. 

L'influence de divers parametres sur le profil de livraison ont ete examines, tels que 

le nombre de couches de polyelectrolytes et l'aire ouverte a la surface externe de la 

structure poreuse. La spectrometrie de photoelectrons X (XPS) a ete utilisee pour 

etudier les mecanismes de livraison de notre substrat. 

Le materiau polymere poreux utilise dans cette etude a ete obtenu a partir d'un 

melange binaire de polymeres presentant une morphologie co-continue, dont une 

phase etait extraite. Des systemes binaires specifiques peuvent etre choisis, 

caracterises par des proprietes rheologiques et des conditions de mise en oeuvre 

appropriees, telles que la temperature et la duree de recuit statique. Cette technique 

permet de fabriquer des materiaux poreux dont la taille de pore varie de moins d'un 

micron jusqu'a des centaines de microns. 
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Dans cette etude, le polylactide (PLA) et le polystyrene (PS) ont ete choisis pour 

fabriquer le melange. Us ont ete melanges a une fraction volumique de 50% a 200°C 

pendant 7 minutes. Apres refroidissement et sechage des cylindres ayant une 

longueur de 3.5-4.5 mm et un diametre de 3 mm ont ete decoupes. La phase PS a ete 

selectivement extraite avec du cyclohexane. La continuite de la phase PS dans le 

melange a ete calculee par gravimetrie apres l'extraction et le sechage, indiquant une 

continuite superieure a 90%. 

La morphologie de la structure poreuse a ete examinee par microscopie electronique 

a balayage (SEM), par la methode BET d'adsorption d'azote et l'analyse d'image 

(IA). Avant l'extraction au cyclohexane, les echantillons pour l'analyse 

microscopique ont ete microtomes afin de preparer une surface plane quasi parfaite. 

Les micrographies du SEM ont ete analysees (IA) pour obtenir la taille moyenne des 

pores. La methode BET d'adsorption d'azote donne une mesure precise de l'aire de 

surface et du diametre des pores pour un materiau poreux tridimensionnel. Les 

materiaux PLA poreux prepares possedent un diametre de pore de 1.5 \im et une aire 

de surface interne de 1.53 m2/g. 

L'albumine de serum bovin (BSA) a ete choisie comme substance modele. La BSA a 

ete chargee dans le dispositif poreux en suivant un protocole preetabli de haute 

pression - vide. Apres le chargement, les echantillons etaient rinces dans de l'eau 

desionise Milli-Q pour enlever la proteine liee sur la surface exterieure du dispositif 

avant le sechage sous vide. Comparee a d'autres techniques d'encapsulation de 
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medicaments, cette methode introduit la substance pharmaceutique apres la 

preparation du dispositif. Ainsi la substance ne subit pas les conditions du procede de 

fabrication et sa bioactivite est preservee. Des etudes ont ete effectuees pour 

examiner l'efficacite de chargement et la penetration de la solution de BSA dans la 

structure poreuse. Dans les conditions du protocole de chargement, la solution de 

BSA peut penetrer dans 1'echantillon poreux et acceder a tous les micropores. 

La spectroscopic UV-Visible a servi a suivre la liberation in vitro de la BSA chargee 

dans nos dispositifs poreux. Le dispositif poreux charge de BSA a ete place dans une 

cellule UV remplie de 3 ml d'eau desionisee Milli-Q, puis incube a 37°C avec une 

agitation verticale de 5 tour/min pour assurer une distribution homogene de la BSA 

liberee a l'interieur de la cellule UV. A chaque intervalle predetermine de temps, la 

concentration de BSA a l'interieur de la cellule a ete mesuree par le spectrometre et 

ainsi, la quantite cumulee de BSA liberee a ete calculee a partir de la concentration 

en BSA et du volume d'eau residuelle a l'interieur de la cellule UV, en utilisant une 

courbe d'etalonnage du signal UV en fonction de la concentration de BSA. Pour le 

dispositif poreux non modifie, plus de 90% de la BSA a ete liberee dans les deux 

premieres heures, et a par la suite atteint un pourcentage cumulatif de liberation de 

97.3% BSA en quatre heures. 

Afin de reduire cette liberation initiale quasi instantanee et prolonger la duree de 

liberation, le depot couche-par-couche de polyelectrolytes a la surface interne et la 

fermeture partielle de la surface externe du dispositif ont ete effectues. Pour obtenir 
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une surface externe partiellement fermee, un substrat PLA poreux a ete plonge tres 

brievement dans du chloroforme, un solvant du PLA, afin de fermer les pores de la 

surface externe en formant une peau. Ensuite, une partie de cette peau a ete enlevee 

pour laisser apparaitre la porosite. Sous cette peau, la structure poreuse originale est 

preservee. L'epaisseur de cette peau peut etre controlee par la duree d'immersion du 

substrat dans le chloroforme. Dans notre etude, nous avons obtenu une peau de 70 ± 

20 jim en 5 secondes. Cette strategic a permis d'obtenir des echantillons dont 12% et 

2% de la surface externe est ouverte (respectivement en decoupant 1'une des 

extremites du cylindre, et en coupant un coin du cylindre). Compare a l'echantillon 

100% ouvert, ceux ouverts a 12% et 2% ont permis de reduire fortement la liberation 

initiale par respectivement 38% et 52% et d'augmenter la duree necessaire pour 

liberer totalement la BSA a 9 heures et 30 heures. La surface externe partiellement 

fermee contribue a la liberation controlee en limitant la surface disponible pour la 

liberation et en augmentant ainsi la tortuosite a travers le dispositif pour que la BSA 

diffuse a l'exterieur. 

Le depot couche-par-couche est une technique utile pour modifier la surface des 

polymeres, particulierement dans un substrat poreux tridimensionnel. Le depot 

couche-par-couche de polyelectrolytes change les proprietes de la surface interne du 

substrat. Un polycation interagit plus fortement avec une BSA negativement chargee, 

par rapport a la surface non modifiee de PLA. Dans notre etude, 3 ou 5 couches de 

polyelectrolytes ont ete deposees sur la surface interne, de polyelectrolyte ont ete 
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deposes sur poreux, en suivant le meme protocole de chargement que pour la BSA. 

Le PDADMAC et le PSS ont ete choisis comme polyanion et polycation. Les 3 ou 5 

couches - alternativement polyanion, polycation - ont permis de garder le 

PDADMAC comme derniere couche. Apres ces depots, la BSA a ete chargee sur la 

couche de PDADMAC. Le suivi de la liberation de BSA in vitro revele que les 3 et 5 

couches de polyelectrolytes ont pu reduire la liberation initiale respectivement de 51% 

et 65%, et d'allonger le duree de liberation a 32 heures et 96 heures. Les couches de 

polyelectrolytes contribuent a la liberation controlee en ameliorant 1'affinite de la 

surface de PLA pour la BSA. 

En combinant ces deux strategies, nous avons pu atteindre une duree totale de 

liberation de 17 jours. Cette synergie est remarquable, avec une liberation 5 fois plus 

faible de BSA au cours des deux premieres heures et une duree totale de liberation 

123 fois plus longue que celle de l'echantillon de reference (porosite ouverte, pas de 

modification couche-par-couche). Bien que les deux strategies soient interessantes, 

l'effet de la modification de surface couche-par-couche est preponderant. La 

spectroscopic de photoelectrons X a permis d'examiner la distribution de BSA a 

l'interieur du dispositif poreux pour l'echantillon de reference et l'echantillon modifie 

avec 5 couches de polyelectrolytes avec seulement une extremite du cylindre ouverte. 

Initialement, la BSA est distribute de fa$on homogene dans l'echantillon de reference. 

Pour les deux echantillons, on constate que le mecanisme de livraison pour ce 

systeme est clairement controle par la diffusion, avec des gradients de concentration 
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bien definis suivant la direction de la liberation. Ces effets indiquent un mecanisme 

de diffusion combine avec une interaction sorption/desorption de la BSA avec le 

substrat de PLA. 
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CHAPTER 1 

INTRODUCTION 

1.1 Controlled Drug Release 

Controlled drug release has developed rapidly in recent decades. It has become an 

area of interest, involving technology from multidisciplines including biology, 

chemistry, material science and chemical engineering. 

Advanced drugs like proteins and genes require effective administration and 

controllable release to derive optimum benefits. Conventional drug administration 

faces many challenges such as huge drug loss due to the degradation and deactivation 

of drug molecules in the harsh environment of the gastrointestinal tract. It requires 

frequent administration of drugs and inevitably causes fluctuation of drug 

concentration in plasma as it does not allow for site specificity and control over 

release rate, drug bioactivity and its duration. The controlled drug release technique 

aims to solve the problems by protecting and transporting pharmaceutical agents to 

specific sites, local releasing and maintaining drug concentration at a therapeutic 

effective level, hence it can improve the drug efficacy, and reduce toxic side effects. 

As drugs are delivered with greater efficacy, it allows to reduce the administration 

frequency and minimize patients' discomfort. To achieve this, the pharmaceuticals 

should be released in a controllable fashion, which results in sustained release over 
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an extended time period. Controlled drug release systems are used in the form of 

microparticles, nanoparticles, hydrogel, implants, etc., and can be administrated via 

oral ingestion, intravenous injection, inhalation and transdermal route. A key issue in 

controlled drug release is to construct a suitable substrate or scaffold, which can 

effectively interact with drug molecules. 

1.2. Porous Devices Derived from Biodegradable Polymer 

Polymer devices designate to be good candidates as biomaterial due to their chemical 

and physical properties. They have been actively used for drug delivery ever since 

1970s. Benefiting from their mechanical property, biocompatibility and 

biodegradability, biodegradable polymers become favorable in biomedical uses such 

as sutures, implants and drug delivery system. Many biodegradable polymers can 

degrade in vivo and without producing any harmful side-products. Many researchers 

have focused on its biomedical applications. Drug delivery systems derived from 

biodegradable polymer, in general, break down via the hydrolytic degradation and 

erosion of the polymer matrix. The biodegradation or bioerosion rate basically 

depends on the structure, molecular weight, and crystallinity of the polymer. The 

drug release rate can be controlled by manipulating its diffusion through the polymer 

matrix, and/or the degradation behaviors of the polymer. Biodegradation properties 

of the material, together with its interaction with drug molecules, and surrounding 

environment, determine the drug release profile from the device. 
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Poly(lactic acid) (PLA) is among the most extensively used biodegradable polymers, 

which can be metabolized by the body thus causes few side effect and require no 

retrieval of the device after administration. 

Porous materials made of metals and polymers have shown their potential in 

developing biomedical devices. The properties such as porosity, pore-size and its 

distribution are essential to porous materials. These parameters depend on specific 

material and fabrication technique, and fit in the requirement from various 

applications. Porous substrates derived from immiscible binary polymer blends with 

co-continuous morphology were proved as a route to fabricate drug delivery and 

controlled release systems. Two immiscible polymers are blended to create fully co-

continuous structure, and a highly interconnected porous structure can be obtained by 

selective extraction of one polymer phase. Properties of the porous substrates, which 

refer to the phase properties in the polymer blends, can be highly controlled via 

different parameters such as blends composition, polymer rheology property and 

processing conditions. Porous devices obtained via this technique possess large 

internal surface area and controllable pore-size, which is promising in drug delivery 

application. 

The surface properties of PLA, such its poor hydrophilicity, can be a limitation for its 

biomedical application due to the consequent poor protein and cell attachments. 

Hence many surface modification techniques, have been employed to solve this 

problem, including physical entrapment, ion implantation, plasma treatment and 
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layer-by-layer (LbL) electrostatic self-assembly. Among these techniques, LbL best 

suits for surface modifications of polymer material with complex three dimensional 

structure, which is not easily accessible for other modification techniques. 

The objective of this work was to fabricate scaffolds with a sustained drug release 

rate with possible elimination of bust release. 

General objectives for this study: 

1. To control burst and final drug release times from porous devices derived from 

co-continuous polymer blends 

2. To investigate the mechanism of release from these systems 

Specific objectives of this research: 

1. To study the effect of partially closed-cell strategy with different open surface 

area available for drug release on the BSA release profile. 

2. To study the effect of LbL surface modification strategy with different number of 

polyelectrolyte layers on the BSA release profile. 

3. To study the combined effect of a closed-cell strategy and LbL surface 

modification on drug release 

4. To investigate the protein distribution inside porous substrate and study the drug 

release mechanism using XPS. 

This thesis is arranged into four chapters. The first chapter gives an introduction and 

background information referring to this work. It reviews the drug delivery technique 

and porous materials, describes candidate biopolymers and fabrication methods, and 
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discusses the possible routes to modify polymer surface and the protein adsorption 

onto solid surface. Chapter 2 presents the fabrication and characterization of the 

porous substrate, protein loading protocol, the modification of the porous device and 

the in vitro release test, as well as the study of protein distribution. The third chapter 

discusses about the drug release profile of all sample made, with/without surface 

modification. Finally chapter 4 gives a general conclusion of the work and shares 

some ideas for future work. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Drug delivery 

2.1.1 Introduction 

Drug delivery is a common term that refers to the delivery of pharmaceutical 

compounds and drugs to a human or animal body. The delivery method by which a 

drug is administered inside the body has a significant effect on its efficacy. The goal 

of drug delivery systems is not only to deliver a drug into the body, but at the ideal 

local concentration with the minimum number of doses (Langer. 1990). This makes 

the successful delivery of therapeutic agents to the targeted tissue a crucial factor in 

effective treatment of most medical conditions. In the past two decades, controlled 

drug delivery systems as a novel route to deliver pharmaceutics with high efficiency, 

have attracted a lot of focus and attention. 

2.1.2 Controlled Drug Delivery 

Two of the most common drug delivery methods are oral administration and 

intravenous injection, which we call as conventional drug delivery. Drugs for 

conventional drug delivery normally appear as tablets for oral administration or 



medication for intravenous injection. For both methods, the drug must overcome 

many factors in order to retain its efficacy. 

Oral administration is painless and convenient while injection is painful and requires 

sterile needles and training. However, both methods suffer significant therapeutic 

limitations as both two drug delivery forms administer the entire dose of a drug in 

one shot, which results in a high or even toxic drug concentration in the plasma, 

which then falls down below its minimum therapeutic effective concentration, thus 

another dose is required. This is called, a sawtooth release profile, shown as a dashed 

line in Fig. 2.1 (adapted from Rhine et al. 1980; Santini et al. 2000; Edlund and 

Albertsson. 2002). 
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Figure 2.1 Controlled drug delivery and traditional drug delivery (adapted from 

Rhine et al. 1980; Santini et al. 2000; Edlund and Albertsson, 2002) 

This figure shows the drug plasma concentration of controlled release (plot in solid 
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line, shows one administration), compared to traditional delivery (plot in dashed line, 

shows four repetitive administrations). Additional doses are necessary for traditional 

administration and the drug plasma concentration rises to the toxic level and falls 

below the minimum effective level during each cycle. While during the same period, 

controlled drug release, which indicates continuous drug release profile consistent 

with zero-order kinetics, maintains a constant therapeutic concentration in the plasma. 

Frequent repetitive administrations, daily or more often, have to be followed in order 

to maintain the drug concentration at the minimum therapeutic effective level, due to 

the high rate of metabolism and/or degradation of the drug in the body, which in 

return leads to strong fluctuation of the drug concentration in the body. This may 

cause undesirable side effects and decreases the effectiveness of the drug. In the case 

of drugs with low therapeutic indices, which indicate how close the levels of toxic 

and therapeutic drug levels are, such a sawtooth release profile become more 

problematic. 

Compared to conventional drug delivery, controlled drug release aims to achieve a 

sustained release of pharmaceutics over an expanded time period, which results in a 

relatively constant drug concentration in plasma. Controlled drug delivery has 

several advantages over conventional delivery, including 1) improved drug efficacy; 

2) minimization of harmful side effects; 3) maintenance of drug levels within a 

therapeutically effective range; and 4) lower administrations frequency resulting in 

improved patient compliance (Breimer, 2003). 
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In addition to the temporal control of the drug release, spatial control of highly potent 

drugs such as anticancer drugs, can localize the effect of the drugs only in the target 

area, while preventing any systemic side effects in the unwanted area. Such a 

technique targets drug molecules to specific tissues and therefore require lower 

systemic concentrations to achieve the required concentration in the diseased tissue. 

It helps to decrease the possibility of exposing healthy tissue to high drug 

concentrations, sometimes at levels toxic to healthy cells. As a comparison, 

conventional drug administration (e.g., oral, intravenous, intramuscular) cannot be 

controlled or targeted to body compartments where the drug is required (Kostarelos. 

2003). 

2.1.4 Drug Release Mechanisms 

Controlled drug delivery system can be divided into different categories, based on 

their drug release mechanisms: diffusion-controlled drug delivery system, 

degradation-controlled drug delivery system and osmotic-controlled drug delivery 

system. 

2.1.4.1 Diffusion-controlled Drug Delivery System 

The diffusion mechanism has been employed for many controlled release devices. In 

the case of a diffusion control system, the drug can be surrounded by a polymer 

barrier (reservoir system) or it may be uniformly distributed throughout the polymer 

matrix (monolithic system). As shown in Figure 2.2, drug release is controlled by 
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transport of the drug through the polymer membrane or matrix with dissolution 

liquid, from where the drug is embedded (Alderborn, 2002; Langer and Peppas, 

2003). 

b) 

H W « 
« 

Figure 2.2 Schematic illustration of the mechanism of drug release from diffusion-

controlled drug delivery system, a) and b) show reservoir system and monolithic 

system, respectively (adapted from Alderborn, 2002) 

In general drugs in the diffusion controlled system are released in two steps: 1) 

diffusion medium diffuses into the system and dissolve the drug thus establish a 

concentration gradient of dissolved drug with higher drug concentration inside the 

drug delivery system; 2) the dissolved drugs diffuse out through the membrane or 

liquid filled pores following the concentration gradient. The drug release profiles can 

be obtained via solving Fick's second low of diffusion, giving appropriate boundary 

conditions: 
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dC 
^ = V . ( D V C ) 

where C and D are drug concentration in the polymer and diffusion coefficient, 

respectively. The concentration gradient over the diffusion distance, the diffusion 

area, the diffusion distance and the diffusion coefficient of the drug in the diffusion 

medium, all play a role in determining the drug diffusion rate (Alderborn, 2002). 

The reservoir system consists of a reservoir layer encapsulated by a non-degradable, 

hydrophobic layer. Its diffusion is controlled by how easily drug molecules can pass 

through the membrane. The diffusion kinetics is represented as the diffusion 

coefficient of a specific drug in a specific type of polymer membrane. Diffusion 

through the membrane can take place through liquid-liquid pores, or through the 

solid phase that forms the membrane. As the diffusion distance in this system 

remains constant, the drug release rate remains constant as long as a constant drug 

concentration gradient is maintained. The membrane based systems are limited to 

certain molecules and membrane materials. However, the pores of the typically used 

membranes are not big enough to allow transportation of large molecules such as 

proteins. Besides, hydrophobicity of the membrane material can also slow down the 

delivery rate. 

In the other case, matrix types of delivery systems, with the same polymer as the 

ones used in the membrane system, are often used, where drugs are dissolved or 

dispersed uniformly throughout the entire volume of the matrix. When the matrix 

device is exposed to dissolution liquid, the dissolution liquid penetrates inside, the 
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solid drugs embedded are dissolved and then diffuse through the polymer network. 

The interface between dissolved and non-dissolved zones moves from the surface of 

the device into the center. At the dissolving interface the solubility concentration of 

the drug remains constant. Drug solubility in the polymer matrix, drug solubility in 

the dissolution liquid, porosity and tortuosity of the drug release system, can 

effectively affect the drug release profile. Typically, the cumulative release 

percentage of the drug from the matrix type device is proportional to the square root 

of time. (Paul and McSpadden, 1976) 

2.1.4.2 Degradation-controlled Drug Delivery System 

A degradation controlled drug delivery system involves chemical reactions leading to 

polymer degradation when the polymer comes in contact with the release medium or 

microorganisms. Then the drugs encapsulated inside the polymer matrix can be 

released readily with the degradation process, as shown in Figure 2.3. As drugs 

release from the degraded polymer matrix, they also diffuse out of the drug delivery 

system. Thus the release mechanism is not only controlled by the chemical 

degradation of the polymers, but also by the diffusion process (Shah et al. 1992). 

• / • — • s 
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Figure 2.3 Schematic illustration of the mechanism of drug release from 

degradation-controlled drug delivery system (adapted from Alderborn, 2002). 

The polymer degradation process can be modulated by the selection of polymer with 

certain structure and surface properties. PLA, PLGA, poly(anhydrides), poly(ortho 

esters), and poly(amino acids) are amongst the most commonly used polymers for 

the degradation based delivery systems. Depending on where the degradation occurs, 

from the surface inwards, or homogeneously throughout the polymer matrix, these 

polymers follow two degradation/erosion mechanisms, namely surface erosion and 

bulk erosion. As the most popular material, the PLGA degradation based delivery 

systems were developed in various forms: film, enveloped form, and particle form 

(Yolles and Sartori, 1980). For more information about biodegradation of the 

polymer, we discuss in details in the following section. 

2.1.4.3 Swelling-controlled Drug Delivery System 

When water penetrates into the matrix of a hydrophilic polymer, the matrix swells 

due to the disentanglement and dissolution of the polymer. This characteristic is also 

used in controlled drug delivery systems, as the drug diffusion coefficient in the 

swelled region is much higher than that in the unswelled glassy region. In this case, 

the drug release behavior is controlled by the polymer matrix relaxation and 

dissolution, combined with drug diffusion in the polymer matrix (Harland et al. 

1988). 

Besides all the mechanisms discussed above, mechanical energy and electrical 
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energy are also employed in limited cases as release energy (Heilmann, 1984). In fact, 

in most drug release systems, one or more drug release mechanism may take place at 

the same time. The drug release from a polymeric device is determined by the time 

scale of three processes: drug and water diffusivity, polymer swelling and polymer 

erosion (Gopferich, 1996). 

The relationship between these three processes is shown schematically in Figure 2.4: 

fast Diffusion Process slow 

Figure 2.4 Schematic representation of the relationship between diffusion controlled, 

degradation controlled and swelling controlled biodegradable polymeric systems, 

(taken from Gopferich, 1996) 

If erosion is slower than the diffusion process, the drug will be released by diffusion. 

If diffusion of water into the polymer is faster than degradation but slower than 

polymer relaxation, the drug release is controlled potentially by swelling. The drug 
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release is erosion controlled only if degradation is the fastest process. For many 

polymers, the three processes have similar rates and they all contribute to the drug 

release rate. The sequence of events, mechanism and time of degradation is highly 

dependent on the geometry of the degrading device. 

Although different drug release mechanisms make it impossible to precisely predict 

the drug release fashion from certain drug delivery systems, yet there are several 

parameters that can affect drug release rate in general, including drug loading, device 

porosity and tortuosity, material intrinsic dissolution rate, etc. 
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The ideal scaffold should have a suitable pore size and high internal surface area for 

specific applications. It should also be suitable to incorporate bioactive molecules. In 

order to achieve this, many porous materials have been investigated and studied for 

controlled drug delivery, including silica, ceramic, and various polymer materials 

(Bryne et al. 2000; Grayson et al. 2003; Lai et al. 2003; Santiti et al. 1999; Slowing 

et al, 2007;). Most of these porous materials are used as reservoir devices, utilizing 

their void volume to house the therapeutics. The large surface area of porous material 

provides a convenient means by which enhanced drug loading and/or surface 

modification can take place to improve its properties. Here in this study we focus on 

the fabrication techniques for porous polymer materials. 

One of the concerns of fabricating porous polymer materials is that the technique 

applied should prepare porous materials from various polymers while protecting the 

incorporated drugs or other bioactive molecules during the processing There are 

various established fabrication methods of porous polymer materials, including fiber 

bonding, solvent casting and particulate leaching, melt molding, gas foaming, 

electrospinning, freeze-drying, etc. as discussed below. The properties of the scaffold 

such as pore size, porosity, biocompatibility, drug release rate, degradation rate and 

mechanical strength are essential and they are all affected by the manner of 

fabrication. However, none of these techniques meets all the requirements imposed 
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above. Porous scaffolding techniques generally create either a completely random 

geometry or only spherical pores. Most techniques involve the application of harsh 

conditions such as heat and pressure to the polymer or dissolving it in an organic 

solvent to mold the material into its desired shape. The excessive use of organic 

solvents may impose possible toxicity due to residual solvents in the porous polymer. 

While each method presents distinct advantages and disadvantages, the appropriate 

technique must be selected to meet the requirement for specific application. 

2.2.1 Fiber Bonding 

In order to improve the mechanical properties of a single fiber and prepare porous 

scaffolds, fibers can be bound together at their intersections. This technique is called 

fiber bonding (Cima et al. 1991). In this procedure, two biocompatible polymers are 

used. Fibers of polymer I are arranged and bonded together at their contact points by 

melting. Prior to heat treatment, Polymer II, which has a higher melting temperature 

than Polymer I, is dissolved in an organic solvent (non-solvent for polymer I) and 

cast over the fibers and then dried under vacuum in order to remove the solvent. 

Polymer II casting is applied here to protect the fibers of Polymer I and prevent its 

structure from collapsing at elevated temperatures. 

Heat treatment is applied to bond the fibers. The processing temperature falls 

between the melting temperature of Polymer I and II. After that, Polymer II is 

dissolved and removed from the fiber surface. The first example of this technique 
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was introduced by Mikos et al„ who used PGA as Polymer I, PLLA as Polymer II 

and methylene chloride as a solvent of PLLA. Mooney et al. further developed this 

technique by applying rotational movement during the spraying and arrangement of 

the fibers, which contributed to decrease the randomness of the final products and 

narrow the pore size distribution. 

This technique was the first technology that formed randomly connected fiber 

network structures. It is simple and easy to carry out. And the scaffolds made by this 

method have high area to volume ratio and high porosity, which is suitable to 

enhance cell attachment. However, this technique is limited to certain polymer and 

solvent systems and it can only prepare porous materials without any further control 

on the micro-structure that possesses acomplex three dimensional structure. And, as 

the diameter of the fibers cannot be adjusted during processing, the pore-size and 

porosity in the final product are uncontrollable. 

2.2.2 Solvent Casting and Particulate Leaching 

This technique improves the control over pore-size and scaffold porosity by choosing 

a porogen with desirable size. 

The porogen (usually salt particles) is sieved to ensure a narrow size-distribution 

prior to following treatments. A biocompatible polymer is dissolved into a solvent 

(non-solvent of the porogen), and then the porogen is mixed with the solution 

containing polymer to give a good dispersion. The whole mixture (solution) is cast 
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into a container and the solvent is allowed to evaporate. The residues are removed by 

further vacuum drying and the polymer is solidified. This prepares a polymer 

composite with the porogen well dispersed inside the polymer matrix. A solvent of 

the porogen is used to dissolve and leach out the porogen from the composite. This 

solvent is usually water, which cannot dissolve polymer. After removing of the 

porogen, spare space is formed inside the polymer matrix, with the same size of the 

porogen. 

This technique can prepare polymer porous materials with specific a pore-size, 

porosity and also surface-to-volume ratio, by choosing proper polymer-porogen-

solvent combination and adjusting the fabrication parameters , the type, amount, and 

size of porogen. The pores inside the porous material can be isolated or 

interconnected, depending on the amount of the porogen, if well dispersed in the 

system. The first example was reported by Mikos et al. in 1994 using both PLLA and 

a PLGA polymer matrix with salt particles dispersed inside (Mikos et al. 1994). 

Other systems with different polymer matrix or porogens were also reported (Hacker 

etal. 2003; Holy etal. 1999). 

Further development of this technique involves the control of the crystallinity of the 

polymer matrix by annealing the polymer matrix before particulate leaching. This 

technique is able to prepare highly interconnected porous materials with good control 

on the pore structure compared to previous ones. Plus, it requires a small amount of 

polymer to prepare porous materials. However, the incomplete leaching remains a 
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problem. Furthermore, the porous materials prepared by solvent casting are usually 

brittle which may limit their applications. Other polymers, including copolymer and 

polymer blends, can be introduced to solve this problem (Wake et al. 1996). 

2.2.3 Melt Molding 

This technique also requires the preparation of a polymer solution with porogen well 

dispersed inside as in the particulate leaching technique. However, instead of solvent 

evaporation right after the formation of the composite, the solution is poured into a 

mold with the required shape and the system is heated above the polymer melting 

temperature (Tm, for semicrystalline polymers) or glass transition temperature (Tg, 

for amorphous polymers), which allows the polymer chains to rearrange. After this, 

the composite is removed from the mold. It is cooled in an aqueous medium where 

the porogen can dissolve and leach out, thus forming the porous structure in the 

polymer matrix (Robert et al. 2000). In some cases, bioactive materials such as 

gelatin were used as porogen or part of the porogen, however, high processing 

temperature cause stability issues in these bioactive materials. This technique uses 

molds and porogens to create porous materials with complex three dimensional 

micro-structures. Compared to solvent casting, it provides more control of the final 

product via molding pressure and demolding techniques. 

To improve the randomly shaped porous structures created by the method mentioned 

above, micro-molding techniques have been developed to allow a more precise 
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control over the micro-geometry in biodegradable polymers. Micro-molds were 

prepared by photolithography and etching techniques to give precisely defined 

structures. The geometrical patterns of the micro-molds were transferred to target 

polymers by various molding techniques. However, most of the micro-molding 

techniques are limited to the production of two-dimentional micro-geometries. Some 

other micro-molding techniques, such as 3-D printing, lamination of two-

dimensional micro-patterned layers, and fused deposition modeling (FDM), were 

developed to from more precisely defined three-dimensional networks of micro-

structures in tissue scaffolds (Kim, et al, 1998; Vozzi, et al. 2002; Zein, et al. 2002). 

2.2.4 Gas Foaming 

In this technique, polymer disks (PLGA, for example) are firstly formed by 

compression. After compression, the polymer disks are treated with high-pressure 

CO2. The subsequent pressure decrease to ambient levels leads to the nucleation and 

formation of pores in the polymer matrix from the CO2 gas (Mooney et al. 1996b). 

Via controlling the maximum pressure loaded and the pressure reduction rate, this 

pore size can be controlled. 

This technique is free of organic solvent in preparing the porous material and thus 

decreases the biocompatibility issue for the implants. However, there is an issue 

about the influence of high pressure on the structure and bioactivity of the bioactive 

agents incorporated in the system. And the porous material made using gas foaming 
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lacks mechanical properties because of the irregular pore structures inside the 

polymer matrix. Besides, the porous structure only exits inside the polymer bulk 

without opening to the surface, hence the materials need further fabrication. By 

incorporating another technique such as particulate leaching, this problem can be 

solved and it gives porous structure with pores opened to the material surface (Harris 

etal. 1998). 

2.2.5 Electrospinning 

Derived from the electrostatic spraying for polymer coating, the electrostatic fiber 

spinning, or electrospinning, finds its use in the preparation of polymer porous 

materials. In this technique the polymer dissolved in solution is forced through a 

charged metal capillary at a constant spraying rate. The electrostatic field between 

the capillary and the collecting plate helps to assemble the fine fibers on the plate 

where the solvent evaporates and form the porous material. 

There are many parameters to control namely the pore size, porosity, and fiber 

thickness of the final products, including polymer-solvent combination, solution 

concentration, capillary diameter, ejection rate, electrostatic field voltage, distance 

between the capillary and the collecting plate, cooling temperature and even the 

material of the plate. Compared to fiber bonding, electrospinning puts few limitations 

on the polymer system and many biocompatible polymers can be used in this 

technique to prepare polymer porous materials (Yoshimoto et al. 2003). However, 
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due to its fiber nature, the final products still lack mechanical properties. 

2.2.6 Freeze Drying 

In this technique a desired polymer is dissolved in an organic solvent. Water is added 

to the solution and external forces are applied to emulsify the water, which is 

immiscible with the polymer solution, in the system. The emulsion is then poured 

into a metal container or mold and quenched in liquid nitrogen. After quenching, the 

polymer scaffold is freeze dried to remove water and solvent, thus a leaving porous 

structure inside the polymer matrix (Robert et al. 2000). 

Highly interconnected porous scaffold structures can be obtained by this method. 

This technique can be applied to various biocompatible polymers including PLA, 

PGA and PLGA. By dissolving water-soluble drugs in the water phase during 

preparation, drugs can be incorporated into the porous materials fabricated, showing 

the potential of this technique in developing drug delivery systems (Hsu et al. 1997; 

Yannas et al. 1980). However, it can only prepare porous materials with limited pore 

sizes. 

Other fabrication methods of porous polymer materials include phase separation, in 

situ polymerization, membrane lamination, etc. (Bryant and Anseth, 2001; Hua et al. 

2002; Moonev et al. 1994). 

In this group we have developed a novel fabrication method to prepare polymer 

porous material with highly controllable porosity and pore-size varying from 



submicron dimensions to hundreds of 

biocompatible polymers. This technique 

section. 
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microns. It can also be applied to most 

will be discussed in detail in the following 
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2.3 Biodegradable Polymers 

2.3.1 Introduction 

The material used for biomedical applications is a key issue in the development of 

novel medical treatments. Controlled drug delivery systems, which aim for the 

sustained release of a drug at a constant rate, are mostly fabricated using polymers 

with good biodegradability and biocompatibility. They are required to be non-toxic 

materials and offer easy control of the degradation behavior. 

Biodegradability describes the controlled or predictable degradation of material in 

vivo. While some materials may be designed as a permanent implant, an optimal 

drug delivery system can degrade and dissolve inside the body, then be depleted by 

human body, requiring no retrieval of the device after the drugs has been released. 

This avoids surgical costs and improves patient compliance. In tissue engineering, 

the degradation rate of the scaffold can be adjusted to match the rate of tissue 

regeneration. In this case, new tissue formation can effectively replace the material. 

A large number of biodegradable polymers provide promising results for biomedical 

applications. They were first approved for medical use by the FDA in the 1960s and 

have been extensively studied and used (Brannon-Peppas et al. 1997; Gilding and 

Reed, 1979; Middleton and Arthur. 1998; Uhrich et al. 1999). Since their successful 

development in 1970, synthetic biodegradable polymers have become popular 

materials in biomedical applications. The biodegradability of the materials, in 
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addition to their customized physical and chemical properties make them good 

candidates for implantable bio-medical devices. They have found use in different 

clinical applications in the form of implantable orthopedic devices (Middleton and 

Arthur, 2000) and controlled drug delivery systems (Chasin and Langer, 1990). 

Nowadays hetero chain polymers, which refer to polymers that have atoms other than 

carbon, such as oxygen and nitrogen, in their backbones, are widely applied. 

Polyesters including (lactide acid) (PLA), poly(glycolic acid) (PGA) and their 

copolymers (PLGA) are amongst the most widely-used, FDA approved, 

biodegradable polymers (Cam et al. 1996; Kulkarni et al, 1996). 

2.3.2 PLA 

Poly(lactic acid) or polylactide (PLA) is a biodegradable polyester than can be 

synthesized from natural sources such as starch. It has been reported that PLA is 

prepared via three methods: direct condensation/coupling of lactic acid, azeotropic 

dehydration condensation of lactic acid (as shown in Fig. 2.5) and ring opening 

polymerization of the cyclic lactide dimer, with the last one as the most general 

approach for production of high molecular weight PLA (Drumright et al. 2000). 
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Figure 2.5 Polymerization route to polylactide acid 

Lactic acid (2-hydroxypropionic acid, CH3CHOHCOOH) is the simplest hydroxyl 

acid with an asymmetric carbon atom. Depending on the pendant methyl group in the 

molecule, there are in two optically active configurations of lactic acid isomer, the 

L(+) and D(-) isomers, and their blend DL isomer. After synthesis, these isomers 

form PLLA, PDLA and PDLLA, respectively. PLLA is a semi-crystalline, optically 

active stereoregular polymer and PDLA is an amorphous, optically inactive racemic 

polymer, while PDLLA is a blend of the two (Lewis, 1990). 

In general, PLA is a semi-crystalline polymer. Its architecture and molecular weight 

determines its crystallinity, the mechanical properties and the processing temperature. 

The degradation behavior of PLA also depends on its crystallinity. PLLA shows 

higher crystallinity and due to the steric interactions between methyl groups and 

water molecules, PLA is more hydrolytically stable and has a slower degradation rate 
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as compared to PDLLA, typically requiring more than 2 years to be completely 

absorbed (Bersma et al. 1995; Middleton and Arthur, 1998). It has a melting point 

(Tm) of 175 °C and a glass transition temperature (Tg) of 65 °C. PLA shows high 

tensile strength, high modulus and low elongation (Garlotta. 2002). It is very soluble 

in organic solvents such as chloroform. Figure 2.6 shows the chemical structure of 

PLA. The high biocompatibility and non-toxic by-products of degradation present 

PLA as an ideal material for implantable drug delivery systems. 

CH, O 

O- CH—C-

Jn 
Figure 2.6 Chemical structure of poly(lactic acid) (PLA) 

PLA can be processed by many industrial scalable processing techniques including 

molding, foaming and bleding. It is approved by the Food and Drug Administration 

for its intended use in fabricating articles used in food industry and biomedical 

application including drug delivery devices and hard tissue scaffolds. The most 

common use of PLA in drug delivery has been in the form of drug-loaded 

microspheres (Ehtezazi et al. 2000; Wagenaar and Muller, 1994). 
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2.3.3 PGA 

PGA is also a crystalline biodegradable polymer. Figure 2.7 shows its chemical 

structure. Its crystallinity (reported in the range of 35-75%) is higher than PLA as it 

lacks the methyl side groups of PLA. High crystallinity leads to tight packing in PGA 

structure, giving PGA some specific physical and chemical properties such as its 

insolubility in most organic solvents. 

o 

• O — C H , 

n 
Figure 2.7 Chemical structure of poly(glycolic acid) (PGA) 

2.3.4 PLGA 

Blocks of PLA and PGA have been synthesized to form the linear amorphous 

biodegradable copolymer poly(lactide-co-glycolide) (PLGA). PLGA can be 

synthesized by random ring-opening copolymerization of these two different 

monomers. Figure 2.8 shows the synthesis and chemical structure of PLGA (taken 

from (Middleton et al. 2000). 
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Figure 2.8 Synthesis and chemical structure of poly(lactic-co-glycolic acid) 

The ratio of lactide and glycolide copolymers plays an important role in determining 

the properties of the final material. Its physical and chemical characteristics strongly 

depend on these two composites and their monomer ratio. For example, depending 

on the crystallinity of PLA composite, PLGA prepared from PLLA and PGA are 

crystalline copolymers, and those from P-D,L-LA and PGA are amorphous (Lewis, 

1990). 

Most forms of PLGA are amorphous in nature, and exhibit a glass transition 

temperature in the range of 45-60 °C. By increasing the glycolic acid percent in the 

copolymer and/or increasing molecular weight, the glass transition temperature (Tg) 

of PLGA increases correspondingly (Jamshidi, 1988). 

Lactic acid is more hydrophobic than glycolic acid and hence PLGA with high 
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molecule percents of PLA is more hydrophobic, less crystalline and degrades slower 

than PLGA with more PGA blocks. The degradation rate of PLGA also depends on 

the PLA:PGA ratio and increases with an increase in the percentage of glycolide 

copolymer (Anderson et al. 1997). However, PLGA 50:50 is an exception to the rule 

and shows the fastest degradation rate (1-2 months) amongst all forms of PLGA, 

PLA and PGA. 

As the degradation behavior of PLGA can be adjusted by the PLA:PGA ratio, the 

release of incorporated drug molecules can also be controlled. Besides its high 

biocompatibility and tunable physical properties, PLGA has been the most popular 

polymer used in resorbable implants and sutures, tissue engineering scaffolds and 

micro- and nanospheres for drug delivery and imaging (Kohn and Lenger, 1996; 

Kumar et al. 2001). The end products of PLGA degradation are lactic and glycolic 

acids, which are metabolized by the body. FDA-approved drug delivery devices 

using PLGA such as Nutropin Depot®, Trekstar Depot® and Zoladex®, has already 

been introduced into the market for treating cancer and hormone deficiencies. 
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2.3.5 Degradation and Erosion Mechanism 

Polymer degradation refers to the chain scission process that breaks polymer chains 

down to oligomers and finally into monomers (Gopferich. 1996). The degradation of 

the polymer matrix can play a crucial role in the drug release profile. 

Biodegradable polymers degrade either by the activity of biological agents such as 

enzymes, or by the hydrolytic cleavage in the backbone of the polymers, producing 

monomer and other low molecular weight degradation products. The most important 

mode of degradation for polymers used for drug delivery is chemical degradation, in 

which hydrolysable bonds between monomers are cleaved. The performance of 

hydrolyzable biodegradable polymers is primarily dependent on their erosion 

mechanisms (Gopferich. 1997). 

Mechanisms for erosion have been proposed which mainly include surface or 

heterogenous erosion, and bulk or homogenous erosion (Gopferich, 1996). Both 

mechanisms cause material loss from the polymer bulk and in most cases both two 

mechanisms usually happen stimutaneously and compete with each other (Auras et al. 

2004). Surface erosion occurs when the polymer degradation is faster than diffusion 

of water. In this case, the dimension of the polymer device gradually decreases 

during the degradation process. While bulk erosion occurs when the diffusion of 

water into the polymer is faster than degradation. In this case, the dimension of the 

polymer device remains constant even till the last stage of degradation. Enzymatic 
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degradation occurs only at the polymer surface, while non-enzymatic hydrolysis can 

occur throughout the polymer's bulk because water can diffuse through the 

amorphous regions of the polymer. The surface and bulk erosion processes are shown 

schematically in Figure 2.9 (adapted from Gopferich, 1996). 

a) 

b) 

Figure 2.9. Schematic representations of erosion mechanisms, a) surface erosion and 

b) bulk erosion. The dashed lines show the original device dimensions (adapted from 

Gopferich. 1996). 

Polymer degradation, assisted by either hydrolysis or enzymes, is typically 

characterized by a change in morphology and reduction of polymer mass. 

2.3.5.1 Factors Influencing Degradation Rate 

The biodegradation rate of a biodegradable polymer depends on many factors, which 

can be basically categorized into two groups: environmental factors and the nature of 
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the polymer. The environmental factors include water, pH value and temperature. 

Polymers need water for the hydrolysis process. Some plastics, such as PLA, will not 

biodegrade without prior hydrolysis. Water is also a requirement of microorganisms 

to grow. In general the hydrolysis reaction is more likely to take place in a moisture-

rich environment. As the degradation products of biodegradable polymer are mostly 

acids, they will lead to a pH value change in the exposure environment close to 

where the biodegradation process takes place. Poor diffusion and depletion of acids 

after being produced causes accumulation of acids, which influences the rate of the 

hydrolysis reaction, or the activities of living organisms (Siepmann et al. 2004; Klose 

et al. 2006). A decrease in pH is possible to cause an increase in polymer degradation 

(autocatalysis), if the polymer degradation can be catalyzed by protons. 

Temperature plays another significant role in controlling polymer biodegradation 

since both hydrolysis reaction rates and microbial activity increase as temperature 

increases. However, for microorganisms when the temperature is too high they may 

lose their viability. 

Polymer factors that influence degradation include the polymer structure, molecular 

weight, and crystallinity (Cam et al. 1996; Winzenburg et al. 2004). Polymer 

backbone structure and its side groups determine its flexibility. The biodegradable 

polymer should be conformationally flexible to move and rotate its atoms and 

chemical bonds, which offers easy access for the water molecules in the hydrolysis 
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process. In enzyme-catalyzed biodegradation, polymers with high flexibility can 

adjust easily to fit into the active reaction sites of enzymes. All these result in an 

increased degradation rate. Furthermore, since biodegradation can also be an 

enzymatic reaction, it is very specific to chemical bonds and the structures of 

particular functional groups. Atoms other than carbon in the polymer backbone make 

the polymers susceptible to hydrolysis and therefore can make them susceptible to 

biodegradation. 

Water can only diffuse through the amorphous regions of the polymer and hydrolytic 

reactions are controlled in part by the rate of water diffusion into the polymer bulk in 

the amorphous regions. For example, PLGA with higher percent of PLA, which is 

less crystalline than PGA regions, tends to degrade faster due to a more rapid 

hydrolysis process. 

It is also reported that there is upper limit of molecular weight at which 

microorganisms can degrade the polymer surface (Chandra and Rustgi, 1998). This 

value varies for different polymers. For example, PLA with a molecular weight 

above 20,000 Daltons is considered to be difficult to degrade by microorganisms 

(Auras et al. 2004). 

Besides all these polymer characteristics, the size and shape of the device are also 

considered as a factor affecting its degradation rate. Other conditions being the same, 

polymers with a higher surface to volume ratio will degrade faster than those with 
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low ones, as they expose more polymer chains to the external environment for 

hydrolysis and enzymatic degradation takes place. The best example is the nano-

device. Due to its small dimension and higher surface to volume ratio, nanoparticles 

degrade faster than the micro-devices. Device dimension also plays a critical role in 

determining the diffusion rate of the degradation products, which as discussed above, 

will change the micro-environment close to where degradation takes places. 

(Siepmann et al. 2004). 

Though hydrolysis and enzyme-assisted degradation take place, most degradable 

polymers used for drug delivery and medical applications are bulk eroding polymers. 

Their degradation is mostly caused by the hydrolytic cleavage of the ester bond and 

the penetration of water into the bulk is much faster than the polymer degradation. 
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2.4 Co-continuous Morphology of Polymer Blends 

Polymer blends are physical mixtures of two or more structurally different polymers. 

Polymer blending has been studied and used to develop new polymeric materials for 

several decades, as the product from polymer blending combines the properties of its 

components. (Paul and Bucknall, 2000; Utracki, 1989.). Compared to the synthesis 

of new monomers and the development of new polymerization routes, polymer 

blending is usually cheaper and less time-consuming. 

The immiscibility of two polymers is mainly a thermodynamic issue resulting from 

the unfavourable mixing enthalpy and low mixing entropy due to the nature of the 

polymers (Olabishi, 1979). 

^^mix ~ ^"mix ~ ' ' &^mix (2.2) 

The entropy of mixing ASmjX is a function of the molecular sizes being mixed. Due to 

the high molecular weight of polymers, ASmix is negligible. The enthalpy of mixing 

AHmix depends on the energy change associated with the changes in nearest neighbor 

contacts during mixing and it is positive in most polymer blends systems, as polymer 

blending is usually endothermic in nature. Thus the free energy of mixing is also 

positive. The polymers with a positive mixing free energy of mixing are immiscible 

polymers. Blending of these immiscible polymers leads to heterogeneous system 

with dual or multi phases. Here in this chapter we discuss binary polymer blends 

system only. 
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2.4.1 Co-continuous Morphology 

Generally in an immiscible binary blend system, the volume composition and the 

viscoelastic properties of the two polymers determine the type of the morphology. 

Most of the dual phase blends consist of a dispersed phase of one component which 

disperses in the matrix phase of the other component, which is continuous throughout 

the system. This morphology is called droplet/matrix morphology. Polymer with 

higher volume composition in the blends tends to form the matrix phase (major phase) 

and then encapsulate the other polymer with lower volume composition, which then 

forms the dispersed phase (minor phase). Given the same concentration, the 

component with higher fluidity tends to encapsulate the component with higher 

viscosity. The drop/matrix type morphology usually appears when the minor phase 

(dispersed phase) is at low volume faction. 

Furthermore, depending on polymer systems, there is an intermediate region where 

no clear dispersed phase and matrix phase can be identified as both components form 

a continuous phase. These two phases interpenetrate with each other throughout the 

bulk of the blend, as shown as Figure 2.10. 
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Figure 2.10 Schematic representation of immiscible binary polymer blends 

The black and white parts in Figure 2.10a) represent two polymers. Figure 2.10b) 

and 2.10c) show the structure for each polymer phase after the extraction of the other 

phase from the co-continuous binary polymer blends like the one shown in Figure 

2.10a) (Gregenetal. 1996). 

At this point, the continuity of each phase reaches 100%. The blend system with this 

morphology is called a co-continuous blend. This phenomenon is known as co-

continuity, or dual phase continuity. The term continuity is usually defined as the 

volume of minor phase involved in the continuous path divided by the total volume 

of the minor phase. 

Figure 2.11 a) schematically shows the transition from droplet/matrix morphology to 

co-continuous morphology. 
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Figure 2.11 Schematic relationship between polymer volume fraction and continuity 

(b is taken from Hsu and Wu. 1993) 

In Figure 2.11 <p is the volume fraction and 1 and 2 indicate two immiscible polymers 

1 and 2. Solid line shows the continuity of polymer 2 and the dashed line shows that 

of polymer 1. When polymer 2 is at a very low concentration (region I), it is well 

dispersed as droplets in the matrix phase of polymer 1. These droplets are isolated 

hence the continuity of polymer 2 is very close to 0%. Meanwhile, the continuity of 

polymer 1 is 100%. When the concentration of polymer 2 increases, it begins to take 
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more space in the binary system and some of the droplets begin to coalesce, which 

results in a gradual increase in the continuity of polymer 2, even if it is still a 

dispersed phase (region II). When the concentration of polymer 2 increases to a 

certain level, its continuity reaches 100%, while at the same time continuity of 

polymer 1 also maintains at 100%, indicating both polymers are fully interconnected 

through a continuous pathway. The blend system reaches the dual phase continuity 

region (region III) where both polymer 1 and 2 can be considered as matrix phases. 

Further increasing the polymer 2 concentration, phase inversion takes place, and 

polymer 1 loses its 100% continuity and becomes the dispersed phase while polymer 

2 maintains as the matrix phase. Here phase inversion refers to a transition 

composition at which a dispersed phase becomes a continuous phase, while the 

originally continuous phase becomes dispersed. The concentration window of dual 

phase continuity region depends on specific system of immiscible binary polymer 

blends. 

Co-continuous morphology development undergoes the transition from one minor 

phase dispersed in another matrix to dual phase continuity. This transition process 

can be explained by percolation theory, as shown in Figure 2.11b (taken from Hsu 

andWu. 19931 

At the beginning, particles of polymer of minor phase (represented as circles) are 

disconnected and separated from each other (A). As the volume fraction of minor 

phase increases, these particles progressively start to connect with each other, leading 
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to an increasing continuity (B and C), and finally continuity is established throughout 

the whole bulk (D). 

Blends with a co-continous morphology benefit from the properties of both polymer 

phases. Due to their potential to develop advanced materials for applications in many 

fields, such as conductive polymer and impact resistance materials, polymer blends 

systems with co-continuous morphology have been intensively studied (Cook et al. 

1996; Gubbels et al. 1994; Hourston et al. 1996; Levon et al. 1993; Tchoudakov et al. 

1996). 

2.4.2 Morphology Control 

Previously in research works from our group, we have carried out many studies on 

the fundamental mechanism of polymer blending and morphology control, especially 

the co-continuous morphology (Li et al. 2002; Sarazin and Favis. 2003; Yuan and 

Favis, 2004; Sarazin and Favis, 2005). It has been shown that the morphology 

parameters including the phase size, phase shape and its distribution, can be 

influenced and further controlled by a wide range of factors. Theoretical and 

experimental studies indicate that in a dual-phase immiscible polymer blend system, 

volume fraction (composition), rheological properties of the components, interfacial 

tension and processing conditions including shear rate, processing time and 

annealing time after blending, play important roles in determining the morphological 

structures of polymer blends (David, 1993; Favis, 1992). 
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2.4.2.1 Influence of Volume Fraction on the Morphology 

As mentioned in the last section, depending on various binary polymer systems, the 

co-continuous morphology appears at different ranges of volume fraction of one 

component. In order to obtain a co-continuous morphology, both components of the 

blends system must reach a sufficient quantity to form continuous phase. In order to 

control the phase size, other factors, such as interfacial tension, rheological 

properties and processing parameters, should be considered. 

2.4.2.2 Influence of Viscosity Ratio on the Morphology 

The viscosity of the polymer material indicates how it can spread and disperse during 

the blending process. A polymer with high viscosity resists changing its phase shape 

or being broken up. It has the tendency to be encapsulated by the polymer with lower 

viscosity. Viscosity ratio has strong influence on the phase size (Avgeropoulos et al. 

1976). 

The phase size increases as the viscosity ratio increases, which mean greater 

viscosity differences between the two components. Viscosity and viscosity ratio 

affect the morphology and the composition at the phase inversion point (Favis and 

Chalifoux. 1988: Jordhamo et al. 1986V 

Several researchers had proposed some equations in order to quantitatively explain 

the relationship between the blend composition and component viscosity at the point 

where the phase inversion takes place (Miles et al. 1988): 
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where q> is the volume fraction and r](y) is the viscosity under shear rate of y. 1 and 

2 indicate two polymers. 

Later in 1990s, Ho et al. revised the equation by adding an exponential factor of 0.29 

at the side of viscosity ratio (Ho et al. 1990). 

^ = 1 . 2 2 ( ^ ) 0 - 2 9 (2.4) 
<P2 172 0 0 

Both models predict that the less viscous polymer has a stronger tendency to become 

the continuous phase. However, the value of the phase inversion point predicted from 

these theoretical equations does not match well with the experimental results as all of 

them neglected the influence of the classical parameters governing the formation of 

dispersions, such as interfacial tension, shear rate, matrix viscosity and phase 

dimension. Taking all these into consideration, Willemse developed an equation 

relating the critical composition of the minor phase at the co-continuous region to 

these factors (Willemse. 1999): 

— = 1.38 + 0.0213 ( ^ f l 0 ) 4 - 2 (2.5) 
<Pd a 

where cp is the volume fraction of the dispersed phase, r\m is the viscosity of the 

matrix, y is the shear rate, o is the interfacial tension and R0 is the thread radius. This 

relation gives the lower and upper limit, respectively, of the range of co-continuity 

region in volume fraction. However, this equation is also limited as the thread radius 

needs to be examined first. 

2.4.2.3 Influence of Interfacial Tension on the Morphology 

The formation of a continuous phase during polymer blending, and also its stability, 
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strongly depends on the interfacial tension between two polymer liquid phases. The 

size of the dispersed phase usually decreases as the interfacial tension diminishes. A 

binary polymer blend system with a low interfacial tension tends to form large co-

continuous region and improve system stability (Verhoogt et al. 1994; Willense et al. 

1999). 

Most polymer blend systems are unstable. Addition of a compatibilizer can be an 

efficient way to stabilize the co-continuous morphology by reducing the interfacial 

tension and minimizing the interfacial energy. The compatibilizer contributes to 

improve the interfacial adhesion, strengthen the interface and consequently, achieve a 

smaller minor phase size and finer morphology (Matos and Favis 1995; Sakellariou 

et al. 1993; Willis and Favis. 1988). 

A block or graft copolymer, usually derived from the two homopolymers in the 

binary system, is among the most frequently used compatibilizers. It was shown that 

the addition of a diblock copolymer in a binary blend system can improve the 

stability of a molten polymer thread as the interfacial tension in that system was 

reduced by a factor of 4 (Elemans et al. 1990). 

Different block segments in the copolymer exhibit a strong affinity to one of the 

polymer phase. The compatibilizer usually stays at the interface, with its molecular 

chains penetrating into both polymer phases, reduces interfacial tension and prevents 

coalescence by steric stabilization of the microstructures (Elemans et al. 1990, 

Mekhilef et al. 1997). 
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Especially for the incompatible polymer blends, a small amount of diblock 

copolymer can contribute to stabilizing the interface and hindering coalescence, 

which leads to a morphology with small phase size and a narrow phase size 

distribution (Bourry and Favis, 1998; Li et al. 2002). Wills and Favis noticed that 

there appears to be a critical value of the compatibilizer percentage in the system 

after which very little change of phase size is observed (Willis and Favis, 1988). This 

critical value depends on the interfacial area. 

2.4.2.4 Influence of Processing Conditions on the Morphology 

Processing conditions, including processing temperature, processing time and 

annealing time after polymer blending, affect all aspects of the morphology and 

hence the blend properties. 

Processing temperature must be high enough to melt both polymers and achieve a 

certain liquidity for the blending process. However, when blending with a polymer 

with low thermostability, high temperature can be an issue as it may cause thermo-

introduced degradation. Also a polymer blend system with high system temperature 

during processing will take a longer time to freeze-in its morphology, which results 

in a growing and larger phase size. Considering these points, the processing 

temperature is kept as low as possible as long as the blend system is still processible 

in most cases. 

A molten blend system achieves the final morphology only if the system reaches an 

equilibrium state under the processing temperature and the shear rate. Normally this 
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is monitored via the temperature and the torque value during. During blending, the 

torque value decreases gradually as the polymer blend achieves better mixing and a 

finer distribution. When the system approaches its final morphology, it becomes 

stable as well as the system temperature. 

From a thermodynamic point of view, the co-continuous morphology is a 

thermodynamically non-equilibrium structure. Removing the heating and shearing 

during the blending, the system will gradually return to a conventional morphology, 

where droplets of one phase are dispersed in a matrix of the other phase, which lower 

the interfacial area and thus free energy. This phenomenon is considered as static 

annealing. However, due to the high viscosity of polymers, which increases as the 

system temperature decreases, it takes time for the system to change its morphology, 

hence it is possible to freeze-in this morphology right after its formation by 

decreasing the system temperature. It makes static annealing an important factor 

affecting the formation of final morphology after polymer blending. Yang and Han 

report the influence of annealing time on phase size and its distribution in polymer 

blends (Yang and Han, 1996). The average domain size increases and its distribution 

broadens as annealing time increases. Due to higher liquidity of the polymer at 

higher temperature, the system changes its morphology via phase size growth at a 

much faster rate if the system temperature is kept high after the blending. In other 

words, keeping the system at high temperature for long annealing times will lead to a 

higher probability of phase motion and coalescence, and hence greater phase size and 
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wider phase size distribution. Sarazin et al. studied the temperature-introduced 

coalescence effect on poly(epsilon-caprolactone)/polystyrene (PCL/PS) polymer 

blends and showed the same trend (Figure 2.12) and the effect of annealing time 

(Figure 2.13) (Sarazin and Favis. 2005. Sarazin et al. 20041. 

Figure 2.12 Effect of annealing temperature on binary blends morphology (show the 

pore-size and distribution) (taken from Sarazin and Favis, 2005) 

Figure 2.13 Effect of annealing time on binary blends morphology (show the pore-

size and distribution) (taken from Sarazin et al, 2004) 

In some extreme examples, for example, in the polymer blends with a co-continuous 

morphology at asymmetric compositions, it is possible to transform the structure into 

a droplet/matrix morphology. This also depends on the composition range of the dual 

phase continuity region in the phase diagram (Figure 2.11a), for a specific polymer 

blends system. The system with a narrower co-continuous region tends to 

¥i"^b 
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disintegrate and change its morphology more readily and more easily. 

Previously in our group, studies have shown that we can control the morphology in 

polymer blends by adjusting all these factors. 

In this study, polymer blending and morphology control was applied as a route to 

prepare a porous polymer material. The interconnected porous material was obtained 

from co-continuous polymer blends by selectively removing one phase from the 

blends. The pore size of the porous material corresponds to the phase size of the 

extracted phase in the polymer blends and so it can be controlled in the same manner 

as phase size. Thus, porous materials with controllable pore-size, void volume and 

surface area can be prepared, which have their potential applications in many fields 

such as drug delivery and tissue engineering (Favis et al. 2004). 
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2.5 Surface Modification of Polymer 

2.5.1 Introduction 

As discussed in previous sections, polymer materials, especially biopolymers, have 

been widely used to prepare substrates or scaffolds used in the biomedical field. 

PLA, for example, possesses biocompatibility and biodegradability suitable for 

biomedical applications. Its degradation products are non-toxic and less 

immunogenic. It degrades to natural metabolites and in the field of tissue engineering, 

its degradation rate is comparable with the healing time of the damaged human 

tissues. PLA can be tailored to particular applications by manipulation of shape, 

porosity, degradation time, etc. 

However, the protein and cell attachment mostly depends on the surface properties. 

Although PLA is widely used in biomedical application, the lack of tissue 

compatibility and resistance to biological environment are the problems that still 

remain, which lead to insufficiency of the scaffolds in constructing a friendly 

interface with proteins and living cells. Generally, this hydrophobic polymer is 

unfavorable for protein and cell attachment unless modified to a hydrophilic surface 

with higher surface energy and a corresponding lower water contact angle. The 

surface of PLA lacks of functional groups to support covalent attachment, which 

makes the surface modification complicated. 

Therefore, in certain cases that require better interaction of the material with proteins 
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or cells, surface modification of PLA is necessary. The goal is to modify the surface 

properties including the hydrophobility/hydrophilicity, surface energy, surface charge 

and surface roughness, in order to improve the protein/cell affinity of the polymer 

scaffold. Extensive work to develop practical and economical methods for surface 

modification of PLA towards improving hydrophilicity, has been carried out and 

many different biologically functional molecules have been chemically or physically 

immobilized on polymeric supports, including protein immobilization via graft 

polymerization (Ma et al. 2002a; Ma et al. 2003b; Yang et al. 2003). ozone 

oxidization (Suh et al, 2001), carbon negative-ion implantation (Tsuji et al. 2002; 

Tsuji et al. 2005), physical entrapment (Cai et al. 2002; Quirk et al. 2001; Zhu et al. 

2003.), plasma modification (Hirostru et al. 2002; Inagaki et al, 2002, Inagaki et al. 

2003; Tang et al. 2002) and coating of polyelectrolytes and/or biomolecules by 

Layer-by-layer technique (Alem et al. 2007; Chen and McCarthy, 1997; Decher, 

1997; Hsieh et al. 1997; Lin et al. 2006; Zhu et al. 2003). etc. Among all these, layer-

by-layer surface deposition is proved to be able to effectively modify surface 

properties of polymer materials, especially polymer materials with complicated 

internal structures. 

2.5.2 Layer-by-Layer (LbL) Electrostatic Self-Assembly (ESA) 

In this work the surface modification approach will use the LbL technique discussed 

below. The technique of LbL assembly discovered by Decher and co-workers 
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(Decher et al, 1992, Decher, 1997), has been employed widely, such as in biosensors, 

separation or dialysis membranes, nonlinear optical devices, surface modification, 

etc., due to its simplicity and versatility. 

2© 
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Figure 2.14 Schematic presentation of LbL surface deposition of polyelectrolytes 

onto a film substrate (taken from Decher, 1997) 

Essentially, as shown in Figure 2.14, a polyelectrolyte, for example, is deposited 

from an aqueous solution onto a surface of opposite charge. After rinsing to remove 

the loosely adsorbed polyelectrolyte on the surface, the deposited polyelectrolyte 

leads to a reversal of the net surface charge, due to excess charged groups of polymer 

chain on the surface, allowing the subsequent deposition of a second, oppositely 

charged polyelectrolyte. It presents a new alternative to produce biomaterial surface 

coating. The process has many important advantages over other techniques for 

preparing ordered multilayer thin films; for example, the assembly is based on 

spontaneous adsorption and stoichiometric control is not necessary to maintain 

surface functionality, the assembled molecular films exhibit a much larger thermal 

and mechanical stability than that of its component, and can be prepared up to 
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hundreds of layers, and so on (Chen and McCarthy, 1997). Multiple repetitions of 

this process lead to the build-up of a strong, coherent surface coating, generally with 

a thickness ranging from tens to hundreds of nanometers. Most of all, the procedure 

can be adapted to almost any type of surface as long as surface charges are present, it 

is not restricted to substratum and can be used for coating arbitrarily shaped objects, 

which is most important for surface modification of scaffolds in tissue engineering. 

This technique is more practical and important for scaffolds with irregular shape and 

complex inner surface, while the traditional methods are generally unavailable in 

these cases. This technique is not limited to polyelectrolytes, other charged species 

including polypeptides, proteins and DNA, have also been used to prepare 

multilayers (Lvov, 1994; Lvov, 1995; Muller, 2001). Many of them are extracellular 

matrix (ECM) or extracellular matrix-like molecules. Charged macromolecules such 

as negatively charged polystyrene sulfonate) (PSS), poly(acrylic acid) (PAA), 

heparin, glycosaminoglycan (GAG), bovine serum albumin (BSA), gelatin, 

chondroitin sulfate (CS), alginate sodium, hemoglobin as well as positively charged 

poly(diallyldimethylammonium choloride) (PDADMAC), poly(ethyleneimide) (PEI), 

poly(allylamine hydrochloride) (PAH), poly(L-lysine) and chitosan, are widely used 

to modify the polyester surface. 

To effectively modify PLA surface, generally, before depositing the first layer, some 

treatment on the PLLA surface to improve its hydrophilicity is necessary. Aminolysis, 

a technique widely used in the synthetic textile industry, has recently been 
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recognized as a highly versatile method to impart functionality to the surface of 

ester-based polymers. Using multifunctional amine, or branched polyethylenimine 

(PEI), for example, one can add a significant density of primary amine groups to the 

surface in the form of new polymer end groups. These impart a positive charge to the 

surface, not only crucial to the layer-by-layer technique, but also provide 

functionality for the covalently attachment of these layers to give added strength to 

the multilayer-substrate bond. 

Zhu et al. introduced a novel technique to introduce free amino groups onto polyester 

scaffolds via aminolyzing the ester groups with diamine to improve the surface 

hydrophilicity, also it can provide the possibility to modify the polyester surface via a 

simple way such as layer-by-layer (LbL) electrostatic self-assembly (ESA) of 

charged species as aminolyzed polyesters can be used as polycationic substrata. 

Figure 2.15 Schematic representation of aminolysis and layer-by-layer self-assembly 

process with oppositely charged polyelectrolytes on an aminolyzed PLLA membrane 

surface (taken from Zhu et al. 2003). 
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They reported the construction of assembly films with poly(sodium 4-

styrenesulfonate) (PSS) and chitosan on the aminolyzed PLLA membrane surface via 

LbL deposition. By measuring the hydrophilicity of the modified PLLA surface with 

different numbers of deposited layers via water contact angle measurement, we can 

follow the LbL deposition process, as the surface wettability is primarily controlled 

by the polymer's outermost surface layer if the layer is uniform (Zhu et al. 2003). 
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Figure 2.16 Advancing contact angle as a function of the layer number of PSS and 

chitosan. Odd numbers represent films with PSS as the outermost layer, whereas 

even number films have chitosan as the outermost layer (taken from Zhu et al. 2003). 

The surface morphology of biomaterials also has a big influence on protein and cell 

attachment and function in addition to the surface chemistry. Therefore it is 

important to understand the influence of the chemical treatment on polymer 

morphology. So atomic force microscopy (AFM) measurements were applied and 
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displayed that the PLLA membrane surface became rougher and had some pores with 

a size of several tens to hundreds of nanometers after it was aminolyzed with 1,6-

hexanediamine (Figure 2.17b). Figure 2.17c showed that one bilayer of PSS/chitosan 

(chitosan as the outermost layer) has little influence on the surface morphology of 

PLLA. After four bilayers are deposited, the surface became a little bit smoother 

(Figure 2.17d). This result can be explained since the deposition of polyelectrolyte 

layers has the ability to smooth-out a rough surface. Moreover, the pores on the 

surface became smaller as well. It is worth noting that this smoothing effect occurred 

in a scale of micrometers. 

(c) (d) 
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Figure 2.17. SFM images (tapping mode) of the PLLA surface: (a) control; (b) 

aminolyzed with 1,6-hexanediamine; (c) deposited by one bilayer of PSS/chitosan 

with chitosan as the outermost layer; (d) deposited by four bilayers of PSS/chitosan 

with chitosan as the outermost layer (taken from Zhu et al. 2003). 

Lin et al. modified poly(L-lactide) (PLLA) surface via aminolysis by poly(allylamine 

hydrochloride) (PAH) at high pH and subsequent electrostatic self-assembly of 

poly(sodium stryrenesulfonate) (PSS) and PAH (Lin et al. 2006). The process was 

monitored by X-ray photoelectron spectroscopy (XPS) and contact angle 

measurement. These modified PLLAs were then used as charged substrates for 

further incorporation of gelatin to improve their cytocompatibility. The gelatin 

adsorption at pH=3.4 resulted in higher surface coverage by gelatin than pH=7.4, 

reported by Zhu et al. (Zhu et al. 2003V 

Nil/ Ni l / Nil,* 

Figure 2.18 Schematic illustration of the modification of the PLLA substrates (taken 
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from Lin et al. 2006). 

PAH has a reported pKa of -10.6 (Chen and McCarthy, 1997) and its degree of 

protonation is pH dependent. At high pH PAH is able to react with PLLA by 

amidation as a free base to form a covalently attached PAH layer. At lower pH there 

was lower PAH adsorption, and at pH above the pKa of PAH, amidation was 

extensive, as PAH becomes increasingly deprotonated and both charge-charge 

repulsion and polyelectrolyte solubility are diminished. 

Figure 2.19 Water contact angles of the PLLA surfaces treated by PAH solution at 

different pH values (taken from Lin et al. 2006). 
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Figure 2.20 Water contact angles as a function of treatment time of the PLLA 

surfaces treated with PAH solution at pH=ll .2 (taken from Lin et al. 2006). 

The water contact angle data show that the adsorption of PSS and PAH improves the 

hydrophilicity of the PLLA surface, with PSS top layers being more hydrophilic than 

PAH top layers (lower contact angle indicates higher hydrophilicity). 
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Layer number 

Figure 2.21 Contact angles of the PAH/PSS multilayer assembly: layers of odd 
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numbers have PAH as the outermost layer; layers of even numbers have PSS as the 

outermost layer (layer zero is the virgin PLLA) (taken from Lin et al. 2006). 

The solution pH is critical in the application of gelatin as a modifier via electrostatic 

assembly to improve the cell compatibility of synthetic polymers. Isoelectronic polint 

(IEP) of the gelatin is 5.0. At pH=7.4, which is above the IEP, the gelatin molecules 

carry a net negative charge due to the dissociation of the carboxyl groups. This pH is 

however much lower than the pKa of PAH. So the PLLA/PAH surface carries a 

positive charge, which provides the electrostatic driving force for the adsorption of 

the negatively charged gelatin molecules. On the other hand, at pH=3.4, which is 

below the IEP of the gelatin, the positively charged gelatin is able to deposit onto the 

negatively charged PLLA/PAH surfaces. 

Compared to the results reported for PLLA modified by PEI/gelatin assembly (Zhu et 

al. 2003), where eight cycles of PEI/gelatin assembly at pH=7.4 and crosslinking 

with glutaradehyde afterwards were involved, Lin et al. applied only one gelatin 

deposition at pH=3.4 after the surface was charged. This was stable enough without 

crosslinking treatment, and the improvement on the chondrocyte compatibility for 

PLLA was more prominent, and both cell attachment and viability numbers were 

slightly higher as well. However, probably due to the charge repulsion between the 

positive charge carried by the ammonium groups on the gelatin molecules and on the 

substrate, the amount of gelatin adsorbed on the PLLA/PAH substrate is significantly 

lower than that on PLLA/PSS at lower pH, and the improvement is not as dramatic. 
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Most of these studies are for membranes with a flat surface. Different structures of 

porous scaffold and flat film would cause different surface properties after 

modification. It is reported by Alem et al. that the LbL assembly with the nanopores 

has a very different picture of layer growth, the increments of thickness per cycle of 

deposition being much larger than on flat surfaces by factors as large as 100 for some 

cases (Alem et al. 2007). No significant dependence of this increment was found on 

the molar mass of the polyelectrolytes and on the ionic strength of the solutions, 

indicating that the size of the chains in the starting solutions is of little importance for 

this process. In contrast, the thickness of the LbL assemblies depends strongly on the 

pore diameter, being proportional to pore diameter at low diameter, then 

progressively deviating from this relationship for diameters above 250 nm. These 

observations strongly suggest that polyelectrolyte complexation occurs within a 

dense gel filling the whole nanopore, resulting from the entanglement of chains in 

the confined space of the pore. Upon drying, the gel collapses in a tube with wall 

thickness directly proportional to its diameter. Deviations from linearity result from 

slightly different degrees of swelling of the multilayers. 

In this paper (Alem et al. 2007) authors studied the layer-by-layer (LbL) deposition 

of a pair of strong polyelectrolytes within the nanopores of track-etched membranes, 

for pore diameters ranging from -50 to 850 nm. The end-to-end distance of the 

polyelectrolyte chains in solution was varied from 10 to 50 nm by selecting 

polyelectrolytes of low and high molar mass and by adjusting the ionic strength. 
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When the LbL assembly is performed within nanopores, a very different picture of 

growth emerges, with increments of thickness per cycle of deposition being much 

larger than on flat surfaces (by factors as large as 100 in some cases), and no 

significant dependence on molar mass or ionic strength. By using polyelectrolytes of 

lower molar mass, pore diameters as small as 50 nm could be filled. 

To address the concern of different protein adsorption onto auto-assembled 

polyelectrolyte films, Ladam et al. found that the proteins strongly interact with the 

polyelectrolyte film, irrespective of the charge states of both the outermost layer and 

the protein (Ladam et al. 2000). When charges of the outermost layer and protein are 

similar, one usually observes the formation of protein monolayers, which can 

become dense. If the protein and outermost layer become oppositely charged, the 

adsorbed amounts are usually larger and the formation of the thick protein layers 

extending up to several times the largest dimension of the protein. They gave two 

models to explain this phenomenon, as shown in Fig. 2.22: 
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Figure 2.22 Schematic representation of the first proposed buildup process of human 

serum albumin (HAS) layers on films terminating with poly(allylamine 

hydrochloride) (PAH), (a) For low HSA concentrations: no structuration occurs; (b) 

for high HSA concentration: the HSA molecules immediately mainly adsorb in 'end-

on' configurations on the polyelectrolyte film (taken from Ladam et al. 2000). 

A dense organized layer of adsorbed proteins on films terminating with PAH should 

lead to a net positive surface charge that attracts new HSA molecules. This buildup 

process can thus repeat itself and give rise to a thick protein layer. As the layer 

increases in thickness, the order between the adsorbed molecules decreases, leading 

also to a reduction of the positive surface charge so that after several protein layers 

the adsorption process ultimately stops, as shown in Fig. 2.23. 
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PAH 

Figure 2.23 Schematic representation of the second proposed model to explain the 

buildup process of thick HSA films on PEM terminating with PAH. (a) For low HSA 

concentrations, as time evolves the PAH polylectrolytes readjust their conformations 

leading to a tighter interaction with the HSA molecules that prevents further protein 

adsorption, (b) For high HSA concentrations such a readjustment has no time to take 

place and polyelectrolyte loops can emerge out of the first adsorbed protein layer 

leading to subsequent protein adsorption (taken from Ladam et al. 2000). 

Several techniques, including UV-Vis adsorption, quartz crystal microbalance 

(QCM), and ellipsometry can be used to characterize the buildup of the 

polyelectrolyte multilayers, via the mass and thickness increase upon the adsorption 

of each single layer (Ariga et al, 1997; Ferreira and Rubner, 1995; Harris and 
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Bruening, 2000). Besides, other techniques, such as atomic force microscopy (AFM), 

X-ray reflectometry, can be applied to obtain further information about the 

morphology change and polyelectrolyte multilayer structures (Arys et al, 2001; 

Dubas and Schlendoff, 2001; Mcaloney et al, 2001). 



CHAPTER 3 

EXPERIMENTAL METHODOLOGY 

Figure 3.1 summarizes the total experimental procedures. 
Biodegradable Polymer Porogen Polymer 

(PLA) _ _ (PS) 

YesXj L3E, L3C 
L5E,L5C 

Figure 3.1 Experimental Summary 

See abbreviations (page XXXII) and Appendix B 
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Polylactide (PLA) was obtained from NatureWorks (commercial grade: 6201D) in 

pellet form. Polystyrene (PS) with a molecular weight of 192,000 (commercial grade: 

615APR) was purchased from Dow Chemical of Canada. 

Poly(diallyldimethylammonium chloride) (PADAMAC) as polycation, 

Mw= 100,000-200,000, poly(sodium 4-styrenesulfonate) as polyanion with 

molecular weight of 70,000, and bovine serum albumin (BSA) solution in water (30 

wt%) were purchased from Sigma-Aldrich. Properties of the polymers, 

polyelectrolytes and protein used in this study are listed in Table 3.1. Sodium 

choloride, cyclohexane and chloroform were purchased from Laoratoire MAT, 

Beauport (Quebec). All materials are used as received. Water used in all experiments 

was prepared by Milli-Q Millipore Biocel 3-stage microfiltration system which 

prepares filtered water with a resistivity of at least 18.2 MO cm. 

Table 3.1 Characteristic Properties of the Materials 

A , Density (g/cm3) Glass Temp 
M w 20 °C 200 °C C Q S U P P h 6 r 

PLA 
PS (615 APR) 
PDADMAC 

PSS 
BSA 

192,000 
100,000-200,000 

70,000 
64,000 

1.23 
1.04 

1.09 
0.97 

55 
105 

NatureWorks 
Dow Chemical 
Sigma-Aldrich 
Sigma-Aldrich 
Sigma-Aldrich 
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3.2 Blend Preparation 

PLA/PS binary blends in 50/50 volume fraction were prepared via melt blending the 

two polymers in a Brabander internal mixer with roller blades. Prior to mixing, PLA 

and PS were dried for 48 hours in a vacuum oven at 70 °C and room temperature, 

respectively. In order to ensure 50/50 volume ratio in the blends, densities of PLA 

and PS at 200 °C were used to calculate the loading amount. The total chamber 

volume is 48.3 mL. The mixing chamber temperature was set as 200 °C and the blade 

rotation speed at 50 rpm. Polymers were mixed for 10 minutes after being fed into 

the chamber. During mixing, a constant flow of dry nitrogen was introduced into the 

chamber to protect the PLA from oxidative degradation. The PLA/PS blend was 

quenched for 5 minutes in ice water in order to freeze-in its morphology. Afterwards, 

the dried specimens were cut into cylinders with a diameter of 3.00 ± 0.10 mm and 

length varying from 3.50 mm to 4.50 mm, using a circular saw at high speed. Under 

the nitrogen blanket, the PLA and PS used here were found to be stable for over 30 

min at the processing temperature. 

3.3 Preparation and Characterization of Porous Device 

3.3.1 Solvent Extraction and Extent of Continuity 

The solvent extraction of the PS phase in the blend was performed in a Soxhlet 

extraction apparatus. Cyclohexane was used as the selective solvent of the PS 
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porogen phase in the blend. Solvent temperature inside the Soxhlet apparatus was set 

at 50-60 °C and the extraction lasted for one week. After extraction, the samples 

were dried inside a vacuum oven at 60 °C to constant weight. The extraction was 

carried out until the dried extracted specimens achieved constant weight. 

A gravimetry measurement was applied to calculate the continuity of the extracted 

PS phase (Cont), which is given by: 

Cont (%) = ^ ^ x 1 0 0 % (3.1) 

Wi 

where W; and Wd are the initial weight of the specimen and the specimen weight 
after solvent extraction and drying, respectively. 

3.3.2 Microtomy and Microscopy Surface Characterization 

In order to prepare a smooth surface for microscopic measurement and surface 

characterization, the samples were microtomed using a Leica RM 2165 microtome, 

equipped with a glass knife. Because the glass transition temperature of PLA is 50-

80 °C, the cutting was carried out at room temperature without further deforming the 

surface. The samples for Scanning Electron Microscopy (SEM) were then extracted 

with cyclohexane to remove the polystyrene phase then dried, coated with goad-

palladium alloy, and finally observed under a Jeol JSM 840 Scanning Electron 

Microscopy at a voltage between 8 to 12 kV. Samples of closed-cell structures and 

samples for X-ray Photoelectron Spectroscopy (XPS) were cut at room temperature 
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using a razor blade, directly from the porous sample after solvent extraction. The 

SEM images were then analyzed via an x-y digitizing table to give the pore-size. 

3.3.3 Pore-size and Surface Area Determination via BET 

Pore-size and surface area are two essential parameters to characterize porous 

material. As for the three dimensional porous device we developed, the conventional 

image analysis technique is limited to precisely measure such porous samples as it 

can only derive data from two-dimensional images. Hence BET (Nitrogen 

adsorption/desorption) technique was applied to solve the problem. 

Dynamic BET measurements were carried out by N2 physisorption using a 

Quantachrome Autosorb-1 (Boyntom Beach, FL, USA) apparatus at 77.35 K using 

liquid nitrogen bath, in order to determine the number average diameter dn, the 

volume average diameter dv, and the surface area S. This technique is based on the 

gas adsorption and desorption on the surface. The gas adsorbed will form a 

monolayer on the surface. The amount of gas to form this monolayer can be 

calculated giving the volume of nitrogen used. Plus the physicochemical properties 

of nitrogen, the area covered by single nitrogen molecule is known. The sample cell 

with controlled continuous nitrogen/helium mix gas flow is placed, kept and then 

removed from a liquid nitrogen bath. During this process, nitrogen gas adsorption 

and then desorption on the surface took place. The composition change in the mix 

flow due to the nitrogen adsorption and desorption is recorded and analyzed by a 
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thermal conductivity detector, which finally calculates the adsorbed nitrogen 

molecule number. The surface area of the sample can be derived from this number, 

with the known data of area covered by single nitrogen molecule. Due to the 

accessibility of gas to the interior surface, BET technique is very useful for 

measurements of three dimensional porous samples. 

The BET technique derives its name from the BET equation developed by Brunauer, 

Emmett, and Teller (Braunauer, 1938): 

_ J ^ = J _ + (£li2E ( 32 ) 

v(Po-P) vmc vmbp0 

The experimental pressure, p, at which a volume of vapor adsorbent, v is adsorbed to 

a surface, can be used to calculate the saturated volume of vapor adsorbent, vm, when 

the saturated vapor pressure is known, po. In this equation, c is a constant 

proportional to the energy of adsorption of the gas. This equation is used to estimate 

the volume of gas required to form an adsorbed monolayer and it gives the best fit of 

experimental data. Then the surface area of the sample can be calculated by 

determining the total number of gas molecules adsorbed from the volume of gas 

adsorbed. Giving the number of molecules, the area occupied can be calculated by 

multiplying the number of molecules by the space occupied by each molecule. 

Noticing that if c » 1 in Equation 3.2, the equation can be simplified into: 

v m = v ( l ~ % 0 ) (3.3) 

Hence even a single point method that measure the volume of gas and the 

corresponding experimental pressure can give a value of estimated vm. Then the 
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surface area of the sample, S, can be calculated using the following equation: 

S = aN Vm (3.4) 
"nitrogen 

where a, N, and Vnjtrogen are the area occupied by a single adsorbed nitrogen molecule 

(16.2x10"" m ), Avogadro's number and the molar volume of nitrogen, respectively. 

The experimental accuracy can be improved by conducting multi-point 

measurements. 

Assuming the interconnected pores inside specimen as interconnected cylinders and 

knowing the extent of continuity via gravimetry measurement during the solvent 

extraction step, and the sample void volume (50% of the sample), the pore-size 

(diameter d) can be given by 

d = AV/S (3.5) 

in which V is the total volume of pores and S is the interior surface area. The total 

pore volume was determined from the adsoption branch of the N2 isotherm at P/Po = 

0.95. The experimental error is ± 4%. This method was applied previously by Li and 

Favis as a characterization method of highly continuous phases (Li and Favis, 2001). 

The detailed explanation for the experimental and theoretical procedure is reported 

elsewhere (Li, 2001). 

3.4 High Pressure-Vacuum Loading Apparatus and Loading Efficacy 

Calculation 
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20KPa 

30min 45min GOmin 30 min Time 

Figure 3.2 Schematic presentation of high-pressure-vacuum loading protocol 

In order to force both polyelectrolyte and BSA solutions to penetrate into the porous 

structures, an in-house high pressure loading device was used, as shown in Figure 3.2. 

To ensure the solution accessibility to the micro-pores, we followed a vacuum-high 

pressure cycle loading procedure firstly applied by Roy et al. (Roy et al. 2006). Dry 

test tubes are firstly filled with loading solution (BSA solution or polyelectrolyte 

solution as needed). Dried porous sample is put into a home-made sample holder 

after recording its weight. Then the sample holder with sample in it is immersed into 

the solution. Because the porous sample containing half of the volume of air, it will 

float on the solution without holding, hence cannot reach desirable loading efficacy. 

Thus the sample holder is used to keep the sample position inside the test tube to 

ensure the solution surrounding. The set-up for this sample holder is shown in Figure 

3.3. Then the test tube is placed into the high-pressure loading device. The procedure 
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follows a vacuum-pressure cycle as follows for each layer: V(30 min) + P(15 min) + 

P(15 min) + V (45 min) + P(15 min) + P(15 min) + V( 60 min) + P(15 min) + V( 30 

Min), where V and P stand for vacuum and high-pressure, respectively. The time in 

parenthesis indicates how long a high-pressure step or vacuum step should be applied. 

In between each step, the solution was maintained at atmospheric pressure for 2 

minutes. Finishing the loading cycle, the loaded sample is taken out from the sample 

holder and then washed with Milli-Q water to remove any unattached 

macromolecules on outer surfaces. Especially for the samples loaded with 

polyelectrolytes, samples were then further kept in Milli-Q water under constant 

shaking for 4 hours to deplete the unattached polyelectrolytes on the both outer and 

inner surface in the pores. Water was refreshed each hour. After washing, the 

samples were put in a vacuum oven at 40 °C overnight to reach constant weight. The 

mass change is recorded afterwards, to give the BSA or polyelectrolyte loaded. 

Figure 3.3 Porous sample inside test tube, with sample holder keeping its position 

The BSA loading efficacy was calculated for every sample after BSA loading: 

Mi—M' 

loading Efficacy = ——- x 100% (3.6) 
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where M; and Mi stand for the sample mass before and after the BSA loading, 

respectively. The BSA solution accessibility into the micro-pores was calculated also: 

Solution Accessibility = — x 100% (3.7) 
vv 

where Ve is the volume of BSA solution penetrated into the porous device calculated 

from the amount of BSA loaded. Vv is the void volume of the porous sample, 

calculated from the recorded data for each blends. Calculations of Ve and Vv are 

listed below: 

™BSA loaded ~ ^sample mass after BSA loading ~ M sample mass before BSA loading 
(3.8) 

Ve = MBSA ioaded/Conc- of BSA solution (3.9) 

T j x r i j Msample mass before loading ._ _. 
vv — v PS phase ~ vPLAphase — ~ (J.1U) 

PPLA at 200°C 

where density of PLA at 200°C is 1.09 g/mL. 

In this process, the pressure used was 6,000 KPa and the vacuum 20 KPa, as a 

previous study showed that this pressure gives an optimum condition for pressure-

vacuum protocol to load water into the porous PLA, and highest solution 

accessibility to the pores. Higher pressures do not result in any greater accessibility 

to the porous device (Salehi et al, 2008). 

3.5 Modification of the Porous Devices 

Two strategies, Layer-by-layer (LbL) surface deposition and partially closed-cell, are 

applied to modify the porous PLA device. 
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3.5.1 Layer-by-Layer Surface Deposition of Polyelectrolytes into Porous PLA 

Previously our group successfully applied Layer-by-layer (LbL) surface deposition 

of polyelectrolytes onto porous template in order to fabricate ultraporous material 

(Roy et al. 2006). Salehi et al. showed the potential of this technique in surface 

modification in aim to control drug release (Salehi et al. 2008). As a variation of the 

approach described by Caruso et al. (Caruso et al. 1996), PDADMAC and PSS were 

used as polycation and polyanion for the LbL system. Both polyelectrolytes were in 

aqueous solution with concentration of 10 mg/mL and 1 M NaCl in order to keep the 

polyelectrolyte conformation in solution. The preparation of polyelectrolyte solution 

is explained in the next section. One layer of polyelectrolyte was deposited onto the 

sample surface following the high-pressure-vacuum loading protocol described in 

previous section. Repeated loading of polyanion followed by polycation into the 

porous substrate creates polyelectrolyte film on the sample surface. PDADMAC was 

chosen as first layer for deposition as it has higher affinity and better stability on 

PLA surface compared to PSS. Samples newly loaded with polyelectrolyte were 

rinsed by deionized water and then washed for 4 h under constant shaking in order to 

remove unbounded polyelectrolyte on sample surface. Water was refreshed for each 

hour. Afterwards the samples were dried in a vacuum oven at 37 °C for overnight. 

Depending on needs, 3 or 5 layers of polyelectrolytes were deposited, with 

PDADMAC as the outermost layer to maintain positive charge on the surface. 
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3.5.1.1 Preparation of Polyelectrolyte Solution 

In order to prepare standard solution from a PDADMAC solution of 20 wt%, we 

used the following equation to calculate PDADMAC concentration: 

70 rt-O/ _ 20 g PDADMAC 1000 mg _ 200 mg PDADMAC 
° ~ 100 g Water mL niL 

In order to prepare 25 mL PDADMAC solution with concentration of 10 mg/mL, 

1.25 mL of PDADMAC solution of 200 mg/mL should be added to 23.75 mL of 

deionized water with 1 M NaCl. The calculation of PDADMAC (30 mg/mL) used is 

shown as following: 

V P D 200mg/mL = C ° n C s t a " d ^ S t a n d a r d = 2g L 10mg ^ 200mg = 
PD200mg/mL Conc.PD 2 0 0 m g / m L mL mL v ' 

The same calculations are applied to prepare standard solution from a PSS solution 

of30wt%: 

30 wt% = 30gPSS x *°2°2ES = I H i Z ^ (3.13) 
100 g Water mL mL ' 

In order to prepare 25 mL PSS solution with concentration of 10 mg/mL, 0.67 mL of 

PSS solution of 300 mg/mL should be added to 24.33 mL of deionized water with 1 

M NaCl. The calculation of PSS (30 mg/mL) used is shown as following: 

VPSS3oomg/mL = Con; s*a"^dxv s t andard = 25 mL x Hi2g +. M £ H = 0 . 6 7 mL (3.14) 
FSSiOOmg/mL Conc.psssoomg/mL mL mL ' 

3.5.2 Partially Closed-Cell Morphology 

In order to develop porous carriers with better control in protein release, a partially 

closed-cell strategy was applied to block the tunnels connecting to sample surface. 

The protocol defined in section 3.3 allows for the preparation of porous materials 
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with a symmetric, open-cell porosity, defined as a state in which porosity is 

maintained throughout the material, from center to surface. Closed-cell morphology, 

including a porous core and a solid skin at the surface, can be used to limit the 

external open surface area available for both medium penetration and drug release. 

This kind of morphology, was created by immersing the porous PLA sample into 

chloroform, a solvent for polylactide. This results in an external skin on the sample 

surface and thus seals the outer surface. The skin thickness can be controlled via the 

immersion time. Increasing this immersion time will lead to a thicker skin, but also 

decreases the sample dimensions and causes loss of BSA. In this study, all samples 

were immersed in chloroform for 5 s and the skin thickness was observed by SEM. 

After drying the sample for 24h, two strategies were applied to create a partial 

opening on sample. In one case, closed cell cylindrical samples were cut at one end 

with a razor blade resulting in a sample with only one base of the cylinder being 

open. In another case, cylindrical samples with a closed-cell morphology were placed 

in the sample holder in the microtome, at 45° to their axial direction, and then cut 

120 ± 20 |im from the edge. This results in a much more closed cell sample where 

only one corner of the cylindrical device is open. All the sample dimension changes 

were recorded in order to recalculate the BSA remaining inside the sample. The open 

surface areas of these two strategies were measured via an x-y digitizing table. 

3.6 In Vitro BSA Release Test 
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In order to analyze the controlled release of BSA from porous PLA substrates, 

cylindrical BSA carrier was weighted and then immersed into 3 mL of Milli-Q 

deionized water in a spectrophotometry cell properly covered and sealed. The cell 

was incubated at 37 ± 0.3 °C with constant vertical shaking at 5 rpm, in order to give 

a homogeneous dispersion of the released BSA inside the UV cell. At predetermined 

time intervals, the concentration of BSA released from the carrier and dispersed into 

the medium was monitored using a UV-Vis spectrophotometer (Beckman Coulter 

DU 640) at a wavelength of 280 nm. The BSA concentration in medium was 

calculated from the reading of spectrophotometer using a calibration curve obtained 

from a series of standard BSA solution, made in prior of the release test. The 

preparation of standard BSA solution is described in the following section. The 

estimated error in this release study is ± 5%. The supernatant was also collected after 

the release test and used to determine the pH value in the incubation medium. 

Samples after release test were dried and weighted as an indirect method to measure 

the total amount of BSA released, assuming the mass change is all due to BSA 

release. 

Water evaporation from the UV cell cause problems concerning the calculation of 

BSA released from the medium volume. In order to minimize its influence, firstly we 

used a plastic head with seal of Teflon tape to cover the cell. Besides, in order to 

precisely calculate the BSA release in the medium, the weight of the cover (plus 

Teflon seal), the UV cell, the sample and the water loaded were weighted separately. 
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During the release test, the total system weight (cover + cell + sample + water left) 

was recorded right after each test at the same time interval. The system mass change 

can give us an idea about the water evaporated and hence the water remaining in the 

cell. 

3.6.1 Preparation of Standard BSA Solutions 

In this study, we adopted UV spectrophotometer in the in vitro BSA release test in 

order to measure the BSA concentration in the release medium during the test. 

In the UV spectrophotometer, a monochromatic incident light is created by the light 

source and then passed through the slits and dispersion device, as shown in Figure 

3.4. The light passes through the sample solution, which is in a UV cell made of 

quartz. The transmitted light was detected by a light sensor and recorded by the 

computer. It can collect the transmittance data at a single wavelength, or within a 

wavelength window. 
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Figure 3.4 Schematic view of a spectrophotometer 

Beer-Lambert law gives the relationship between the sample absorbance and sample 

concentration: 

(3.15) 

where A, P0, P, k, b, c are absorbance, intensity of the incident light, intensity of the 

transmitted light, molar absorptivity of the absorber, path length and sample 

concentration, respectively. It shows that the solution concentration is proportional to 

its absorbance. In this study, the absorbance of BSA in water was taken at a 

wavelength of 280 nm, where the ultraviolet absorbance peak appears. 

In order to establish a relationship between the BSA concentration and the reading 

from UV-Vis spectroscopy, we prepared standard solutions with various 

concentrations from BSA solution of 30 wt%. We used following equations to 

calculate BSA concentration: 



82 

C = 30 wt% = 3°3BSA
 x m M = ™wBSA 

100 5 Water mL mL 

using the following equations we calculated the volume needed (VBSA) from original 

BSA solution of 30 wt% to prepare standard solution with set concentration of Cs. 

The data are listed in Table 3.2. 

L KRC/I — C.ol\ 'BSA s's 

Vwater — Vs ~ ^BSA 

(3.17) 

(3.18) 

in which Vs is the volume of standard solution to be prepared and Vwater is the water 

to be added. 

Table 3.2 Preparation of BSA solutions of standard concentrations 

Cs (mg/mL) 

0.12 

0.36 

0.60 

1.20 

1.8 

2.40 

3.00 

Vs (mL) 

25 

25 

25 

25 

25 

25 

25 

C (mg/mL) 

300 

300 

300 

300 

300 

300 

300 

VBSA (U.L) 

10 

30 

50 

100 

150 

200 

250 

Vwater (mL) 

24.99 

24.97 

24.95 

24.90 

24.85 

24.80 

24.75 

Calibration Curve 

Using the standard BSA solutions, the spectrophotometer can provide a calibration 

diagram with an equation of reading (x) and BSA concentration in solution (y). This 

equation was used to determine the BSA concentration in the UV cell at different 
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times in the following release test. A new set of standards were prepared to establish 

a new calibration curve before each in vitro BSA release test, in order to minimize 

experiment error and obtain accurate data. One example of calibration curve of UV 

spectrophotometer readings and BSA concentrations is shown below: 

Table 3.3 UV spectrophotometer readings for standard BSA solutions 

BSA Concentration (mg/mL) UV Reading 

0.00 

0.12 

0.36 

0.60 

1.20 

1.80 

2.40 

3.00 

0.0002 

0.0870 

0.2685 

0.4399 

0.8964 

1.3373 

1.8026 

2.2371 

2.50 n 

0.00 

y = 0 . 7 4 8 x - 0 . 0 0 2 8 

R 2 = l 

0.00 O.50 1.00 1.50 2.00 2.50 3.00 3.50 

BSA Concentration (mg/mL) 

Figure 3.5 Calibration curve of BSA concentration in water, measured via UV at 280 
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nm 

Calibration equation is: 

UV Readling = 0.748 x Cone. - 0.0028 (R2 = 1) (3.19) 

3.7 Protein Distribution Study 

In order to have an idea of the protein distribution within the porous PLA substrate at 

different release stages, X-ray photoelectron spectroscopy (XPS) was applied to 

analyze the nitrogen atom distribution in the porous sample. The experiment was 

performed on an ESCALAB MKII instrument (VA Scientific Limited, UK), which 

gave atom composition at the sample surface. An Mg Ka X-ray source (ho = 1253.6) 

with an analyzer pass energy of 100 eV was operated at 20 mA and 15 kV. All the 

measurements presented here were performed inside an ultra-high-vacuum (UHV) 

chamber with a base pressure of less than 10" Torr. In all cases, the binding energy 

of the C Is core levels (286.5 eV) was used as an internal standard to distinguish 

between band-bending and chemical shifting. Porous samples without surface 

modification by LbL, directly loaded with BSA and samples modified with 5 layers 

of polyelectrolytes and closed-cell with one-end open at 0%, 25% and 50% BSA 

cumulative release percentage were chosen and studied the protein distribution 

within the porous PLA substrate. Samples for XPS analysis were all sectioned from 

the middle as well as 1 mm above and below the midline. This results in three 
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internal surfaces from three levels of each sample. The XPS, equipped with a filter of 

1 mm in diameter, was performed at four points across the diameter of these internal 

surfaces of sectioned porous substrates. The arrangement of test spots is shown in 

Figure 3.6. Each point was scanned 64 times in order to limit the background noise. 

After that the data was analyzed by VA Avantage software which gave the nitrogen 

composition, and hence the relative BSA concentration at each point. In order to 

avoid contamination, the blade used to section the samples was rinsed by ethanol and 

dried prior to cutting. To notice that, the nitrogen atoms in protein and 

polyelectrolyte (PDADMAC) both contribute to the nitrogen composition for 

samples modified with LbL surface modification. Only one sample in each case were 

analyzed. 

Point 

1 2 3 4 

1 

1 mm 

» 
1 mm 

1 

....<3>....<5>....<p....^p.. 
'• Level 1 '• 

•••G3- <3> -CB <p-
'• Level 2 '. 

Levels 

3.5 ~ 4.5 mm 

3 mm 

Figure 3.6 Arrangement of spots for XPS test, showing also the sample dimension 
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CHAPTER 4 

CONTROLLING BURST AND FINAL DRUG RELEASE TIMES 

FROM POROUS POLYLACTIDE DEVICES DERIVED FROM 

CO-CONTINUOUS POLYMER BLENDS 

4.1 Article Presentation 

Controlled drug release systems are already extensively used in various applications. 

Such delivery systems offer numerous advantages as compared to conventional 

dosage forms. An ideal controlled drug release system operates as a steady state 

system where the rate of drug release matches the rate of drug elimination again 

keeping the drug dosage within the therapeutic window for the vast majority of the 

treatment. In order to favor innoxious products by biodegradation, drug delivery 

applications using biodegradable polymeric scaffolds are becoming an important 

means of delivering therapeutic agents. Biodegradable or bioerodible polymer 

matrices in drug delivery application have been intensively investigated for the last 

three decades. Due to their remarkable biodegradablility and biocompatiblility 

through natural pathways which allow them to degrade into naturally occurring 

substances, polylactide (PLA), poly(glycolic acid) (PGA), polycaprolactone (PCL) 

and especially the copolymer of lactide and glycolide such as poly(lactide-co-



87 

glycolide), are the primary polymeric candidates investigated and used. In order to 

solve these problems a number of approaches have been investigated. 

The objective of this artile is introduce both an LbL surface modification protocol 

and a partially closed-cell strategy as routes to control the initial burst release and the 

final drug release times from porous PLA devices derived from co-continuous 

polymer blends. Samples with various numbers of polyelectrolytes layers and 

different open surface area were prepared and in vitro drug release tests were carried 

out using these samples. The results show the effectiveness of these two strategies. 

The BSA concentration in the device was also examined in order to elucidate the 

mechanism of release. 
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4.2 Controlling Burst and Final Drug Release Times from Porous Devices 

Derived from Co-continuous Polymer Blends 

4.2.1 Abstract 

This work has demonstrated that it is possible to exercise a wide range of control 

over both the initial burst release and the final drug release times from porous PLA 

devices derived from co-continuous polymer blends. Two strategies were used, a 

layer-by-layer polyelectrolyte surface deposition approach on the porous PLA 

surface and the application of a partially closed-cell protocol. A PLA porous 

substrate with a pore-size of 1.5 yon, derived from a PLA/PS blend via selective 

solvent extraction of the PS phase, was used as the drug delivery device. The surface 

area and pore dimensions were examined via BET nitrogen adsorption and image 

analysis. Porous PLA substrates with 0, 3 and 5 layers of polyelectrolyte and with 

open areas of 100%, 12 % and 2% were studied both separately and in combination. 

In vitro release tests were performed to study the release profile of BSA from the 

devices via UV spectrophotometry. It is shown that, while both are important, 

surface modification is more dominant in controlling the release rate than the 

partially closed cell approach. When a 5 polyelectrolyte layer surface modification 

of the PLA and a partially closed cell approach (2 % open area) are combined, in the 

L5C sample, the synergy is dramatic with a 5 times reduction in the first two hour 
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burst release amount and a total release time which is extended by 123 times as 

compared to the 100% open cell, surface unmodified, reference sample. The L5C 

sample ultimately releases 89% of the total BSA loaded demonstrating the high level 

of interconnectivity of the micro channels in the porous PLA. The mechanism of 

release in this system is clearly diffusion controlled with well defined concentration 

gradients, as measured by XPS, observed in the direction of release for both the 100% 

open cell system (L0) and the surface modified, partially closed sample with one end 

open (L5E). These effects point towards a diffusion mechanism combined with a 

sorption/desorption interaction of the BSA with the modified PLA surface. 

4.2.2 Introduction 

The main objective of drug delivery systems is to achieve an effective therapeutic 

administration via a sustained drug release over an extended period of time. 

Controlled drug release systems are already extensively used in various applications, 

such as: surgical implants, sutures and wound dressings with pharmaceutical agents 

(Balakrishnan et al. 2006; Gursel et al. 2001; Moioli et al. 2007). Such delivery 

systems offer numerous advantages as compared to conventional dosage forms such 

as endermic injection. Conventional oral drug administration normally works in an 

uncontrolled manner which results in fluctuations in the local drug concentration in 

plasma. This typically results in a short time period at the effective therapeutic level 

and hence requires multiple drug administrations. This can lead to other problems 
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such as degradation of the drug in the gastro-intestinal tract. An ideal, controlled 

drug release system should protect the drug agents from the hostile immunological 

system of the body, minimize burst release and have significant control over the time 

period of release of an optimal drug concentration. The improved effect of the drug 

on therapeutic activity reduces side effects such as toxicity and also the number of 

drug administrations required to keep the drug concentration within a certain 

effective window. Controlled release over an extended period is highly beneficial for 

drugs that are rapidly metabolized from the body after administration. An ideal 

controlled drug release system operates as a steady state system where the rate of 

drug release matches the rate of drug elimination again keeping the drug dosage 

within the therapeutic window for the vast majority of the treatment. 

Controlled drug release systems often use macromolecules of synthetic and 

biological origin as carriers for the drugs. In order to favor innoxious products by 

biodegradation, drug delivery applications using biodegradable polymeric scaffolds 

are becoming an important means of delivering therapeutic agents. Biodegradable or 

bioerodible polymer matrices in drug delivery application have been intensively 

investigated for the last three decades (Huang et al. 2004; Jain, 2000; Jiang and 

Schwendeman, 2000; Keyes-Baig, 2004; Kim et al. 2003; Liu et al. 2003; Miao et al. 

2005; Park et al. 2005; Wang et al. 2002). Among the various materials employed in 

controlled drug delivery systems, the thermoplastic aliphatic polyesters such as 

polylactide (PLA), poly(glycolic acid) (PGA), polycaprolactone (PCL) and 
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especially the copolymer of lactide and glycolide such as poly(lactide-co-glycolide), 

are the primary polymeric candidates investigated and used. This is in large part due 

to their remarkable biodegradablility and biocompatiblility through natural pathways 

which allow them to degrade into naturally occurring substances (Jain, 2000; Jiang 

and Schwendeman, 2000; Kim et al. 2003; Miao et al. 2006). For example, 

polylactide undergoes hydrolytic scission to its monomeric form, lactic acid, which 

can be eliminated from the human body by incorporation into the tricarboxylic acid 

cycle. Due to these advantages, these biodegradable polymers are approved for use 

in human clinical applications including drug delivery use. For most drug delivery 

systems, two mechanisms are predominant in the release of drugs: a diffusion 

controlled mechanism and a degradation controlled mechanism (Wang et al. 2004). 

Drug release from hydrolytically liable polymers like PLA can proceed by both 

mechanisms, depending on the polymer degradation rate. However, variations in 

polymer degradation rates can lead to irreproducible drug release and hence 

compromise the toxicity profile of the drug therapy. The onset of polymer 

degradation could also cause structural deterioration in the case of implanted devices. 

As a result, the risk of dose dumping is increased if the partially degraded system 

collapses or, retrieval of the device is required when unexpected reactions occur 

during treatment. Furthermore, the low degree of functionality and low 

hydrophilicity of these biodegradable polymer materials lead to issues such as high 

initial burst release, and relatively low efficiency of drug loading or encapsulation 
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due to weak interactions between the drug and the polymeric delivery system. 

In order to solve these problems a number of approaches have been investigated 

including the synthesis of novel polymers with a higher affinity to drug proteins, or 

the application of various surface modification methods to change the surface 

properties of these hydrophobic polymers (Barry et al. 2005; Heuberger, 2005; Quirk 

et al. 2001; Tang et al. 2006; Yoon et al. 2004; Zacharia et al. 2007; Zhu et al, 2003). 

In the past two decades, the layer-by-layer (LbL) self-assembly technique has 

emerged as a versatile and convenient method to build up thin multilayers with 

hyphdrophilic segments or polyelectrolyte functional groups with a precise control 

of layer thickness and composition (Heuberger, 2005; Tang et al. 2006; Zacharia et al. 

2007; Zhu et al, 2003). This technique has two potential applications in controlled 

drug delivery. One is to construct a multilayer matrix film and then incorporate drug 

molecules into the matrix, however in this method, the relatively low loading 

capacity of the matrix film is an important issue (Tang et al. 2006). The other 

possibility is to modify the polymeric delivery device substrate surface, increase its 

hydrophilicity, improve the drug adsorption and also the release profile. 

Another approach to reduce burst release and drug dosage is to use a closed-cell 

approach. Typically, closed-cell systems are applicable only for biodegradable 

polymers since the wall needs to degrade over time to allow drug release. Closed-

cell structures have been examined in controlled release using terms such as multi-

reservoir or double-wall drug release systems (Matsumoto et al. 2005; Rahman and 
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Mathiowitz, 2004). This structure offers a better control of the release kinetics as the 

formation of double-walled microspheres with the drug loaded in the inner core 

provide a lower burst effect than polymeric microspheres made from a single 

polymer. There are several methods to fabricate microspheres with a two-layered 

structure. One method is phase separation of a binary blend from polymer solution, 

the second method is to simply encapsulate the therapeutic agent into microspheres 

first and then coat the microspheres with a second polymer. Rahman et al. reported 

the preparation of double-walled microspheres derived from polylactic acid and 

polyglycolic acid using solvent evaporation method and the controlled localization 

of the protein within that system (Rahman and Mathiowitz, 2004). Matsumoto et al. 

also reported similar studies, showing that the outer non-drug holding layer serves to 

suppress initial burst and the loss of the drug during manufacturing while the inner 

drug-holding layer controls the drug release rate (Matsumoto et al. 2005). A so-

called closed-cell system possesses a different structure from center to surface with 

normally a porous structure in the center and a non-porous structure at the surface. 

Thus the formation of an outer wall on the porous substrate, in order to limit the 

open surface area, can also contribute to achieving a sustained release profile. 

Porous polymer materials have wide applications as scaffolds in biomedical 

engineering, including use in skin generation, bone generation and cell in-growth for 

example. Different applications can have different pore-size requirements (Li et al. 

2006; Whang et al. 1995; Xie et al, 2006). Various fabrication techniques have been 
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used to produce porous polymer materials, including solvent/non-solvent sintering, 

supercritical fluid-gassing, particulate leaching, thermal-induced phase separation 

and fiber bonding (Guan et al. 2005; Mikos et al. 1994; Mo and Weber, 2004; 

Moonev et al. 1996; Nam and Park. 1999). The pore-size of the porous materials 

derived from these techniques varies from 1 [im to several hundreds of microns. 

Among them, porogen leaching is commonly used, as it allows for an easy control of 

pore structure. However, the above approaches typically suffer from a number of 

problems such as an incomplete continuity of the porosity through the device and 

very poor control of the pore size and size distribution. Many of the applications of 

porous polymers are in the field of tissue engineering where porous scaffolds of 

controlled morphology are a critical requirement. In that case, the pore size 

requirement is quite large generally in the 100 micron range. When the pore size is 

reduced to the 1 micron range, a high surface area to volume device is achieved and 

such systems could have potential to be used as a drug delivery device. 

In this laboratory we have demonstrated in previous work that it is possible to 

generate highly controlled fully continuous porous polymeric materials via the 

control of the co-continuous morphology in polymer blends (Favis et al. 2004; Li et 

al. 2002; Sarazin and Favis, 2003; Yuan and Favis. 2004). In immiscible binary 

polymer blends, the morphology depends on the interfacial properties and relative 

composition of each component. When the composition of each phase reaches a 

certain level, the morphology reaches a so-called co-continuous region in which each 
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polymer phase forms a continuous structure in the bulk and mutually interpenetrate 

each other. The influence of processing time and processing temperature on the 

formation of co-continuous structures have also been considered (Favis et al. 2004). 

It has been shown that temperature-induced coalescence effects during melt mixing 

as well as static annealing times, can both strongly affect the co-continuous 

microstructure phase size (Sarazin and Favis, 2005). The controlled combination of 

interfacial tension, viscosity, temperature and phase concentration effects allow for 

the pore size of the co-continuous morphology to be controlled over 4 orders of 

magnitude from about 50 nm to 500 microns (Sarazin and Favis, 2005). Furthermore, 

extraction of one of the phases from such a binary co-continuous polymer blend 

results in a porous polymer material, with a completely interconnected porosity and a 

highly controlled pore-size. In other works, Xavier et al. developed a surface 

modification protocol for such three dimensional porous polymer devices using the 

layer-by-layer (LbL) surface deposition of polyelectrolyte (Roy et al, 2006; Roy et al. 

2007). This technique was used to generate an ultra-porous microstructure with over 

98% void volume. Pouneh et al. used this surface modification protocol to study, for 

the first time, the in vitro release of BSA from porous polymer substrates generated 

from co-continuous polymer blends (Salehi et al. 2008). In that work BSA was 

loaded into the surface modified porous device under pressure and the release was 

monitored by UV spectrophotometry. That work, however, at best, was only able to 

generate devices that demonstrated a total release time of 40 hours. 
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The objective of this study is to use both an LbL surface modification protocol and a 

partially closed-cell strategy to control the initial burst release and the final drug 

release times from porous PLA devices derived from co-continuous polymer blends. 

Bovine serum albumin will be used as a model drug and its release from the device 

will be monitored by UV spectrophotometry. The BSA concentration in the device 

will be examined by X-ray photoelectron spectroscopy in order to elucidate the 

mechanism of release. 
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4.2.3. Experiments 

Note that all experimental procedures shown below are summarized in Figure 4.1. 

Biodegradable Polymer Porogen Polymer 
(PLA) _ _ (PS) 

Cut into Cylinders 1 1 

V Porous Biodegradable 
Polymer Substrate 

Selective 
Extraction 

Surface 
Modification 

Partially 
Closed-cell 

Partially 
Closed-cell 

LO 

LOE, LOC 

L3, L5 

L3E, L3C 
L5E, L5C 

LO 

In vitro 

Test 

L5E 

Figure 4.1 Experimental Process 
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4.2.3.1 Materials 

Polylactide (PLA) was obtained from Nature Works (commercial grade: 620 ID) in 

pellet form. Polystyrene (PS) with a molecular weight of 192,000 (commercial grade: 

615APR) was purchased from Dow Chemical of Canada. 

Poly(diallyldimethylammonium chloride) (PADAMAC) as polycation, 

Mw= 100000-200000, poly(sodium 4-styrenesulfonate) as polyanion with molecular 

weight of 70000, and albumin solution in water from bovine serum (30 wt%) were 

purchased from Sigma-Aldrich. Sodium choloride, cyclohexane and chloroform 

were purchased from Laboratoire MAT, Beauport (Quebec). All materials were used 

as received. Water used in all experiments was prepared by Milli-Q Millipore Biocel 

3-stage microfiltration system which prepares filtered water with a resistivity of at 

least 18.2 MQ cm. Properties of the polymers used are listed in Table 4.1. 

Table 4.1 Characteristic Properties of the Materials 

PLA 
PS(615APR) 
PDADMAC 

PSS 
BSA 

Mw 

192,000 
100,000-200,000 

70,000 
64,000 

Density (g/cm1) 
20 °C 
1.23 
1.04 

200 °C 
1.09 
0.97 

(°C) 
55 
105 

Supplier 

NatureWorks 
Dow Chemical 
Sigma-Aldrich 
Sigma-Aldrich 
Sigma-Aldrich 

4.2.3.1 Blend Preparation 

PLA/PS binary blends in 50/50 volume fraction were prepared via melt blending the 

two polymers in a Brabander internal mixer with roller blades. Prior to mixing, PLA 

and PS were dried for 48 hours in a vacuum oven at 70 °C and room temperature, 
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respectively. The mixing chamber temperature was set at 200 °C and the blade 

rotation speed at 50 rpm. Polymers were mixed for 10 minutes after being fed into 

the chamber. During mixing, a constant flow of dry nitrogen was introduced into the 

chamber to protect the PLA from oxidative degradation. The PLA/PS blend was 

quenched for 5 minutes in ice water in order to freeze-in its morphology. Afterwards, 

the dried specimens were cut into cylinders with a diameter of 3.00 ± 0.10 mm and 

length varying from 3.50 mm to 4.50 mm, using a circular saw at high speed. Under 

the nitrogen blanket, the PLA and PS used here were found to be stable for over 30 

min. 

4.2.3.2 Solvent Extraction and Extent of Continuity 

The solvent extraction of the PS phase in the blend was performed in a Soxhlet 

extraction apparatus. Cyclohexane was used as the selective solvent of the PS 

porogen phase in the blend. The solvent temperature inside the Soxhlet apparatus 

was set at 50-60 °C and the extraction lasted for one week. After extraction, the 

samples were dried inside a vacuum oven at 60 °C to constant weight. The extraction 

was carried out until the dried extracted specimens achieved constant weight. 

A gravimetry measurement was applied to calculate the continuity of the extracted 

PS phase (Cont), which is given by 

W -W 
Cont(%)=—! ^xl00% (4.1) 
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where Wj and Wd are the initial weight of the specimen and the specimen weight 

after solvent extraction and drying, respectively. 

4.2.3.3 Microtomy and Microscopy Surface Characterization 

In order to prepare a smooth surface for microscopic measurement and surface 

characterization, the samples were microtomed at room temperature using a Leica 

RM 2165 microtome, equipped with a glass knife. The samples for Scanning 

Electron Microscopy (SEM) were then extracted with cyclohexane to remove the 

polystyrene phase, then dried, coated with goad-palladium alloy, and finally 

observed under a Jeol JSM 840 Scanning Electron Microscopy at a voltage between 

8 to 12 kV. Samples of closed-cell structures and samples for X-ray Photoelectron 

Spectroscopy (XPS) were cut at room temperature using a razor blade, directly from 

the porous sample after solvent extraction. 

4.2.3.4 Pore-size and Surface Area Determination via BET 

BET (Nitrogen adsorption/desorption) measurements were carried out by N2 

physisorption using a Quantachrome Autosorb-1 (Boyntom Beach, FL, USA) 

apparatus at 77.35 K, in order to determine the number average diameter dn, the 

volume average diameter dv, and the surface area S. Assuming the interconnected 

pores inside specimen as interconnected cylinders and knowing the extent of 

continuity via gravimetry measurement during the solvent extraction step, the pore-

size (diameter d) can be given by 

d = 4V/S, (4.2) 
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in which V is the total volume of pores and S is the surface area. The pore size 

distributions were calculated from the adsorption branch of the isotherm using the 

thermodynamic-based Barrett-Joyner-Halenda (BJH) method. The total pore volume 

was determined from the adsoption branch of the N2 isotherm at P/Po=0.95.The 

experimental error is ±4%. This method was applied previously by Li and Favis as a 

characterization method of highly continuous phases and the detailed explanation for 

the experimental and theoretical procedure is reported elsewhere (Li and Favis, 2001; 

Li et al. 2002). 

4.2.3.5 High- Pressure Loading Apparatus 

In order to force both polyelectrolyte and BSA solutions to penetrate into the 

porous structures, an in-house high pressure loading device was used. To ensure the 

solution accessibility to the micro-pores, we followed a vacuum-high pressure cycle 

loading procedure as follows for each polyelectrolyte layer (same protocol for BSA 

loading) : V(30 min) + P(15 min) + P(15 min) + V (45 min) + P(15 min) + P(15 min) 

+ V(60 min) + P(15 min) + V(30 Min), where V and P stand for vacuum and high-

pressure, respectively. In between each step, the solution was maintained at 

atmospheric pressure for 2 minutes. The loaded samples were washed with Milli-Q 

water to remove any unattached macromolecules on outer surfaces. For the samples 

loaded with polyelectrolytes, samples were then kept in Milli-Q water under constant 

shaking for 4 hours for each layer deposited, to deplete the unattached 

polyelectrolytes on the both outer and inner surface in the pores. Water was 
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refreshed each hour. After washing, the samples were put in a vacuum oven at 40 °C 

overnight to reach constant weight. 

In this process, the pressure used was 6, 000 KPa and the vacuum 20 KPa, as a 

previous study showed that this pressure gives an optimum condition for pressure-

vacuum protocol to load water into the porous PLA, and highest solution 

accessibility to the pores. Higher pressures do not result in any greater accessibility 

to the porous device (Salehi et al. 2008). 

4.2.3.6 Layer-by-Layer Surface Deposition of Polyelectrolytes into Porous PLA 

The process involves the repeated loading of polyanion solution followed by a 

solution of polycation into the porous substrate with a four hour vigorous water 

rinsing between each two polyelectrolyte deposition steps in order to remove excess, 

non-adsorbed polyelectrolyte. In this study, positively charged PDADMAC and 

negatively charged PSS were used as the polyelectrolyte pair in aqueous form. The 

solutions contained 10 mg/mL polyelectrolyte and 1 M NaCl which helps to 

maintain the polyelectrolyte in solution. At least three layers of polyelectrolytes were 

deposited onto the substrate inner surface to form a uniformly charged surface. 

PDADMAC was chosen as the first layer deposited onto the PLA surface due to its 

ready adsorption and better stability on PLA as compared to PSS. The vacuum-high 

pressure loading protocol descried earlier was followed to help the solution penetrate 

into the sample pores. After the final polyelectrolyte layer was deposited onto the 

substrate inner surface, an aqueous solution of BSA at a concentration of 150mg/mL 
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was loaded into the porous sample following the same vacuum-high pressure loading 

protocol. Following this procedure, the samples were placed in a vacuum oven at 37 

°Cfor l2h . 
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4.2.3.7 Close-cell and Partially Closed Morphology 

The protocol defined earlier allows for the preparation of porous materials with a 

symmetric, open-cell porosity, defined as a state in which porosity is maintained 

throughout the material, from center to surface. In order to limit the external surface 

area available for release, a closed-cell morphology, including a porous core and a 

solid skin at the surface, was created by immersing the porous PLA sample into 

chloroform, a solvent for polylactide. This results in an external skin on the sample 

surface and thus seals the outer surface. The skin thickness can be controlled via the 

immersion time. Increasing this immersion time will lead to a thicker skin, and also 

decreases the sample dimensions available for loading. In this study, all samples 

were immersed in chloroform for 5 s and the skin thickness was observed by SEM. 

After drying the sample for 24h, two strategies were applied to create a partial 

opening on sample. In one case, closed cell cylindrical samples were cut at one end 

with a razor blade resulting in a sample with only one base of the cylinder being 

open and an open area of 12%. In another case, cylindrical samples with a closed-

cell morphology were placed in the sample holder in the microtome, at 45° to their 

axial direction, and then cut 120 ± 20 ^m from the edge. This results in a much more 

closed cell sample where only one corner of the cylindrical device is open with an 

open area of 2%. All the sample dimension changes were recorded in order to 

recalculate the BSA remaining inside the sample. The open surface areas of these 

two strategies were measured via an x-y digitizing table. 
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4.2.3.8 In Vitro BSA Release Studies 

Cylindrical BSA carriers were immersed in 3 mL of Milli-Q water in a 

spectrophotometry cell properly covered and sealed. Incubation took place at 37 ± 

0.3 °C with constant vertical shaking at 5 rpm. At predetermined time intervals, the 

concentration of BSA released from the carrier and dispersed into the medium was 

monitored using a UV-Vis spectrophotometer (Beckman Coulter DU 640) at a 

wavelength of 280 nm. The BSA concentration was derived from a master curve 

using a series of standards of different BSA concentrations. The estimated error in 

this release study is ±5%. All the release experiments were repeated at least four 

times and their results were averaged. The supernatant was also used to determine 

the pH value in the incubation medium at the end of each release study. 

4.2.3.9 Protein Distribution Study via X-ray Photoelectron Spectroscopy (XPS) 

XPS spectroscopy was used in order to determine the protein distribution within the 

porous PLA devices at various times of release. The experiments were performed on 

an ESCALAB MKII instrument (VA Scientific Limited, UK) to characterize the 

relative nitrogen concentration in the BSA within the porous substrate loaded with 

protein. An Mg Ka X-ray source (hi) = 1253.6) with an analyzer pass energy of 100 

eV was operated at 20 mA and 15 kV. All the measurements presented here were 

performed inside an ultra-high-vacuum (UHV) chamber with a base pressure of less 

than 10"9 Torr. In all cases, the binding energy of the C Is core levels (286.5 eV) was 

used as an internal standard to distinguish between band-bending and chemical 



107 

shifting. Porous samples directly loaded with BSA without surface modification by 

LbL, and samples modified with 5 layers of polyelectrolytes and closed-cell with 

one-end open were chosen for study. The protein distribution within these porous 

PLA substrates was studied at 0%, 25% and 50% BSA cumulative release 

percentage. Samples for XPS analysis were all sectioned from the middle as well as 

1 mm above and below the midline. This results in three internal surfaces from three 

levels of each sample. The XPS, equipped with a filter of 500 \im in diameter, was 

performed at four points across the diameter of these internal surfaces of sectioned 

porous substrates. Each point was scanned 64 times in order to limit the background 

noise. After that, the data was analyzed by VA Avantage software which gave the 

nitrogen composition and hence the relative BSA concentration at each point. 
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4.2.4 Results and Discussion 

4.2.4.1 Porous Device Morphology 

The melt blending of PLA/PS 50/50 (V/V) followed by the selective extraction of 

the PS phase in the blend by selective solvent dissolution produces a porous PLA 

with an almost completely interconnected porosity of highly controlled pore size and 

void volume. Gravimetry measurements following the selective extraction of PS 

indicate that the continuity of the porous structure (extracted PS phase) for all 

samples is greater than 90% (data not shown here), as observed previously (Salehi et 

al. 2008). 

The pore-size of the porous PLA substrate after selective solvent extraction was 

examined both qualitatively by SEM and quantitatively, by BET testing. The porous 

morphology of the PLA/PS, as examined by SEM, is shown in 4.4a and indicates a 

fine continuous porosity in PLA. Since it is very difficult to quantify a three-

dimensional porosity via two-dimensional microscopic observation, BET testing, 

following a previously developed protocol (Li. et al. 2002). was used. The pore size 

diameter estimated in this way is 1.6 um and the internal surface area of the device is 

1.526 m2/g. 
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4.2.4.2 BSA Loading Effects 

In order to determine the influence of device dimensions on the loading of BSA, 

porous PLA cylinders with the same diameter but with lengths varying from 2 mm to 

6 mm were prepared and loaded with 150mg/mL BSA solution in water. These 

samples (all with unmodified surfaces) were loaded with BSA according to the 

protocol outlined in the experimental and then dried. The dried samples were 

weighed and the mass increases due to BSA loaded into the samples were plotted 

against the corresponding sample length (Figure 4.2). 
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Figure 4.2 Mass of BSA Loaded into Samples with Lengths from 2 to 6 mm. 
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The results show a linear relationship between these two, indicating that the BSA 

solution was able to penetrate into the fine pores throughout the PLA substrate, 

irrespective of its length. The amount of BSA loaded, with respect to the initial 

empty weight of the device, was calculated in the following way: 

Wh-Wt Amount Loaded (% wt increase) = — x 100 (4.3) 

% 

in which W; and Wb are the sample weight before and after BSA loading, 

respectively. For all the samples in this study, the amount loaded is 14.5 ± 1.2 %. 

For the samples deposited with polyelectrolyte prior to BSA loading, the loading 

efficacy did not exhibit any detectable differences. This is due to the fact that the 

polyelectrolyte adsorbed onto the PLA occupies a minimal volume in the 

interconnected tortuous channels throughout the sample. Note that in a previous 

study it was found that the polyelectrolyte layer thickness as measured by 

ellipsometry on a flat model surface, was only 1.75 nm (Salehi et al. 2008). However, 

Alam et al. (Alem et al. 2007) reported that the thickness of polyelectrolyte layers 

deposited onto the internal surface of a porous system could, in some cases, be as 

high as 100 times greater as compared to flat surfaces due to confinement effects on 

polyelectrolyte multilayer growth inside small pores. It should be noted that in their 

case the pore sizes examined were in nanometer-scale, which is significantly smaller 

than this work. 
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4.2.4.3 Surface Modification via Layer-by-layer Technique 

We used the sequential deposition of oppositely charged polyelectrolytes onto the 

surface, using an LbL deposition technique, to modifiy the hydrophobic PLA surface 

properties. Since BSA possesses an overall negative charge, LbL deposition allows 

for an excellent opportunity to prepare a highly uniform positively charged surface 

prior to BSA loading. The overall objective is to significantly reduce release times 

through these surface interactions. In this study, positively charged PDADMAC and 

negatively charged PSS were used as the polyelectrolyte pair. Either three or five 

layers of polyelectrolyte, in total, were deposited onto the substrate inner surface. 

PDADMAC was chosen as the first layer since it has been shown in previous work 

from our laboratory that it has a much higher affinity for the PLA surface than PSS 

(Salehi et al. 2008). Layers of alternate charge were deposited in turn, but in all cases 

the PDADMAC layer was deposited last in order to ensure that the porous surface 

displayed a uniform positive charge. 

In this study, the LbL surface deposition was applied to porous PLA substrate with 

averaged pore-size of 1.56 fxm. As discussed before, the loading experiment revealed 

a high level of interconnectivity within the polymer device and aqueous solution was 

highly accessible to most of the available porous volume. The BSA solution in 

water, which has a higher viscosity (0.0189 Pa»s at 25 °C) than that of the 

polyelectrolyte solution in water, can penetrate into the fine pores throughout the 

PLA substrate with the aid of the vacuum-pressure loading apparatus. Hence the fine 
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pores are also highly accessible to the two poly electrolyte aqueous solutions used. 

After a 4-hour loading process and following a 4-hour washing step for each 

deposited layer, the porous substrates were dried and weighed. 

1.6 i 

• PDADMAC 
• PSS 

0 1 2 3 4 5 6 

Number of layers 

Figure 4.3 Deposited Polyelectrolyte Mass as a Function of the Number of Layers 

Deposited by the LbL Approach. Mass increase was compared to blank PLA 

substrate in percentage. • and • stand for PDADMAC and PSS, respectively. 

Figure 4.3 provides strong evidence for the alternating polyelectrolyte 

PDADMAC/PSS assembly up to 5 layers obtained by gravimetric measurements. In 

this mass increase curve, the different slopes between the first PDADMAC layer 

deposition onto PLA and the following PDADMAC deposition onto the previously 

deposited PSS layer, indicate the different strengths of the electrostatic interaction 

between PDADMAC/PLA and PDADMAC/PSS pairs. The step-like slope for 

PDADMAC and PSS is due to their different densities. As can be seen from the 
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figure, the amount deposited in a particular step is highly uniform, indicating 

excellent repeatability and the formation of highly uniform surface layers. 

Experimental results shown here are in good agreement with data reported by Roy et 

al. (Roy et al. 2006). 

4.2.4.4 Partially Closed-Cell Strategy 

Using the protocol outlined in the Experimental, a completely open-cell cylindrical 

PLA sample is obtained. This sample possesses a continuous multi-channel porosity 

throughout, from the core of the device right up to the surface. On the other hand, by 

definition, closed-cell systems possess a continuous porous structure only in the core 

with a non-porous structure at the surface. Closed-cell structures are potentially 

interesting since they are an approach which can be used to prolong delivery times 

and also mediate the burst release effect (Salehi et al. 2008). The partially-closed cell 

approach described below is quite different from the previous studies described in 

the Introduction. 

In the current case a partially closed cell device would be expected to increase 

tortuosity inside the sample and significantly increase the drug release pathway 

within the device. In order to limit the open surface area of the porous devices used 

in this study, we applied a simple closed-cell strategy briefly introduced in previous 

work from this laboratory (Salehi et al. 2008). In In that study, we showed that the 

whole sample could be completely sealed and that BSA release was totally 

eliminated over a 20 day period. In this work we used chloroform, a solvent for 
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polylactide, and hence form an external skin on the entire sample surface. By 

immersing the porous PLA substrates into chloroform for 5 seconds, it was found 

that the skin thickness can be controlled to 70 ±20 u.m, with a decreased average 

substrate diameter of 2.90 mm (as compared to 3.00 mm). As shown in the cross-

section views in Figure 4.4b and 4.4c, the skin thickness is very uniform over the 

entire sample. Increasing the immersion time results in a thicker skin, and also a 

smaller sample dimension. 

Figure 4.4 SEM Images showing the Porous PLA Devices 

a) Porous PLA (after PS extracted), the white bar stands for 10 \im; 

b) Porous PLA in closed-cell form (one end open), showing the cross-section 

view from top, the white bar stands for 2 mm; 
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c) Porous PLA in closed-cell form, showing the skin thickness, the white bar 

stands for 10 \im. 

Two strategies were applied with respect to the preparation of partially closed 

samples. In one case, cylindrical samples, already loaded with BSA and with a 

completely closed-cell structure were cut at one base using a razor blade to result in 

a one-end opening, as shown in Figure 4.4b and 4.4c. In this case, while one end is 

fully open, the other base and side surfaces of the cylindrical sample are still sealed 

by a skin with a thickness of 70 jxm. In another case, in order to reduce the open area 

even further, fully closed cylindrical samples were cut only at the edge of one base. 

In this case, samples with a closed-cell morphology were cut 120 ± 20 ^m from the 

edge using microtomy at 45° to the axial direction, creating a corner opening as 

shown in Figure 4.5a (top view) and 4.5b (side section view). Thus, only a very 

small opening is created at one corner of one end of the substrate. The open surface 

areas of the different samples were measured via semiautomatic image analysis 

(Salehi et al. 2008). The open surface area of the standard fully 100% open-cell 

porous PLA sample (4.0 mm in length and 3.0 mm in diameter) is 25.92 mm2. The 

sample with one base open (3.8 mm in length and 2.9 mm in diameter) was 3.15 ± 

0.022 mm2 resulting in a 12% open area. The open-corner samples had an open area 

of 0.54 ± 0.095 mm" resulting in a 2% open area. All the sample dimension changes 

during the closed-cell and re-opening procedures were recorded in order to 

recalculate the quantity of BSA remaining inside the sample. 
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Figure 4.5 SEM Images showing Porous PLA in Closed-cell Form 

a) Top view of the opened area, the white bar stands for 1 mm; 
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b) Sectioned side view of the opened area, following the dashed line in a), the 

white bar stands for 1 mm. 

4.2.4.5 In-Vitro Release of BSA from Partially Closed Cell Porous Devices 

Bovine Serum Albumin (BSA), which is well characterized and intensively studied 

in other groups, is widely used as a model bioactive compound. In our study 

150mg/mL BSA solution in water was loaded into the porous PLA substrate and 

dried. Previous studies (Salehi et al. 2008) had shown that a change in the testing 

medium from phosphate buffer solution (PBS, pH = 7.4) to Milli-Q water did not 

exhibit a significant effect on the final release profiles (Salehi et al. 2008). thus 

Milli-Q water was used as the in vitro release medium. In this study the pH value of 

the release medium was measured at the end of all in-vitro release tests and recorded 

as 7.0 ± 0.25 in all cases, indicating no significant change in the pH value of the 

medium during the release test. Although the byproducts from PLA degradation are 

acidic in general, this process is very slow and takes longer than months to have an 

appreciable degradation which is much longer than the release time period in the 

present case. Furthermore, BSA maintains its normal conformation at a pH value 

between 4.3 and 8 (Foster. 1977). where the medium pH value in this study lies. 

Table 4.2 lists all the characteristics of the BSA release profile from various samples. 
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Table 4.2 BSA Release from PLA Substrates 

1 Best fit linear regression between zero time point and all data collected to 2 hours 

2 Total amount released by the end of the experiment 

LO, L3 and L5 stand for 0, 3 and 5 layers of polyelectrolyte surface deposition, 
respectively. E and C stand for samples with one-end open and samples with one 
corner open, respectively 

_ _ , Burst Release Rate' BSA Release Amount „. , „ , _, ^ 2 Porous Polymers ,„ , „ „ . ,. „, , „ . Final Release Percentage J_ (Release%/hour) after 2 hours (%) g 

97.8 
96.0 
95.0 
90.1 
90.6 
93.9 
93.5 
86.4 
89.2 

L0 
L0E 
L0C 
L3 
L3E 
L3C 
L5 
L5E 
L5C 

50.1 
48.0 
37.4 
32.7 
24.6 
17.3 
25.4 
15.7 
12.7 

91.1 
62.6 
49.9 
42.9 
39.9 
24.1 
24.7 
22.5 
18.5 
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Figure 4.6 Effect of a Partially Closed-cell Structure on the Drug Release for 

Unmodified Porous PLA Samples 

L0: unmodified Porous PLA with open surface area of 25.918 mm"; LOE: Close-cell 

structure with one end open, open surface area 3.15 ± 0.022 mm"; L0C: Close-cell 

structure with one corner open, open surface area 0.54 ± 0.095 mm . 
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a) Cumulative BSA release percentage against release time. 

b) Burst release within first 4 hours of the release test. 

Figure 4.6a shows the effect of a partially closed-cell strategy on the complete 

release profile while Figure 4.6b shows the details of those same experiments for 

burst release within the first 4 hours of the test. In Figure 4.7a, the cumulative BSA 

release percentage for each sample at 2 h and 4 h were plotted against the open 

surface area, showing the clear relationship between these two. In Figure 7b the total 

release time was also plotted against the open surface area. The results indicate that 

for the 100% open-cell PLA device (L0) without any surface modification, there is a 

very strong burst effect with over 90% of BSA releasing in the first hour (Fig.4.6a). 

The cumulative release percentage reaches close to 100% release within 3.5 h. In the 

case of the partially closed-cell PLA devices with one end open (sample L0E) and 

one corner open (sample L0C), Figure 4.6b shows that there is a significantly lower 

burst with a 30% and 41% reduction in burst at 2 hours respectively. Figure 4.6a 

shows that the total release time was extended by approximately 3 times for the open 

end, L0E sample, and 9 times for the open corner, L0C one, respectively. These 

results clearly indicate the successful application of a closed-cell strategy in 

controlling and attenuating release phenomena in these systems. It also clearly 

indicates that the partially closed samples are still able to fully discharge all the BSA 

(close to 100% release) indicating the high degree of interconnect!vity of the 

channels in the device. Evidently, the two partially closed samples significantly 
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increase tortuosity effects through the device by restricting the route through which 

BSA can diffuse out of the sample. This significantly increases the release pathway 

of the BSA in the device. Figure 4.6b shows that the open surface area and the total 

release time are related through a power law relationship. As the open surface area 

decreases, the total release time increases by a power of -0.50. 
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Figure 4.7 Relationship between Open Surface Area and Release Profiles 

Characteristics 

a) Cumulative BSA release percentage against opened surface area at time 2 

hours and 4 hours of the release test. 

b) Total release time against opened surface area. 
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4.2.4.6 Combined Effect of PLA Surface Modification and a Partially-Closed 

Structure on Release 
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Figure 4.8 Effect of Number of Polyelectrolyte Layers on the Drug Release 

L0, L3 and L5 stands for 0, 3 and 5 layers of polyelectrolyte surface deposition, 
respectively. 
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In Figure 4.8a, as a baseline reference we show the BSA release profile from the 

100% open-cell porous PLA deposited with 0, 3 and 5 layers of polyelectrolyte 

(samples L0, L3 and L5 respectively). As discussed above the porous PLA without 

polyelectrolyte surface deposition (PLA/BSA) demonstrates a strong burst effect 

with complete BSA release within 3.5 h. In the case of 100% open-cell porous PLA 

loaded with 3 layers of polyelectrolyte (PLA/PDADMAC/PSS/PDADMAC/BSA), 

the BSA burst release percentage in the first 2 hours was reduced nearly by half, and 

the total release time was extended to 30 h. At pH 6.8-7.2, BSA with an isoelectric 

point of 4.7 carries a net negative charge (Foster, 1977). For this reason, the 

positively charged PDADMAC outer layer provides an electrostatic attraction which 

prompts and enhances the adsorption of negatively charged BSA on the modified 

PLA surface. These effects clearly have a determining effect on both the burst and 

overall release time of BSA from the device. For the 100% open cell porous PLA 

loaded with 5 layers of polyelectrolyte 

(PLA/PDADMAC/PSS/PDADMAC//PSS/PDADMAC/BSA), the release profile 

was improved even more significantly. The BSA release percentage after the first 2 

hours was reduced to one-third that of the open cell, unmodified L0 sample. 

Furthermore the total release time of the L5 sample is extended to approximately 96 

h, as shown in Figure 4.8a. These results indicate that the number of polyelectrolyte 

layers also plays a very important role. Note that in both the 3 layer and the 5 layer 

system, PDADMAC is the outer layer, nevertheless, the release performance of these 
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two systems is very different. This can be explained by the uniformity of the charge 

of the outer PDADMAC layer. It is well known in the LbL process that increasing 

the number of layers results in a more organized structure and more well-defined 

charges associated with each layer. The results of that are clearly seen in these 

release studies. Thus the increased BSA affinity for the 5-layer modified PLA 

surface results in a significantly increased release time and much lower burst release 

values. Other groups (Gergely et al. 2004) have also reported that hydrophobic and 

electrostatic interactions are the main factors governing the affinity between BSA 

and polyelectrolytes (Kaibara et al. 2000). It should also be noted in Figure 4.8a that 

the 5-layer system results in the somewhat lower overall release percentage of 92% 

at the plateau value as compared to 97% for the unmodified system. Clearly in the 

case of the 5-layer system, some of the BSA becomes immobilized within the 

device. Since significant quantities of BSA are present in this device, one would also 

expect that as the BSA is located farther from the PDADMAC surface layer, in the 

normal direction, it would behave more as free BSA. Hence, in the case of these 

devices with a modified PLA surface, one could classify the BSA as being in three 

possible categories: free, interacting and bound. The free BSA would constitute the 

principal component of the burst release, while the bound BSA can be determined by 

the plateau value at complete release. The case of the completely open-cell, 

unmodified PLA release profile is essentially a study of the release of free BSA 

since the interactions with PLA would be expected to be minimal.. 
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Figure 4.9 Effect of a Partially Closed-cell Structure (One-end Open) on the Drug 

Release for Modified Porous PLA Samples 

LOE, L3E and L5E stand for one-end opened samples with 0, 3 and 5 layers pof 

polyelectrolytes surface deposition, respectively. 
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In this part the focus is on the influence of the surface modification of the porous 

PLA device in association with partially closed structures. Figure 4.9a showed the 

BSA release profile from open-end samples with a surface modification of 0, 3 and 5 

layers of polyelectrolyte, respectively (samples LOE, L3E and L5E). 
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Figure 4.10 Effect of a Partially Closed-cell Structure (One-corner Open) on the 

Drug Release for Surface Modified Porous PLA Samples 

LOC, L3C and L5C stand for one-corner opened samples with 0, 3 and 5 layers pof 

poly electrolytes surface deposition, respectively. 
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Figure 4.10a shows the BSA release profile from the open-corner samples also with 

0, 3 and 5 layers of polyelectrolyte, respectively (samples LOC, L3E and L3C). Since 

sample L5C (5 layers of polyelectrolyte and the open-corner) produced the best 

performance in terms of reduced burst and extended release times. Figure 4.11 was 

plotted to show the separate effects of surface modification and partially-closed cell 

strategies (L5 and LOC), and also their effect in combination (L5C). 
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Figure 4.11 Effect of Surface Modification and Partially Closed-cell Strategy 

Clearly both PLA surface modification and partially-closed structures result in 

remarkable effects and, in combination, dramatically reduce the burst release and 

significantly extend the total release times. The L5C sample shows a cumulative 

BSA burst release percentage after 2 hours which is 18.5%, as compared to 91.1% 

for the surface unmodified 100% open-cell PLA substrate(L0 sample) (Figure 4.11). 

Furthermore, the L5C sample demonstrates a total release time extending up to 18 
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days as compared to 3.5 h for the baseline L0 sample. In the release profile of the 

sample with 5 layers of polyelectrolyte and open-corner, three stages for the release 

can be defined; 1) burst release which shows a relative strong and fast release of 

BSA in the first 2 hours, 2) steady state release in which the BSA gradually achieves 

a much more stable and almost sustained release (3.5 hours to 17 days); and 3) a 

leveling-off part after 18 days where the BSA within the device is almost depleted. 

Although an upturn in the late stages of release due to the matrix degradation has 

been reported elsewhere, this was not observed in our case, confirming that the PLA 

device remains stable within the time scale of these experiments as expected. 

4.2.4.7 Study of Protein Distribution inside the Sample via XPS 

In this part of the work, the BSA distribution throughout the porous sample is 

examined for both the L0 and L5E sample at various release percentages in order to 

understand the underlying mechanism of release. 
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Figure 4.12 BSA Distribution inside the Unmodified Porous Template with Open-

cell 

a) BSA distribution of unmodified PLA substrate with open-cell, BSA release 

in all directions 

b) Nitrogen concentration from sample center to surface at level 2 shown in c), 

when 0%, 25% and 50% cumulative BSA released. 



132 

c) Schematic image of a cylinder sample, showing the points where the XPS 

data was collected. Dash lines show the inner porous region of a one-end-open 

closed-cell strategy, and the arrow on top surface shows the opening. 

The BSA solution loading efficacy study (Figure 4.2) shows that the protein 

distribution was homogeneous along the axial direction of the cylinder porous PLA 

substrate. For further confirmation of the BSA distribution, X-ray photoelectron 

spectroscopy (XPS) measurements were carried out to measure the surface 

composition inside the cylinder porous samples. In this study, a standard cylindrical 

sample was sectioned to create three internal surfaces classified as levels 1, 2 and 3 

(Figure 4.12c). Also, the surface atom composition at four different points across the 

diameter of these internal surfaces was examined (Figure 4.12c). The nitrogen 

concentration, which represents the protein concentration inside the sample, was 

used as the probe for BSA since PLA does not contain any nitrogen atoms in its 

structure. The polyelectrolytes do contain nitrogen atoms, however, during their 

addition to the porous PLA, they were subjected to a vigorous four hour water wash 

after the addition of each layer in order to remove any unbound polyelectrolyte (20 

hours total wash time for 5 layers). Furthermore, the polyelectrolyte layers are held 

together by very high electrostatic attraction effects. For these reasons, the levels of 

polyelectrolyte lost during BSA release are expected to be negligible. 
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The results for the 100% open cell, non-surface modified L0 sample loaded with 

BSA are shown in 3-D in Figure 4.12a. The results at 0% BSA release demonstrate a 

flat surface clearly indicating a homogeneous BSA distribution inside the cylinder, 

from top to bottom and from side to center. Also shown in this figure are BSA 

distributions inside the L0 sample, with 25% and 50% BSA released, respectively. 

The results after release clearly demonstrate a concentration gradient from the center 

of the device to the outer walls. This concentration gradient in the L0 sample is also 

shown in Figure 4.12b where the nitrogen concentrations at four points across level 2 

for 0%, 25% and 50% cumulative BSA released are shown. At 25% BSA released, 

the overall nitrogen concentrations have dropped as compared to 0% released and a 

concentration gradient showing a higher concentration in the center of the device is 

evident. At 50% BSA released, the nitrogen concentration in the sample further 

deceases as expected and again a clear higher concentration of BSA in the center of 

the porous device is observed. 
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Figure 4.13 BSA Distribution inside the One-end Opened Porous Template with 5 

Layers of Polyelectrolyte Surface Deposition 

a) BSA distribution of close-cell with one end PLA substrate, preloaded with 5 

layers of polyelectrolyte. Arrows show the direction of the opening. 
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b) Nitrogen concentration from sample bottom to opening along point 2 at all 

levels shown in Figure 12 c), when 0%, 25% and 50% cumulative BSA released. 

Figures 4.13a and b, show the BSA concentrations inside the L5E sample (partially 

closed-cell sample with one-end open and 5 layers of polyelectrolyte) for 0%, 25% 

and 50% BSA released. Note the higher nitrogen concentrations for the 0% released 

sample as compared to the L0 sample in Figure 4.12b. This is due to the nitrogen 

contribution of the polyelectrolyte layers as discussed above. 

It is interesting to note in Figure 13b that the nitrogen distribution inside the L5E 

sample with 0% BSA released is slightly lower in the center of the porous device. It 

may be that the surface modification makes it somewhat more difficult to load BSA 

in the center of the device. Nevertheless, the values are not that different and for the 

most part indicate that both the loading of BSA and the surface modification of the 

porous PLA was quite even throughout the sample. For the L5E samples subjected to 

25% and 50% release, the trends are clear. There is a clear drop in nitrogen 

concentration when progressing from 25% released to 50% released, which closely 

corresponds to the BSA concentration released as measured by UV spectroscopy. 

Furthermore, a concentration gradient following the direction of release is evident 

for both the 25% and 50% released samples. Clearly in those cases, the lowest BSA 

concentration is at the open end. 



136 

4.2.4.8 Mechanism of Release 

The mechanism of release in this system is clearly diffusion controlled with well 

defined concentration gradients observed in the direction of release for both the 100% 

open cell system (L0) and the partially closed sample with one end open (L5E). 

Clearly the diffusion of BSA out of the device is significantly reduced both by 

modifying the surface charge of the porous device and by modifying the device to be 

partially closed cell. The most dramatic results are observed when both of these 

effects are combined in the L5C sample with a 123 times increase in the total release 

time as compared to the L0 sample. These effects point towards a diffusion 

mechanism combined with a sorption/desorption interaction of the BSA with the 

modified PLA surface. 

The BSA released in the first 2 hours of the L0 sample can be defined as an 

"apparent free BSA". These BSA molecules largely do not interact with the 

hydrophobic PLA surface. In the case of the unmodified PLA sample (L0), the entire 

release pattern can be attributed to an apparent free BSA. We use the term apparent 

since the L0 sample is only being used as a reference point here. Strictly speaking, 

due to the porous network morphology in the L0 sample, the BSA is not able to 

experience unrestricted free diffusion. Nevertheless, it provides a good baseline with 

which to compare the other data. It is interesting to note that the burst period in the 

L5C sample is about 2 hours which is very similar to the total release time for the L0 

baseline reference sample. Thus, we will also define the principal component of the 
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burst effect (initial two hours of release) for all other samples as being an "apparent 

free BSA" fraction. In all those cases it is assumed that the BSA molecules released 

in that time range were either distant enough from the modified surface, or 

sufficiently close to the outer portion of the device to not be significantly affected by 

the surface or any partial closing effects. For the L5C sample the (free BSA)app 

constitutes approximately 18% of the total BSA. 

Some of the BSA does not diffuse out of the sample even after long times as seen in 

the final release plateau for the L5C sample. This BSA will be defined as "bound 

BSA". The L5C sample shows a final release percentage of 89% as compared to 

97% in the LO reference (see Figure 4.11). This indicates that about 8% of the BSA 

in the L5C sample is bound BSA. 

All the rest of the BSA released from the samples in this study can be defined as an 

"interacting BSA". In the case of the L5C sample, the interactions come from a 

combination of both a surface modification of the PLA surface and a partially closed 

cell structure. These two effects combined create a much longer pathway over which 

the BSA molecules can interact with the negatively charged modified PLA surface. 

The result is a dramatic two-order of magnitude effect on the release rate. 

Figure 4.11 allows one to separate out the relative contributions of surface 

modification and the partially closed cell approach. Comparing LO with LOC and L5 

in Figure 4.11 clearly demonstrates that, while both contributions are important, 

surface modification of the PLA is the more dominant effect in controlling the 
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release rate than the partially closed cell protocol. The first two hour burst release for 

LO, LOC and L5 is 91.1, 49.9 and 24.7% respectively. The release percentage ratio at 

10 hours release for L0C/L0 is 0.8 and that for L5/L0 is 0.6. The total release time is 

extended by 9 times for the LOC sample and by 27 times for the L5 sample as 

compared to the reference LO. When both surface modification of the PLA and a 

partially closed cell approach are combined, in the L5C sample, the synergy is 

dramatic with a 5 times reduction in the two hour burst release, a release percentage 

ratio at ten hours for L5C/L0 of 0.35 and a total release time which is extended by 

123 times as compared to the LO sample. The L5C sample ultimately releases 89% 

of the total BSA loaded demonstrating the high level of interconnectivity of the 

micro channels in the porous PLA. 

4.2.5. Conclusion 

This work has demonstrated that it is possible to exercise a wide range of control 

over both the initial burst release and the final drug release times from porous PLA 

devices derived from co-continuous polymer blends. Two strategies were used, a 

layer-by-layer polyelectrolyte surface deposition approach on the porous PLA 

surface and the application of a partially closed-cell protocol. Porous PLA substrates 

with 0, 3 and 5 layers of polyelectrolyte and with open areas of 100%, 12% and 2% 

were studied both separately and in combination. It is shown that, while both are 

important, surface modification is more dominant in controlling the release rate than 
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the partially closed cell approach. When a 5 polyelectrolyte layer surface 

modification of the PLA and a partially closed cell approach (2% open area) are 

combined, in the L5C sample, the synergy is dramatic with a 5 times reduction in the 

first two hour burst release amount and a total release time which is extended by 123 

times as compared to the 100% open cell, surface unmodified, reference sample. The 

L5C sample ultimately releases 89% of the total BSA loaded demonstrating the high 

level of interconnectivity of the micro channels in the porous PLA. The mechanism 

of release in this system is clearly diffusion controlled with well defined 

concentration gradients, as measured by XPS, observed in the direction of release for 

both the 100% open cell system (L0) and the surface modified, partially closed 

sample with one end open (L5E). These effects point towards a diffusion mechanism 

combined with a sorption/desorption interaction of the BSA with the modified PLA 

surface. 
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CHAPTER 5 

GENERAL DISCUSSION AND CONCLUSIONS 

5.1 General Discussion 

5.1.1 Effect of Partially Closed-Cell Strategy on BSA Release Profile 

The porous polymer substrates can be modified via a partially closed-cell strategy, by 

dipping the PLA porous device in its solvent to create a skin structure on the external 

surface, followed by cutting to open part of the surface. This strategy is able to 

prepare porous devices with only 12% and 2% open surface area, compared to 

unmodified devices. The reduction of the open surface of the porous device limits 

diffusion pathway and leads to a better control of the burst release and also extended 

total release time span from BSA in vitro release tests. Compared to the unmodified 

sample (L0), samples with one end open (LOE, 12% open surface) and those with 

one corner open (LOC, 2% open surface) reduced the BSA burst release by 29 and 

42%, respectively. The total release times were also extended from 3.5 h for the 

unmodified device to 9 h and 30 h, respectively. This demonstrates that limiting open 

surface area available for the release medium to diffuse in and the drug molecule to 

diffuse out is a route to control the BSA burst release and total release time from a 

porous PLA device. 
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5.1.2 Effect of LbL Surface Modifications on BSA Release Profile 

The porous polymer substrates were modified via a layer-by-layer surface deposition 

technique with different numbers of polyelectrolyte layers. Keeping positively 

charged polycation PDADMAC as the outmost layer, 3 and 5 layers of 

polyelectrolytes were loaded and deposited into the porous PLA in order to modify 

its surface properties and increase its affinity to proteins. The BSA in vitro release 

from surface modified porous devices shows that with 5 layers of polyelectrolyte (L5) 

the BSA burst release was reduced by 66% and the total release time was expanded 

to 96 h, compared to 3.5 h for the unmodified sample. The result of the 3 

polyelectrolyte layers deposited porous PLA (L3) was a 48% reduction in BSA burst 

release and total release time of 30 h. Our observations suggest that 5 layers of 

polyelectrolyte give uniformly surface modification layer and stronger electrostatic 

attraction to the protein. 

5.1.3 Combined Effect of Two Modification Strategies 

The partially closed-cell and surface modification were applied together to study 

their combined effect on the BSA release profile. When a 5 polyelectrolyte layer 

surface modification of the PLA and a partially closed cell approach (2% open area) 

are combined, in the L5C sample, the synergy is dramatic with a 5 times reduction in 

the first two hour burst release amount and a total release time which is extended by 
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123 times as compared to the 100% open cell, surface unmodified, reference sample 

(L0). Our investigations suggest that there are three kinds of BSA in the porous PLA: 

free BSA, interacting BSA and bound BSA, respectively, responsible for burst 

release, sustained release and the residual BSA left inside the porous PLA device 

after the release test. 

5.1.4 Release Mechanism Study 

XPS was used in this study to examine the BSA distribution inside the porous PLA 

devices during different release stages. The mechanism of release in this system is 

clearly diffusion controlled with well defined concentration gradients, as observed in 

the direction of release for both the 100% open cell system (L0) and the surface 

modified, partially closed sample with one end open (L5E). These effects point 

towards a diffusion mechanism combined with a sorption/desorption interaction of 

the BSA with the modified PLA surface. 

5.1.5 Future Work 

There are many factors affecting BSA release from a porous PLA. LbL surface 

modification and partially closed-cell strategies have shown their potential to control 

the BSA burst release and total release time. Based on the references and our studies, 

we suggest some points for future work to follow, in order to gain a thorough 

understanding of this technique and to prepare an effective drug delivery device: 



143 

1. In order to increase drug loading efficiency of the porous PLA we developed, 

a BSA solution with higher concentration can be used to prepare BSA-loaded 

samples. Due to the higher viscosity with increasing BSA concentration, the loading 

device may also need to be improved to meet the needs. Higher loading pressure can 

be an option. However, there are several points to notice. Firstly, higher 

concentration and higher loading pressure both affect the BSA conformation in the 

aqueous state, which then affects the bioactivity of BSA. Secondly, although higher 

BSA concentration may lead to a higher drug loading efficiency, it may not 

necessarily improve the BSA release profile. Since the amount of BSA affected by 

electrostatic field generated by the polyelectrolyte is limited, once the polyelectrolyte 

surface is covered and occupied by BSA molecules, the excess BSA can be free to 

diffuse, which results in a burst release. The strategy of a partially closed-cell is still 

effective in this case. 

2. Compared to the BSA dimension, the pore-size of the device (1.5 (im) is still 

too large to give enough physical restriction and tortuosity inside the porous sample 

for BSA molecule to diffuse out. Porous samples with an even smaller pore 

dimension can be introduced to improve the protein release. A smaller pore-size can 

increase the difficulty of the release medium to penetrate into the porous sample. 

Smaller pore-size gives more surface area for BSA to adsorb and, using 

polyelectrolyte surface deposition, even BSA diffusing in the middle of the channels 

can be affected by the electrostatic attraction, hence leading to less burst and release 
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in a more sustained manner. However, a smaller pore size will increase the difficulty 

of loading, which may requires a higher pressure for loading and the associated 

problems discussed above. 

3. Theoretically the release medium (water) penetration will also be affected by 

the sample dimension, possibly the sample shape will also affect the release profile. 

A study of water uptake of the porous sample and its relationship with the burst 

release should be examined. 

4. The degradation time of PLA used in our study is much longer than the 

release times. Also its natural affinity to the protein is poor. Other polymers with 

shorter degradation time and stronger hydrophilicity can be used as candidates to 

prepare porous device used in our study. However, it should be considered that the 

degradation and collapse of the drug carrier matrix can also contribute to the drug 

release. 

5. The PLA surface lacks functional groups, which can limit the amount of the 

first polyelectrolyte layer deposited onto the surface, and consequently the amount 

and the structure of the following polyelectrolyte layers. Considering the porous 

nature of the samples we use, nitrogen-plasma surface treatment can be an option to 

add functional groups and modify the PLA surface properties such as wettability 

prior to LbL surface deposition. This may lead to a stronger interaction between the 

PLA surface and the first layer of polyelectrolyte and better structure of the 
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polyelectrolyte layers. This may contribute to attract more BSA molecules to the 

surface and reduce the burst and prolong the release. 

6. BSA release from porous PLA mainly undergoes a sorption/desorption-

diffusion process. Once leaving the substrate surface, BSA protein diffusion in the 

release medium (water) is very fast due to its high diffusion coefficient in water. 

Some other techniques can be considered to prolong the BSA diffusion through the 

torturus channels. For example, a dilute polymer solution can be mixed together with 

protein, loaded into the porous sample and finally form a hydrogel containing 

proteins inside. The low diffusion coefficient of protein in hydrogel can extend the 

total release time. However, the polymer solution system should be carefully chosen 

as the use of organic solvent is unfavorable to the protein bioactivity. Besides, the 

loading of even a dilute polymer solution into the pores can be another issue to 

consider. 

7. In order to understand the protein interaction with the polymer surface, a 

study should be carried out to gain knowledge of adsorption and desorption of the 

protein on the PLA surface, and its role in controlled drug release. 

8. These polymer scaffolds can provide mechanical strength, interconnected 

porosity, surface area, varying surface chemistry and unique geometries to direct 

tissue regeneration (Hutmacher. 2001). A biodegradable porous material with a 

highly controllable morphology and pore dimensions extending from about 1 micron 

to hundreds of microns could also be a good candidate to be used as a scaffold in 
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tissue engineering. As typical cell sizes range from a few to a hundred micrometers, 

it is not only macro-geometry that matters in tissue engineering, but also micro-

geometry that affects the survival, proliferation, and differentiation of cells in the 

macro-geometry (Kim and Moonev, 1998). 
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5.2 Conclusions 

1. Both modification strategies, LbL surface deposition of polyelectrolytes and 

partially closed-cell, can be effective in improving the release profile of BSA from 

porous drug carriers. Our observations indicate that the number of polyelectrolyte 

layers and the open surface area are controlling factors in the controlled drug release. 

2. It was shown that the modified samples with 5 layers of polyelectrolytes and 2% 

open surface area give the best result for the controlled BSA release with less burst 

and a longer release time. 

3. BSA distribution in the unmodified sample after loading is homogeneous while for 

the samples modified with LbL, polyelectrolytes may restrict the penetration of the 

BSA solution during loading. 

4. The release of BSA from our porous PLA devices is diffusion controlled, with 

clear concentration gradients observed. The mechanism of release is diffusion 

controlled combined with a sorption/desorption interaction of the BSA with the 

modified PLA surface. 
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APPENDIX A 

LOADING BSA AND POLYELECTROLYTES INTO POROUS 

DEVICE 

Loading Protocol 

• Wash, clean and dry the test tube 

• Weigh and record the mass of the sample 

• Prepare the solution1 

• Fill the test tube with solution till half high 

• Place the sample into the sample holder 

• Immerse the sample holder into the solution in the test tube 

• Place the test tube into the loading device 

• Apply the vacuum for 30 minutes 

• Gradually release the vacuum and keep the system in atmosphere for 2 min 

• Stir the sample together with the test tube 

• Apply the pressure (80 atm) for 15 min 

• Gradually release the vacuum and keep the system in atmosphere for 2 min 

• Stir the sample together with the test tube 

• Apply the pressure (80 atm) for 15 min 

• Gradually release the vacuum and keep the system in atmosphere for 2 min 

• Stir the sample together with the test tube 



Apply the vacuum for 30 minutes 

Gradually release the vacuum and keep the system in atmosphere for 2 min 

Stir the sample together with the test tube 

Apply the pressure (80 atm) for 15 min 

Gradually release the vacuum and keep the system in atmosphere for 2 min 

Stir the sample together with the test tube 

Apply the pressure (80 atm) for 15 min 

Gradually release the vacuum and keep the system in atmosphere for 2 min 

Stir the sample together with the test tube 

Apply the vacuum for 60 minutes 

Gradually release the vacuum and keep the system in atmosphere for 2 min 

Stir the sample together with the test tube 

Apply the pressure (80 atm) for 15 min 

Gradually release the vacuum and keep the system in atmosphere for 2 min 

Stir the sample together with the test tube 

Apply the vacuum for 30 minutes 

Gradually release the vacuum 

Take the sample out from the sample holder 

Rinse the sample surface with deionized water 

Dry the sample under vacuum at 37°C till constant weight2 

Weigh and record the mass of the sample 
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• Calculate the mass increase 

Preparation of BSA solution and polyelectrolyte solutions are discussed in detail in 

Chapter 3. Experimental Methodology. 

In the case of loading polyelectrolytes, the sample is washed by deionized water with 

agitation for 4 hours before drying. Details are discussed in Chapter 3. Experimental 

Methodology. 
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APPENDEX B 

SAMPLE SERIES 

In this study, there are 9 different samples prepared for in vitro BSA release test in 

total, with different numbers of polyelectrolyte (PE) layers and various open surface 

area. They are listed as follows: 

Table B.l Sample series 

^ \ . Closed-cell 

LbL ^ \ . 

NoPE 

3 Layers of PE 

5 Layers of PE 

All Open 

LO 

L3 

L5 

End Open 

LOE 

L3E 

L5E 

Corner Open 

LOC 

L3C 

L5C 

LO: Samples with no PE layers and 100% open surface area, loaded with BSA 

LOE: Samples with no PE layers and 12% open surface area, loaded with BSA 

LOC: Samples with no PE layers and 2% open surface area, loaded with BSA 

L3: Samples with 3 PE layers and 100% open surface area, loaded with BSA 

L3E: Samples with 3 PE layers and 12% open surface area, loaded with BSA 

L3C: Samples with 3 PE layers and 2% open surface area, loaded with BSA 

L5: Samples with 5 PE layers and 100% open surface area, loaded with BSA 

L5E: Samples with 5 PE layers and 12% open surface area, loaded with BSA 

L5C: Samples with 5 PE layers and 2% open surface area, loaded with BSA 



APPENDEX C 

EXPLANATION OF BURST RELEASE 

Burst release of BSA was observed in all the in vitro drug tests we carried out. The 

explanation of this effect can help to understand its formation and find the way to 

control it. The reason of the burst release of BSA could be as follows: 

(1) Some BSA loosely trapped or not attached onto the PLA surface in the pores 

could be easily liberated and release out at the beginning of the test; 

(2) A small amount of BSA, which adsorbed on the outer surface of PLA could not 

be avoided even by surface washing after BSA loading, easily desorbed from the 

outer surface at the beginning of the release test; 

(3) BSA is hydrophilic and highly soluble in water, and the concentration of BSA in 

release medium is zero at the very early stage of the release test, the high 

concentration gradient between BSA in porous PLA and in release medium would 

promote the fast release of BSA; 

(4) Hydrophobicity of PLA was another driving force for the fast release of BSA 

from the porous polymer devices, especially for the unmodified porous PLA 

substrate. 


