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SUMMARY 

In recent years, regenerative medicine has undergone notable changes 

due to the current advances in biomedical engineering and 

biotechnology. Specifically, “à la carte” tissue reconstruction, assisted 

by stem cells, has turned into one of the most promising fields of 

study. In this regard, biodegradable porous materials have been 

distinguished as significant and potential supports leading tissue 

regeneration processes. These temporary cellular scaffolds allow the 

seeding and growth of cells in vitro or in vivo, giving as a result either 

a regenerated tissue or a suitable substitute for transplants. Moreover 

they are susceptible to incorporate other substances which promote 

tissue growth, as growth factors, or even drugs which permit parallel 

treatments by means of their controlled release, as antibiotics, anti-

inflammatories or antineoplasics. 

Taking into account these issues, the group of polymerization and 

separation technologies of the University of Castilla-La Mancha 

decided to explore the possibility of create biodegradable porous 

scaffolds impregnated in several drugs. In addition, the previous 

experience in our research group in the employment of supercritical 

carbon dioxide (scCO2) for several matters has motivated the use of 

this green technology for the foaming and impregnation of the probes. 

In this way, the advantages of an efficient process are combined with 

the production of samples absolutely free of solvent or monomer traces 

which should be removed exhaustively in subsequent stages, what 

involves a high increase in process costs. 

The main aim of this research is the synthesis and impregnation, using 

a clean and efficient technology, of a porous biodegradable material 

suitable for its simultaneous application as cellular scaffold and drug 

delivery device, as well as the test of its correct response in vitro. In 

order to achieve this, the copolymer poly(D,L-lactide-co-glycolide) 

(PLGA) was firstly synthesized by means of a bulk polymerization. 

Such process was optimized using the response surface methodology to 

obtain a black-box model which describes and predicts the best 

experimental conditions to synthesize PLGA as raw material in the 

subsequent research step. In particular, the set of optimized values of 

working conditions was the following: temperature of 160 ºC, molar 
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ratio monomer to catalyst of 100 and initiator to catalyst of 2. At 

these experimental conditions PLGA reached a mass conversion of 

98%, molecular weight of 18 000 g/mol and a molar ratio 

lactide:glycolide of 74:26. PLA was also synthesized using these 

optimized conditions. 

Next, the processing and impregnation step was investigated for two 

different drugs, the antineoplasic 5-fluorouracil and the anti-

inflammatory indomethacin. The studied parameters were the stirring 

and venting rate and the type of polymer. Impregnation took place in 

a homogeneous and effective way for all cases and there were no clear 

differences between the results obtained from the both drugs what 

means that their chemical nature has no influence in the process. The 

polymer type, PLA or PLGA, only exerts a slightly effect on the pore 

size although this aspect becomes more relevant in the subsequent in 

vitro release process. Depressurization rate plays the most important 

role on the probes characteristics since it affects greatly the foam pore 

size: fast venting promoted the sudden CO2 leaving through the 

polymeric chains and caused the bubbles collapse. Consequently, the 

resultant pores were large and irregular. As our experimental setup 

allows the stirring of the chamber, different levels of agitation were 

applied. In spite of in literature is generally accepted that the surface 

tension in scCO2 is almost completely nonexistent, the stirring of the 

system produces a reduction in the time needed to reach the 

equilibrium due to the best homogenization of dissolved drugs in scCO2 

and mass transfer towards the polymer matrix. 

Finally, the release of the drugs from the synthesized devices was 

evaluated using in vitro tests of 24 hours. Release profiles revealed that 

the hydrophobic or hydrophilic nature of impregnated drugs exerts an 

enormous influence on the release rates. Furthermore, a new 

mathematical model not previously described in literature has been 

proposed. It is based on three different stages that the process of 

release seems to have, not only in our experiments but also valid in 

general for the process described in literature. This model fit fairly 

both types of profiles despite their quite different shapes just assuming 

a small change in it. The model provides the values of the mass 

transfer parameters, diffusion constants and the polymer kinetic 
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constants of degradation. Regarding to effective diffusion constant (the 

most widely studied up to now), its value was in the range reported for 

the same type of devices which validated the model providing it full 

physical meaning.  
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RESUMEN 

Durante los últimos años, la medicina regenerativa está 

experimentando notables cambios debido, en parte, a los avances 

actuales en ingeniería biomédica y biotecnología. Particularmente, la 

reconstrucción de tejidos “a la carta” asistida por células madre se ha 

convertido en uno de los más prometedores campos de estudio. A este 

respecto se ha reconocido que los materiales porosos biodegradables 

tienen un potencial significativo, actuando como soporte, en la 

dirección del proceso de reconstrucción tisular. Estos andamiajes 

celulares temporales permiten el sembrado y crecimiento celulares, 

tanto in vitro como in vivo, y dan como resultado un tejido regenerado 

o un sustituto apto para transplantes. Además son susceptibles de 

incorporar otras sustancias que promuevan dicho desarrollo tisular, 

como factores de crecimiento, o incluso principios activos que permitan 

tratamientos paralelos a través de su liberación controlada, como 

antibióticos, antiinflamatorios o antineoplásicos.  

Teniendo en cuenta estas premisas, se decidió ampliar una de las líneas 

de investigación existentes en el grupo de polimerización y tecnologías 

de separación de la Universidad de Castilla-La Mancha y explorar la 

posibilidad de crear andamiajes porosos biodegradables e impregnarlos 

con varios fármacos. Además, la experiencia del grupo de investigación 

en variadas aplicaciones del dióxido de carbono supercrítico (scCO2) ha 

motivado el uso de esta tecnología limpia por su enorme potencial en 

los procesos de espumación e impregnación de los monolitos. De esta 

manera, se combinan las ventajas de un proceso eficiente con la 

obtención de muestras totalmente libres de disolventes orgánicos o 

trazas de monómero que deberían ser exhaustivamente eliminados en 

etapas posteriores, lo que implicaría un considerable incremento en los 

costes del proceso. 

El principal objetivo de esta investigación es la síntesis e impregnación, 

usando una tecnología limpia y eficiente, de un material poroso y 

biodegradable apto para su aplicación simultánea como andamiaje 

celular y dispositivo de liberación controlada de fármacos, así como la 

evaluación de la respuesta de su uso in vitro. Para ello, y en primer 

lugar, se sintetizó el copolímero poli(D,L-lactida-co-glicolida) (PLGA) 

mediante polimerización en masa. Dicho proceso fue optimizado usando 
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la metodología de superficie de respuesta con objeto de obtener un 

modelo de caja negra que lo describa y prediga las mejores condiciones 

experimentales para la obtención del PLGA como materia prima en la 

siguiente etapa de la investigación. En concreto, el conjunto de valores 

optimizados para las condiciones de trabajo fue el siguiente: 

temperatura de 160 ºC, relación molar de monómero respecto al 

catalizador de 100 y de iniciador respecto al catalizador de 2. En estas 

condiciones experimentales se obtuvo PLGA con una conversión del 

98%, un peso molecular de 18 000 g/mol y una composición molar 

lactida:glicolida del 74:26. El PLA también fue sintetizado utilizando 

estas condiciones de operación optimizadas.  

Seguidamente, se investigó la etapa de procesado e impregnación para 

dos fármacos diferentes, el antineoplásico 5-fluorouracilo y el 

antiinflamatorio indometacina, valorándose parámetros como la 

velocidad de agitación, el venteo o el tipo de polímero utilizado. La 

impregnación tuvo lugar de manera homogénea y efectiva en todos los 

casos y no se apreciaron diferencias evidentes entre el uso de un 

principio activo u otro por lo que se concluyó que su naturaleza 

química no influye en el proceso. Se determinó que el tipo de polímero 

sólo ejerce un ligero efecto en el tamaño de poro obtenido, aunque este 

aspecto se vuelve más relevante durante el posterior proceso de 

liberación in vitro. La velocidad de despresurización desempeña el 

papel más importante del proceso ya que influye en gran medida en el 

tamaño de poro de las espumas obtenidas: un venteo rápido promovió 

la salida repentina del CO2 de entre las cadenas poliméricas y causó el 

colapso de esos huecos por lo que el poro resultante fue grande e 

irregular. Debido a que nuestra instalación experimental permite la 

agitación de la cámara, ésta se llevó a cabo a diferentes intensidades. A 

pesar de que en  la literatura se acepta de manera generalizada que la 

tensión superficial del scCO2 es casi completamente inexistente, la 

agitación del sistema produce una reducción del tiempo que se necesita 

para alcanzar el equilibrio debido a la mejor homogeneización de los 

fármacos disueltos en scCO2 y la transferencia de masa hacia la matriz 

polimérica.  

Finalmente, se evaluó la liberación de los fármacos impregnados en los 

dispositivos sintetizados mediante ensayos in vitro de 24 horas de 
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duración. Los perfiles de liberación revelaron que la naturaleza 

hidrófoba o hidrófila del fármaco impregnado ejerce una influencia 

enorme en la velocidad de liberación. Además, se propuso un nuevo 

modelo matemático no descrito previamente en bibliografía basado en 

tres etapas diferentes que los procesos de liberación parecen tener, no 

sólo en nuestros experimentos, sino válidas en general para los todos 

los descritos en la literatura. Este modelo ajustó adecuadamente ambos 

tipos de perfiles pese a sus formas tan diferenciadas efectuando sólo 

una pequeña modificación y proporcionó el valor de parámetros físicos 

como el de transferencia de materia, las constantes de difusión y las 

constantes cinéticas de degradación del polímero. En el caso de la 

constante de difusión efectiva (la más ampliamente estudiada hasta el 

momento), su valor se encontró en el rango descrito para dispositivos 

del mismo tipo, lo cual validó el modelo y lo dotó de una significación 

física completa. 
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                                                       Aims of this Work 

3 

The aim of this Doctoral Thesis is to obtain biodegradable polymeric 

foamed materials, impregnated with drugs and suitable for their 

applying not only in tissue regeneration but as devices for controlled 

drug delivery processes by means of an environmentally friendly 

technology based in supercritical carbon dioxide. 

These materials have been synthesized traditionally by several 

methods. However, the majority of them involved the use of toxic 

solvents which must be removed using subsequent expensive 

purification steps. Thus, the processing of these materials with green 

solvents, such as supercritical carbon dioxide, has focused the interest 

of researches and industry. 

In order to achieve this general aim, the research work has been 

structured in the following particular objectives: 

i) To select the appropriate operating conditions in the bulk 

polymerization of lactide and glycolide in order to attain the best 

characteristics of the resulting polymer that will be used as material 

in the foaming and impregnation process. 

ii) To analyze the influence of process parameters in the 

morphology of obtained foams and their drug content, and how they 

affect in their subsequent application as drug release carriers. 

iii) To study the impregnation of two different drugs, an anticancer 

(5-fluorouracil) and an anti-inflammatory (indomethacin), and their 

effect in the impregnation and foaming process. 

iv) To check the correct response of both types of impregnated 

biodegradable foams as release devices by means of in vitro tests. 

v) To develop a new mathematical model capable of fitting 

properly the experimental profiles achieved and describing properly 

the physical picture of the release mechanism, providing a physico-

mathematical interpretation with full physical significance. 
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El objeto de esta Tesis Doctoral es obtener materiales espumados 

poliméricos biodegradables, impregnados con fármacos y aptos para su 

aplicación, no sólo en regeneración tisular, sino como dispositivo para 

liberación controlada de fármacos mediante una tecnología respetuosa 

con el medio ambiente como es la basada en el dióxido de carbono 

supercrítico. 

Estos materiales han sido sintetizados tradicionalmente mediante 

varios métodos. Sin embargo, la mayoría de ellos implicaba el uso de 

disolventes tóxicos que debían ser eliminados mediante posteriores 

etapas de purificación que aumentaban los costes del proceso. Por ello, 

el procesado de estos materiales usando disolventes ecológicos, como el 

dióxido de carbono supercrítico, despierta un interés creciente en 

investigadores industriales.  

A tenor de lo anteriormente expuesto, este trabajo de investigación 

pretende alcanzar los siguientes objetivos particulares: 

i) Seleccionar las condiciones experimentales apropiadas para la 

polimerización de lactida y glicolida en masa con objeto de obtener 

el polímero con las mejores características de cara a ser usado como 

material para el proceso de espumación e impregnación. 

ii) Analizar la influencia de los parámetros de proceso en la 

morfología de las espumas obtenidas y su carga de fármacos, y cómo 

éstos afectan a estos dispositivos en su posterior uso para liberación 

controlada. 

iii) Estudiar la impregnación de dos fármacos de diferente 

naturaleza, un antineoplásico (5-fluorouracilo) y un antiinflamatorio 

(indometacina), y su efecto en el proceso de impregnación y 

espumación. 

iv) Comprobar la correcta respuesta de ambos tipos de espumas 

biodegradables impregnadas como dispositivos de liberación 

mediante la realización de pruebas in vitro. 

v) Desarrollar un nuevo modelo matemático capaz de ajustar 

adecuadamente los perfiles experimentales obtenidos y describir 

correctamente el mecanismo de liberación, dotando a la 

interpretación de un pleno significado fisicomatemático del proceso. 
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2.1. Biomaterials 

During the past decades there have been several attempts to define the 

term biomaterial, and consequently, the scope of the biomaterials 

science in that moment. Nevertheless, it was not until 1987 when the 

European Society of Biomaterials determined the first consistent 

definition: “a non viable material used in a medical device, intended to 

interact with biological systems” (Williams, 1987). Few years later and 

after successive discussions, the preferred definition changed into “a 

material intended to interface with biological systems to evaluate, 

treat, augment or replace any tissue, organ or function of the body” 

(Williams, 1999), although we must recognise that this definition only 

relates its meaning to the field of health care, being perhaps a better 

description of the term biomedical material. For that reason, the 

definition of biomaterial currently accepted is: “material exploited in 

contact with living tissues, organisms, or microorganisms” and this 

general term, including natural or synthetic origin, should not be 

confused with the terms biopolymer or biomacromolecule since in that 

context, the use of polymeric biomaterial is recommended when one 

deals with polymer or polymer device of therapeutic or biological 

interest (Vert et al., 2012). According to the last definition reached by 

agreement by the IUPAC, this term cannot be used in broadest sense 

to refer to objects related to health care, included the packaging. 

Biomaterials can be classified into several groups depending on the 

criteria used. According to their origin (Voytik-Harbin, 2012), we can 

distinguish between synthetic (i.e. metals, polymers, ceramics or 

composites), nature-derived (i.e. plant-derived), naturally-derived (i.e. 

tissue-derived) and semi-synthetic or hybrid (composites). Table 2.1 

summarizes a list of different classes of biomaterials and its 

applications.  

Regarding to the type of chemical bonds they present, biomaterials can 

be also grouped into metallic (metallic bonds), ceramic (ionic bonds) 

and polymeric (covalent bonds). Additionally, we can find hybrids 

which are usually referred to combination of ceramic and polymers 

(Williams, 2009). 
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Table 2.1. Biomaterials and their medical uses (Voytik-Harbin, 2012). 

Class of material Current uses 

Metal  

Stainless steel Bone fracture fixation, heart valves, electrodes 

Titanium Dental bridges and implants, coronary stents 

Cobalt-chrome Joint replacements, bone fracture fixation 

Gold Dental filling and crown, electrodes 

Silver Pacemaker wires, sutures, dental amalgams 

Platinum Electrodes, neural stimulation devices 

Ceramics  

Aluminium oxides Hip and dental implants, cochlear replacement 

Zirconia Hip implants 

Calcium sulphate Bone graft substitutes 

Calcium phosphate Bone graft implants, surface coatings, scaffolds 

Carbon Heart valve coatings, orthopaedic implants 

Glass Bone graft substitutes, fillers in dental implants 

Polymers  

Nylon Sutures, gastrointestinal and tracheal segments 

Silicone rubber Finger joints, artificial skin, breast implants, 
intraocular lenses, catheters 

Polyester Resorbable sutures, fracture fixation, cell 
scaffolds, drug delivery devices 

PE Hip and knee implants, artificial tendons and 
ligaments, vascular grafts, facial implants 

PMMA Bone cement, intraocular lenses 

PVC Tubing facial prostheses 

Natural Materials 

Collagen/gelatine Cosmetic surgery, wound dressings, scaffolds 

Cellulose Drug delivery devices 

Chitin Wound dressings, cell scaffolds, drug delivery 

Ceramics Bone graft substitute 

Alginate Drug delivery devices, cell encapsulation 

Hyaluronic acid Postoperative adhesion prevention, ophthalmic 
and orthopaedic lubricant, cell scaffolds, drug 
delivery 
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The biomaterials progress over the past 50 years has been spectacular, 

mainly the evolution of performance criteria which have been revised, 

varying specifications of being biologically inert or non viable to the 

contrary requirements and adding others such as biodegradability, 

induction of cell and tissue integration, or smart capacity of being 

physiologically responsive. The applications of biomaterials have 

successively changing from the solely substitution of a damaged part of 

the body using compatible and non-reacting materials to the use of 

bioactive and biodegradable materials. The qualitative leap forward 

from substitution to repair (in 1980’s) and finally becoming in 

regeneration (Vallet, 2011; Voytik-Harbin, 2012) 

These changes in the biomedical and pharmaceutical trends give 

preference to polymers (mainly biodegradable) over all metals and 

most ceramics for most of the applications within the tissue 

engineering and regenerative medicine field (Maquet and Jerome, 1997; 

Thomson et al., 1995). 

2.1.1. Polymeric biomaterials 

Polymeric biomaterials represent a fascinating and growing group of 

materials with an increasing interest in the area of medicine and 

pharmacy.  

Polymers used in biomedical applications must meet the following 

criteria (Infante, 2006); (i) to be compatible; (ii) to keep their 

mechanical properties any time; (iii) to be capable of being sterilized; 

(iv) not to include soluble substances except if intentionally, i.e. drug 

delivery; (v) to possess the more proper physical and chemical 

properties for the function they have been concerned. In general, all 

biopolymers do not satisfy all these characteristics, so the process of 

choice and design of a specific polymeric biomaterial is the essential 

task in the field of biomedical engineering. 

Biopolymers can be grouped into natural or synthetic and also in a 

more interesting and specific classification: biodegradable or non-

biodegradable. Table 2.2. summarizes several types of synthetic 

polymers commonly used in tissue engineering and drug delivery. 
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Table 2.2. Representative list of polymers used in tissue engineering and 

drug delivery (Pillai and Panchagnula, 2001). 

Classification Polymer 

Natural polymers 

Protein-based 
polymers 

Collagen, albumin, gelatin 

Polysaccharides Agarose, alginate, carrageenan, hyaluronic acid, 
dextran, chitosan, cyclodextrins 

Synthetic polymers 

Biodegradable  

Polyesters Poly(lactic acid), poly(glycolic acid), 
poly(hydroxyl butyrate), poly(�-caprolactone), 
poly(�-malic acid), poly(dioxanones) 

Polyanhydrides Poly(sebacic acid), poly(adipic acid), 
poly(terphthalic acid) and various copolymers 

Polyamides Poly(imino carbonates), polyamino acids 

Phosphorous-based 
polymers 

Polyphosphates, polyphosphonates, poly-
phosphazenes 

Others Poly(cyano acrylates), polyurethanes, polyortho 
esters, polydihydropyrans, polyacetals 

Non-biodegradable  

Cellulose 
derivatives 

Carboxymethyl cellulose, ethyl cellulose, cellulose 
acetate, cellulose acetate propionate, 
hydroxypropyl methy cellulose 

Silicones Polydimethylsiloxane, colloidal silica 

Acrylic polymers Polymethacrylates, poly(methyl methacrylate), 
poly hydro(ethyl-methacrylate) 

Others Polyvinyl pyrrolidone, ethyl vinyl acetate, 
poloxamers, poloxamines 

2.1.1.1. Biodegradable polymers 

Focusing the attention on this type of polymers, they can be defined as 

“polymers that are degraded and catabolised, eventually to carbon 

dioxide and water, by microorganisms under natural environment” 

(Okada, 2002). They have emerged as potential candidates for uses in 

biomedicine, pharmacy and bioengineering because of their 
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biocompatibility, non-antigenic and highly hydrophilic nature (Nimesh 

et al., 2006). 

Although there are a wide variety of biodegradable polymers and 

copolymers potentially usable as biomaterials as it can be appreciated 

in Table 2.1., in recent years the material of first choice of researchers 

for this kind of applications is still the group comprising by the poly(�-

hydroxy acids): polylactide, polyglycolide and their copolymer, the 

poly(lactide-co-glycolide) (Brannon-Peppas, 1997; Davis et al., 1996; 

Makadia and Siegel, 2011; Pillai and Panchagnula, 2001; Soppimath et 

al., 2001; Thomson et al., 1995), since they can be degraded by 

hydrolysis to products which can be easily metabolized and excreted 

harmlessly (Athanasiou et al., 1996; Hong et al., 2000; Huang et al., 

1997). 

2.1.1.1.1. Polylactide 

Polylactic acid or polylactide (PLA) is an aliphatic polyester obtained 

from the dimmer cyclic lactide by ring-opening polymerization (ROP) 

usually using a metal octoate (stannous or zinc) as a catalyst, an 

alcohol as initiator and heat (Kricheldorf et al., 1995; Kricheldorf et 

al., 2000; Mazarro et al., 2008; Okada, 2002). Figure 2.1 shows the 

chemical structures of the dimmer lactide and the PLA. 

 
Figure 2.1. Chemical synthesis of polylactide. 

Lactic acid is the simplest hydroxy acid with one asymmetric carbon 

atom so it has two optically active configurations. The enantiomers D- 

and L- can be synthesized by bacterial systems. Thus, their selection 

allows obtain one form or the other. However, the more commonly 

used is the Lactobacillus which produces L-lactic acid with a high yield 

(Auras et al., 2004; Gupta and Kumar, 2007). Nevertheless, the lactic 

acid obtained in chemical processes is a racemic mixture of the isomers 

D- and L-. 
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ROP for the production of PLA was firstly demonstrated by Carothers 

in 1932 (Carothers et al., 1932). This is the preferable polymerization 

technique since it can control the mechanism in order to obtain the 

desired properties of the product and their stereoisomerism. Some of its 

advantages are the following: (i) the use of moderated reaction 

conditions; (ii) the possibility of using short reaction times; (iii) the 

obtaining of high molecular weights; (iv) the control in the chain 

longitude; (v) the low existence of secondary reactions (Okada, 2002; 

Dechy-Cabaret et al., 2004). 

This method uses as monomer the cyclic dimmer of lactic acid, also 

known as lactide, with six atoms of carbon. As a consequence of the 

two isomers of lactic acid, lactide has three stereoisomers: D,D-, L,L- 

and D,L- (Figure 2.2). Depending on the type of lactide stereoisomer 

used in the synthesis of PLA, its specific denomination changes into 

PLLA, PDLA or (the more common) PDLLA. 

 
Figure 2.2. Isomers of lactic acid and lactide. 

The chirality of the PLA gives different properties to this material. 

PLLA is semicrystalline with a melting point (Tm) of 170-183 ºC and a 

glass transition temperature (Tg) of 55-65 ºC (Auras et al., 2004; 

Gupta and Kumar, 2007). However, PDLLA is amorphous and it has a 

Tg of 59 ºC although this value can change with the molecular weight. 

As a consequence of the crystallinity of PLLA, it presents better 

mechanical properties than amorphous PDLLA although the latter is 

more easily impregnated with other substances (Takajo et al., 2008). 

The solubility of PLA depends on the molecular weight, crystallinity 
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degree and the presence of other comonomers. Usually PDLLA is soluble 

in a larger quantity of organic solvents with respect to PLLA although 

they both are not soluble in water, alcohols or saturated hydrocarbons 

(Auras et al., 2004; Gupta and Kumar, 2007). 

The main degradation mechanism of PLA is the hydrolysis due to the 

presence of ester groups in the polymeric chain (Auras et al., 2004) and 

this is the foundation of the general use of this biodegradable polymer 

in medical applications. 

Although PLA has a wide range of applications such as biodegradable 

packaging, films or textile fibres (Auras et al., 2004) the most 

important use is related to biomedical field: sutures, drug delivery 

devices, tissue engineering or orthopaedic surgery (Gilding and Reed, 

1979). 

2.1.1.1.2. Polyglycolide 

Polyglycolide (PGA) is the simplest aliphatic polyester. It was 

synthesized for first time more than a century ago (Bischoff and 

Walden, 1894). Afterwards, a higher molecular weight PGA was 

obtained by ROP (Higgins, 1954). Figure 2.3. shows the chemical 

structures of the dimmer glycolide and the PGA. 

 
Figure 2.3. Chemical synthesis of polyglycolide. 

Analogously to lactic acid, glycolic acid can be produced chemical and 

biologically, but currently the main production method is the 

enzymatic process since it is much less expensive and reaches higher 

reaction products. Glycolide is the cyclic dimmer resultant from the 

condensation as a consequence of glycolic acid dehydratation. 

High molecular weight PGA is hard, resistant and semicrystalline. Its 

Tm is around 224-228 ºC and its Tg close to 36 ºC. PGA is totally 

insoluble in the majority of common organic solvents although at low 
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molecular weights it does have certain solubility. However, it is totally 

soluble in fluorinated solvents like hexafluoroisopropanol (HFIP). 

Its capacity of hydrolytic biodegradability favoured their development 

as the first synthetic suture totally resorbable, which was marketed as 

Dexon™ in the 1970’s by Davis & Geck, Inc. (Gilding and Reed, 1979). 

This biopolymer is also used as a mechanism of bone fixation known 

commercially as Biofix®. PGA can be spun when its molecular weight 

value is over 20 kDa (Ashammakhi and Rokkanen, 1997) so it can be 

not only extruded but moulded by injection. 

2.1.1.1.3. Poly(lactide-co-glycolide) 

Poly(lactide-co-glycolide) (PLGA) is a copolymer of PLA and PGA. It 

is considered the best biomaterial available for drug delivery with 

respect to design and performance (Makadia and Siegel, 2011).  

As previously exposed, the existence of an asymmetric carbon in the 

chemical structure of lactide causes two different enantiomeric forms of 

the copolymer: PDLGA and PLLGA. In general, PLGA is the acronym 

for the racemic mixture PDLLGA where D- and L- forms are in the 

same proportion. The difference between these two optically active 

forms lies in that PLLGA is highly crystalline and PDLGA is 

completely amorphous. When crystalline PGA is copolymerizated with 

PLA reduces its degree of crystallinity with the consequent increase in 

the rate of hydrolysis. As a rule, higher contents of PGA lead to 

quicker rates of degradation with an exception of 50:50 ratio of 

PLA/PGA, which exhibits the fastest degradation (Makadia and 

Siegel, 2011). 

The synthesis of PLGA is carried out by ROP analogously to PLA and 

PGA (Asandei et al., 2005; Hile and Pishko, 1999). Its chemical 

structure is shown in Figure 2.4. 

Figure 2.4. Schematic chemical structure of poly(lactide-co-glycolide) (x is 

the number of lactide units and y is the number of glycolide units). 
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PLGA can be processed into almost any shape or size (Makadia and 

Siegel, 2011). Furthermore, it is soluble in a wide range of common 

organic solvents. Its physical properties depends on multiple factors 

including molecular weight, ratio lactide to glycolide, size of the device, 

exposure to humidity or water and storage temperature (Houchin and 

Topp, 2009). Concretely, molecular weight is the most determinant 

parameter since it determines not only the degree of crystallinity but 

Tm, Tg, intrinsic viscosity or degradation rate (Passerini and Craig, 

2001). 

The main advantage of the copolymer facing the homopolymers is the 

combination of their properties, improving its characteristics in relation 

to their qualities separately. Thus, the degradation rate of PLGA can 

be easily controlled by altering the ratio of PLA to PGA in the 

formulation (Middleton and Tipton, 1998; Miller et al., 1977). A 

comparison between the half-lives of these biodegradable polymers is 

shown in Table 2.3. 

Table 2.3. Half-livesa in days of homopolymers and copolymers of lactide and 

glycolide (Grayson et al., 2004). 

Polymer In vivo In vitro 

 Cage subcutaneous Direct subcutaneous  

Low Mw PLGA 0-4 0-4 21-28 

High Mw PLGA 14-21 14-21 7-14 

PGA 0-4 0-4 4-7 

PLA >21 >49 28-35 
a: The half-life is taken to be the period of time during which the average 
molecular mass of the sample group was one-half the initial molecular mass. 

2.1.2. Processing and impregnation techniques 

In order to be used as biomedical devices, either as implants for tissue 

engineering or as substance carriers in drug delivery systems, polymeric 

biomaterials must be previously processed in the desired shape and, 

when appropriate, also impregnated with the substance to be released. 

In the latter case, both processes can be carried out at the same time. 



Chapter 2               

18 

There are four main shapes to be manufactured into: spheres, fibres, 

films or porous matrices. The best known traditional fabrication 

methods are listed below.  

2.1.2.1. Spheres (particles and capsules) 

i) Solvent evaporation method  

A polymer organic solution is mixed with an aqueous solution and a 

surfactant. By vigorous magnetic stirring the system is homogenized 

and the solvent is evaporated. The isolated droplets change into 

particles after washing with water and dried. A drug can be added to 

the organic or aqueous phase depending on its hydrophobic or 

hydrophilic character. Phase-mixing steps can be repeated several 

times alternating solvents and achieving a single or multiple emulsion 

(Freiberg and Zhu, 2004; Lassalle and Ferreira, 2007; Makadia and 

Siegel, 2011). A scheme of this process is shown in Figure 2.5.a. 

ii) Nanoprecipitation 

The main difference with the previous method is the addition of the 

organic phase dropwise (Freiberg and Zhu, 2004; Lassalle and Ferreira, 

2007; Makadia and Siegel, 2011). 

iii) Coacervation (phase separation) 

This process yields two liquid phases including the polymer containing 

coacervate phase and the supernatant phase depleted in polymer. The 

drug which is dispersed or dissolved in the polymer solution is coated 

by the coacervate. Gradual addition of organic medium to the 

polymer-drug-solvent phase while stirring, extracts the polymer solvent 

resulting in phase separation of polymer by forming a soft coacervate 

of drug containing droplets which are quenched by a quickly dip into a 

medium in which are insoluble. Finally, particles are collected by 

washing, sieving, filtration, centrifugation or freeze drying (Makadia 

and Siegel, 2011). This method is schematically shown in Figure 2.5.b. 

iv) Spray drying 

This method does not require the control of processing parameters in 

contrast to the earlier processes. It consists on the spraying a solid-in-

oil dispersion or water-in-oil emulsion in a stream of heated air. The 
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type of drug decides the choice of solvent (Freiberg and Zhu, 2004; 

Lassalle and Ferreira, 2007; Makadia and Siegel, 2011). This method 

has different variations such as freeze drying (Lassalle and Ferreira, 

2007; Makadia and Siegel, 2011) or ultrasonic micronization (Lassalle 

and Ferreira, 2007). A schematic view of this method appears in Figure 

2.5.c. 

 

Figure 2.5. Comparison of microencapsulation methods: (a) solvent 

evaporation, (b) polymer phase separation and (c) spray drying. Aqueous 

solution is dispersed in the organic polymer solution by ultrasonication 

(Mundargi et al., 2008). 

2.1.2.2. Fibres 

i) Electrospinning 

A polymer solution held by its surface tension at the end of a capillary 

tube is subjected to an electric field. Charge is induced on the liquid 

surface by another electric field. Mutual charge causes a force directly 

opposite to the surface tension. When the electric field reaches a 



Chapter 2               

20 

critical value a charged jet of the solution is ejected from the tip of a 

cone and its charge allows the control of the trajectory by means of an 

electric field. During the travel in the air, the solvent evaporates 

leaving behind a charged polymer fibre (Doshi and Reneker, 1995). 

ii) Wet-spinning 

This process is used for polymers that need to be dissolved to be spun. 

The end of the spinner is submerged into a coagulation solvent and the 

fibre is spun into this bath until complete solidification and removed 

after the process is completed (Pomfret et al., 2000). 

iii) Melt-blown process 

It is a one step process consisting in producing fibres directly from a 

molten thermoplastic polymer using an extruder die tip in which high-

velocity air blows to attenuate the filaments (Nguyen, 2000).  

2.1.2.3. Films 

Polymer films are usually prepared using the solvent casting technique 

(Lu et al., 1998; Makadia and Siegel, 2011). In this method, a polymer 

and drug mixture is dissolved in the same solvent, usually organic, and 

it is cast at around 60 ºC until complete evaporation. The result is a 

dense film disc. It is also possible to make multilayer discs with a 

central monolithic layer or a drug-reservoir complementing this 

technique with compression methods (Dorta et al., 2002). 

2.1.2.4. Porous matrices 

i) Solvent casting with particulate leaching 

This method is indicated to obtain porous membranes. Salt particles 

are added into an organic polymer solution and casted in a dish to 

allow the solvent evaporation. The resulting membranes are heated to 

ensure complete melting of polymer crystallites and cooled down 

rapidly or quenched depending on the degree of crystallinity desired. 

Finally, the membranes are immersed in water and stirred to dissolve 
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the salt and dried (Mikos et al., 1993). The preparation process is 

illustrated in Figure 2.6. 

Figure 2.6. The scheme illustration of preparation of bi-scaled macroporous 

and nanofibrous PLGA5050 scaffold by phase separation and particle-leaching 

method (Mao et al., 2012). 

ii) Fibre bonding (unwoven meshes) 

Polymer fibres, if bonded together in three-dimensions, provide large 

surface area for cell interaction and growth. They can be attached to 

each other either by immersion into a polymer solution since when the 

solvent evaporates the first network is embedded into the second 

network, or atomizing a polymer solution to coat the fibres and 

evaporating the solvent to leave the fibres glued (Mikos and Temenoff, 

2000). 

iii) Gas foaming 

It allows a foaming process without solvents. Gas foaming consist on 

the formation of solid polymer discs and the subsequent exposition to a 

high-pressure CO2 and then to a rapid depressurization (Mooney et al., 

1996; Yoon and Park, 2001). However, this technique can only be 

applied to amorphous polymers susceptible to be swelled by CO2. A 
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scheme of a typical experimental setup for this process is presented in 

Figure 2.7. 

Figure 2.7. Typical experimental setup for gas foaming process (Hile et al., 

2000). 

As observed, practically the entire of conventional manufacturing and 

impregnation techniques have an important drawback which is the use 

of organic solvents. They must be exhaustively removed which implies 

the addition of several heating steps to the process where the 

thermolabile substances are degraded (Duarte et al., 2009; Yoon et al., 

2003) with the consequent increase of economic costs. 

For that reason, an interesting clean and environmentally friendly 

technology can be used as alternative to conventional methods. It is 

the supercritical fluid technology (see Section 2.3). 

 

2.2. Current trends in regenerative medicine 

and disease treatment 

Recently, there has been a surge in the research regarding the surgical 

treatment of damaged tissues and organs together with a revolution, 

not only in new pharmacological formulations or therapies, but in the 

methods of administering an active principle in humans. These 

advances promote more effective therapies, better results using less 
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invasive techniques, fastest recovery and the improvement of the 

quality of life of the patients. 

2.2.1. Tissue engineering 

Tissue engineering can perhaps be best defined as “the use of a 

combination of cells, engineering and materials methods, and suitable 

biochemical and physico-chemical factors to improve or replace 

biological functions” (Griffin, 2013). While most definitions of tissue 

engineering cover a broad range of applications, in practice this term is 

closely associated with applications that repair or replace portions or 

whole tissues (Vert et al., 2012). A commonly applied definition is “an 

interdisciplinary field that applies the principles of engineering and life 

sciences toward the development of biological substitutes that restore, 

maintain, or improve tissue function or a whole organ” (Langer and 

Vacanti, 1993). The term regenerative medicine is often used 

synonymously with tissue engineering, although it places more 

emphasis on the use of stem cells to produce tissues. 

The aim of these disciplines is to regenerate natural tissues using living 

cells. They involve the creation of a new tissue by transplanting cells 

removed from the patient or another individual and seeded into an 

implant which serves as a physical support for the isolated cells. These 

cells are capable of proliferation and they can expand until the replace 

of the organ function (Cima et al., 1991). 

The regeneration of the damaged tissues can be carried out in two 

ways: in vitro or in vivo. In the first case, the regeneration requires a 

specifically designed environment for regeneration and once the tissue 

has grown it is implanted in the patient. This technique is used in the 

first stages of a new research and when the tissue can be generated on 

a large scale in vitro it can then become a viable supply for the 

patients. The in vivo approaches achieve the natural regeneration in 

situ around the damaged area (Groeber et al., 2011). For large defects, 

it is necessary to use a scaffold as support and template for the tissue 

growth (Chan and Leong, 2008). 

The strategy of tissue engineering generally involves several steps (see 

Figure 2.8): (i) selection, isolation and culturing of stem cells; (ii) 

selection of a biocompatible material in order to be used as a substrate 
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or cell-encapsulation; (iii) processing of that material into an adequate 

shape, porosity, interconnectivity, etc; (iv) uniformly seeded of the 

scaffold with cells which can be even grown in a bioreactor or another 

active principle; (v) finally, the impregnated scaffold is implanted into 

the target in vivo (Gomes and Reis, 2004). 

Figure 2.8. Schematic illustration of the different steps in a process of tissue 

engineering. 

The goals of these disciplines consist in the improving or replacing 

tissues such as skin (Shalumon et al., 2012), muscle (McKeon-Fischer 

and Freeman, 2011), bone (Li et al., 2013), cartilage (Jones and Pei, 

2012), blood vessels (Franco and Gerhardt, 2012), nerves (Ghasemi-

Mobarakeh et al., 2011) and organs such as heart (Giraud et al., 2012), 

kidney (Dankers et al., 2010), liver (Zheng et al., 2010), bladder 

(Atala, 2011), teeth (Yen and Sharpe, 2008) or lung (Nichols and 

Cortiella, 2008). 

2.2.1.1. Cellular scaffolds 

Scaffolds represent important components for tissue engineering since 

they provide the structural support for cell attachment and the 

subsequent tissue development. Scaffolds without cells serve to imitate 

the natural extracellular matrix (ECM) of the body which besides the 

support, gives the tissue their mechanical properties, provides bioactive 

cues to the residing cells, acts as a reservoir of growth factors and 

allows neovascularisation and remodelling during tissue dynamic 
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processes (Chan and Leong, 2008). Some examples are shown in Figure 

2.9. 

Figure 2.9. Some examples of scaffolds for tissue engineering and organ 

regeneration: (a) prototypes for breast reconstruction (Freeman, 2011); (b) 

tooth scaffold (Hill, 2012); (c) femoral condyle of test knee in which the arrow 

indicates location of implanted scaffold (Bliss, 2006); (d) ear scaffold 

implanted subcutaneously on the back of an immunodeficient mouse (Cao et 

al., 1997); (e) decellularized scaffold from an old heart (Schaffer, 2008). 

As the new ECM begins to organize, scaffolds have to disappear to 

result in a completely natural tissue replacement (Peter et al., 1998). 

For that reason biocompatible and biodegradable polymers are used to 

synthesize porous scaffolds which accomplish this requirement. 

In order to repair damaged tissues and organs, three-dimensional 

scaffolds must be designed, synthesized and used to regenerate them in 

a similar way, structural and functionally, to the original ones. To 

achieve these objectives, different types of scaffolds have been 

developed (Dhandayuthapani et al., 2011). Focusing on regeneration 

applications, we can list the following: 
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i) Porous scaffolds 

Their higher porosities and interconnected network facilitate the cells 

growth and interaction by simulation of the ECM architecture and 

providing improved nutrient transport and excretion. 

ii) Hydrogel scaffolds 

With an increasing role in the revolutionary field of tissue engineering, 

hydrogels are favourable for promoting cell migration, angiogenesis, 

high water content and rapid nutrient diffusion. They are formed when 

the network is covalently crosslinked while hydrogels are made by 

polymers crosslinked through either covalent or noncovalent bonds. 

iii) Fibrous scaffolds 

The development of nanofibers has enhanced the scope for the 

fabrication of scaffolds that can potentially mimic the architecture of 

natural human tissues at nanometric scale. Their high ratio surface 

area to volume combined with a microporous structure favours cell 

adhesion, proliferation, migration and differentiation. Even variety of 

substances such as drugs, growth factors and genes can be impregnated 

in fibrous scaffolds. 

iv) Composite scaffolds 

Composite materials improve the mechanical properties of scaffolds 

and can alter their degradation behaviour varying the bioceramic 

composition (percentage of inorganic phase and polymer). These 

materials are widely used to replace particularly bone tissues. 

v) Acellular scaffolds  

These scaffolds are prepared either by manufacturing artificial scaffolds 

or by removing cellular components from natural tissues by mechanical 

and chemical manipulation to produce collagen-rich matrices (see 

Figure 2.10). Decellularized biological matrices have proven to support 

cell ingrowth and regeneration and they specially used in the 

regeneration of genitourinary tissues like the bladder. 

The advantage of this scaffold is that it is composed of ECM proteins 

typically found in the body, which the appropriate mechanical and 

physical properties, essential in the regeneration process. Polymer 
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coating of a tissue-derived acellular scaffold can improve the 

mechanical stability and enhance the compatibility of the protein 

matrix. 

 
Figure 2.10. Graphical scheme of how to build a human heart and 

audiovisual report (Maher, 2013). 

2.2.2. Drug delivery systems 

Controlled drug delivery occurs when a polymer and a drug –or other 

active principle– are combined in such a way that the active agent is 
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released from the material in a predesigned manner. This release may 

be constant over a long period, it may be cyclic or it may be triggered 

by the environment or other external events. In one word, it must be 

controlled. In any case, the purpose behind this kind of dosage is to 

achieve more effective therapies while eliminating the potential for 

both under- and overdosing. Other advantages of using controlled-

delivery systems include the maintenance of drug levels in the 

organism within a desired range, the need for fewer administrations, 

optimal use of the drug in question and increased patient compliance 

(Brannon-Peppas, 1997).  

The goal of many controlled-release systems was to achieve a delivery 

profile that would maintain a high concentration of the drug in blood 

over a long period of time. With traditional tablets or injections, the 

drug level follows the profile shown in Figure 2.11.a, in which the 

concentration rises after each administration of the drug and then 

decreases until the next administration. The main problem of 

traditional drug administration is that the blood level of the active 

agent should remain between a maximum value, which may represent 

a toxic level, and a minimum value, below which the drug is no longer 

effective. In controlled delivery systems designed for long-term 

administration, the drug level in the blood follows the profile shown in 

Figure 2.11.b, remaining constant, between the desired maximum and 

minimum, during a long period of time (Brannon-Peppas, 1997). 

 
Figure 2.11. Drug levels in the blood with: (a) traditional drug dosing and 

(b) controlled-delivery dosing (Brannon-Peppas, 1997). 
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2.2.2.1. Mechanisms of controlled delivery 

Although there are hundreds of different drug delivery devices which 

are specifically designed in accordance with the type of drug, its 

pharmacokinetics and the proposed disease treatment, all the 

formulations are based in one of the following mechanisms or in a 

combination of several of them (Wen and Park, 2012): 

i) Dissolution 

In an encapsulated (reservoir) system, drug release is determined by 

the thickness and dissolution rate of the polymer membrane 

surrounding the drug core. Once the coated polymer membrane 

dissolves, all the drug will release like an immediate release 

formulation. By adjusting membrane thickness on small beads, desired 

release profile can be achieved. 

In a matrix dissolution system, drug is homogeneously distributed 

throughout the polymer matrix. As the polymer matrix dissolves, drug 

molecules are released, also called “erosion controlled release”.  

Figure 2.12. Bioerodible drug tablets before and after the dissolution process 

(Özgüney et al., 2004). 
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ii) Diffusion 

In this type of mechanism, drug molecules have to diffuse through a 

polymer membrane or a polymer matrix to be released. These systems 

can be also divided into reservoir (Figure 2.13.a) and monolithic 

(Figure 2.13.b) systems depending on the drug distribution and they 

both can be porous or non-porous. 

 
Figure 2.13. Diffusion-controlled devices: (a) reservoir systems and (b) 

monolithic systems (Wen and Park, 2012). 

iii) Osmotic 

Osmosis, the natural movement of water into a solution through a 

semipermeable membrane, has been used in the development of zero-

order release drug delivery systems. There is no solute, only water can 

diffuse through the semipermeable membrane. 

iv) Ion exchange 

These devices use ion-exchange resins (water-insoluble polymeric 

materials containing ionic groups). Drug molecules can attach and 
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replace ionic groups with opposite charge and be released from the ion-

exchange system depending on their replacement by other electrolytes. 

2.2.2.1.1. Scaffolds as drug delivery devices 

As previously exposed, biodegradable scaffolds as mainly used in tissue 

engineering in order to allow the growth of cells of the surrounding 

tissues. But it does not mean that they cannot be used simultaneously 

as drug delivery devices, either assisting the regenerative process by 

the release of growth factors or only acting as delivery systems for the 

treatment of a concrete disease. 

In the first case, a growth factor is a substance capable of stimulating 

cellular growth, proliferation and cellular differentiation (Dorland, 

2012) and usually it is a protein or a steroid hormone. Therefore, the 

sustained release of growth factors from the implanted scaffolds 

improves the process of tissue regeneration. For that reason, their 

impregnation with these active substances is being widely studied 

(Babensee et al., 2000; Lee et al., 2002; Mullen et al., 2010; Sheridan et 

al., 2000; Wang et al., 2009). 

However, biodegradable scaffolds can be impregnated with a wide 

variety of drugs what allows their application in a broad spectrum of 

treatments as can be seen in Table 2.3. 

Table 2.3. Representative list of scaffolds impregnated with drugs as 

controlled release devices. 

Polymer Drug References 

PCL Aspirin (del Gaudio et al., 2013) 

Chitosan Ciprofloxacin (Aranaz et al., 2009) 

PLGA Dexamethasone (Yoon et al., 2003) 

Chitosan Dexamethasone (Duarte et al., 2009) 

HAp+PCL/PLA Doxorubicin (Pelss et al., 2011) 

PMMA-PLA Ibuprofen (Velasco et al., 2010) 

HAp/TCP Lidocaine (Loca et al., 2011) 

PLA Methotrexate (Jung et al., 1998) 

PLGA Paclitaxel (Lee et al., 2009) 
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2.3. Supercritical fluids 

A fluid is considered as supercritical when is at a temperature greater 

than its critical temperature and a pressure greater than its critical 

pressure. Figure 2.14 represents a typical phase diagram of a pure 

substance. As it can be observed, the critical point with its critical 

temperature, Tc, and its critical pressure, Pc, marks the end of the 

vapour-liquid equilibrium line and the beginning of the supercritical 

fluid region (Cooper, 2000). 

 
Figure 2.14. Schematic phase diagram P-T for a pure substance (Cooper, 

2000). 

Supercritical fluids, scF, generally are compressed gases which combine 

properties of gases and liquids in a chemically interesting manner. 

Supercritical fluids have physicochemical properties in between a liquid 

and a gas. They can have a liquid-like density and no surface tension 

while interacting with solid surfaces and a solvent power similar to 

liquids easily dissolving many chemicals. They can have gas-like low 

viscosity and high diffusivity (Cooper, 2000). Other interesting 

attribute of supercritical fluids is the capacity of adjusting their 

properties by small changes in their temperature or pressure 

(Ajzenberg et al., 2000). These special characteristics give to 

supercritical fluids great possibilities to carry out separations, chemical 

reactions and material processing in environmentally friendly 

conditions. 

In addition to these desirable attributes, cosolvents can be used to 

enhance solubility of a solute in a scF since they modify the polarity of 



                                                                   State of the Art 

33 

the extracting phase in favour of the solute. Furthermore, addition of 

polar organic solvents of solvents capable of H-bonding such as 

methanol can enhance the solubility of polar solutes and change the 

critical point of the mixture (Kompella and Koushik, 2001). 

Table 2.4 shows the critical constants of some of the more common 

solvents.  

Table 2.4. Critical parameters and solubility for selected substances. 

Adapted from Cooper (2000) and Ajzenberg et al. (2000). 

Substance Tc (ºC) Pc (bar) Substance Tc (ºC) Pc (bar) 

Acetone 234.9 47.0 CO2 31.1 73.8 

Benzene 289.0 48.9 Ethylene 9.2 50.4 
iBuOH 275.1 43.0 EtOH 243.5 63.8 
tBuOH 233.0 39.7 MeOH 240.6 79.9 

CClF3 28.9 38.6 NH3 132.5 112.8 

C2F6 19.9 30.6 Pentane 187.1 33.7 

CH4 -82.5 46.4 iPrOH 235.1 47.6 

C2H4 10.0 51.2 Propane 97.2 42.5 

C2H6 32.2 48.8 Propylene 91.9 46.1 

C4H10 152.0 38.0 Pyridine 347.1 56.3 

C6H12 230.8 31.7 SF6 45.6 37.2 

C6H14 234.2 29.7 Toluene 318.6 41.1 

CHF3 26.2 48.5 Water 374.2 220.5 

C2H4F2 113.4 45.0 p-Xylene 343 35.2 

In light of these values, some substances can be appropriate as 

supercritical fluids, i.e. ethane, propane, toluene, butane or hexane. 

However, they are hazardous substances due to their toxicity or 

inflammability, so their application is severely restricted (Ajzenberg et 

al., 2000). 

Water is a good candidate according to its properties, but 

unfortunately it has values for their critical parameters very distant 

from the ambient conditions what makes not really feasible its 

application as a supercritical fluid (Ajzenberg et al., 2000). 
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In view of all of this, carbon dioxide is best option due to their 

advantages over other substances: critical state easily attainable; 

applicability to a thermosensitive substances; non inflammable, 

explosive or toxic; inert; commercially available at low cost; no residue 

remains after evaporation; environmentally benign nature; recoverable, 

reusable and easy of manipulate (Ajzenberg et al., 2000; Kemmere, 

2005; Kendall et al., 1999). Figure 2.15 shows the variation of density 

of pure CO2 and its associated phase change from gas to supercritical 

state. 

 
Figure 2.15. (a) Graph showing the variation in density for pure CO2 at 35 

ºC. At this temperature there is a rapid but continuous increase in density 

near the critical pressure (Cooper, 2000). (b) Schematic representation of the 

change from liquid-gas equilibrium (T<Tc) to supercritical fluid (T�Tc) 

conditions as a substance is heated above its critical temperature at a pressure 

in excess of Pc (Cooper, 2000). (c) QR Code for the viewing of the CO2 phase 

change inside of a view cell. 

2.3.1. Role of supercritical CO2 in synthesis and 

impregnation of drug delivery devices 

During last years, supercritical fluids have been used in polymerization, 

polymer swelling, drug impregnation, extraction, splitting, cleaning and 

purification. Concretely, one of the main effects of supercritical carbon 

dioxide (scCO2) is the plasticization which consists on the decrease of 
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Tg of a polymer (Zhou et al., 2003). This effect is important because 

the gas adsorbed acts as lubricant and facilitates the fluently 

movement of molecular chains. ScCO2 can swell reversibly glassy and 

rubbery polymers and decrease the viscosity of melting polymers in 

around an order of magnitude (Wang et al., 2002). 

The interactions within the scCO2-assisted impregnation system are 

reported in Figure 2.16: 

 
Figure 2.16. Interactions in a typical scCO2-assited impregnation process 

(Kikic and Vecchione, 2003). 

2.3.1.1. Summary of supercritical particle formation 

methodologies 

Several modified processes that use different nucleation and growth 

mechanisms of precipitating particles are summarized in Table 2.5 and 

briefly described below. 

Table 2.5. Summary the most common particle formation technologies using 

supercritical fluids (Yeo and Kiran, 2005). 

Process Role of scF Role of organic solvent 

RESS Solvent Cosolvent 

SAS Antisolvent Solvent 

SEDS Antisolvent/dispersing agent Solvent/non-solvent 

i) Rapid expansion of supercritical solutions (RESS) 

The coprecipitation by RESS is a rapid expansion process in which the 

polymer must have some degree of solubility in the scF. The polymer is 

dissolved in it and the high-pressure solution is rapidly depressurized 

through a nozzle to lead the polymer precipitation at low pressure 



Chapter 2               

36 

(Cooper, 2000; Yeo and Kiran, 2005). The RESS method is illustrated 

in Figure 2.17. 

 
Figure 2.17. Schematic representations of the RESS process. (a) The process 

involves rapid expansion from supercritical solutions which is accompanied 

with a pressure and a temperature drop. (b) The expansion is carried out 

through a nozzle. (Yeo and Kiran, 2005). 

ii) Supercritical antisolvent process (SAS) 

In this method, a polymer, or polymer and drug, solution is sprayed 

into a chamber containing the scF which acts as an antisolvent. There 

is a rapid content between the two phases what generates a higher 

supersaturation and results in fast nucleation and growth, creating 

small particles (Cooper, 2000; Yeo and Kiran, 2005). This process is 

described in Figure 2.18.a. 

 
Figure 2.18. (a) Schematic representations of the SAS process. (b) 

Schematic representations of the SEDS process (Yeo and Kiran, 2005). 

iii) Solution enhanced dispersion by supercritical fluids (SEDS) 

This process is a modified version of the SAS process in which the 

liquid solution and supercritical fluid are sprayed together using a 

specially designed coaxial nozzle. The scF is used both as an 

antisolvent and as a dispersion medium. This spontaneous contact of 
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high-speed streams of the liquid solution and the scF generates a finely 

dispersed mixture and a prompt particle precipitation (Cooper, 2000; 

Yeo and Kiran, 2005). The SEDS technique is shown in Figure 2.18.b. 

2.3.1.2. Supercritical foaming and impregnation of PLA 

and PLGA 

Related to the formation of porous materials in scCO2 medium, these 

processes have many advantageous properties which include a tuneable 

solvent power, plasticization of glassy polymers as a consequence of the 

Tg decrease and enhanced diffusion rates (Reverchon and Cardea, 

2007). 

The swelling process (both batch or continuous), known as “pressure 

quench method” (Figure 2.19.a) occurs typically in a solvent-free way 

in which the glassy polymer (i.e. PLA or PLGA) is placed into a vessel 

where is filled of CO2 and pressurized in order to achieve the polymer 

saturation with scCO2. The system is heated over ambient 

temperature, usually at moderately elevated temperatures, and 

maintained at constant temperature and pressure for the time of the 

experiment. Then, the vessel is depressurized opening a fast discharge 

valve (Cooper, 2003; Reverchon and Cardea, 2007). A schematic 

drawing of the apparatus is reported in Figure 2.19.b. 

 
Figure 2.19. (a) Video showing the pressure-quench video; (b) Schematic 

drawing of foaming process equipment: 1. CO2 tank; 2. high pressure pump; 

3. pre-heater; 4. vessel; 5. discharge valve (Reverchon and Cardea, 2007). 
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As reported in literature (Chiou et al., 1985; Goel and Beckman, 1995), 

two basic factors play a role during the venting step for the leading of 

foams: cells nucleation and growth. The first one is related to the 

absorption of a sufficient amount of CO2 to let cell nucleation and 

growth during the depressurization. The other is the depression of Tg 

of the polymer below the temperature used in the experiment, caused 

by CO2 absorption.  

This swelling process can be combined with the drug impregnation of 

polymer foam in the same step by the only adding of the desired active 

substance (Cortesi et al., 2000; Duarte et al., 2009; Gong et al., 2006; 

Guney and Akgerman, 2002; Hile and Pishko, 2004), either in the same 

vessel as the polymer or in a previous vessel in which the CO2 is 

saturated with it. In both cases, scCO2 acts as drug carrier which 

deposits the drug into the polymer chains. 

According to all of previously exposed, supercritical technology is a 

green and effective option to synthesize and impregnate with drugs, in 

one step process, biodegradable polymer foams free of organic solvents 

or monomer traces in order to be used as cellular scaffolds in 

regenerative medicine simultaneously as drug release devices. 
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3.1. Materials 

3.1.1. Chemical compounds 

The list of the chemical compounds used in all the experiments carried 

out in this research is presented in Table 3.1. 

Table 3.1. List of chemical substances used in polymerization, impregnation 

and release experiments. 

Reagent 
Chemical 
formula Supplier Purity 

Polymerizations   

Anhydrous methanol CH3OH SDS 99.95% 

3,6-Dimethyl-1,4-
dioxane-2,5-dione (D,L-
lactide) C6H8O4 Purac Biochem bv 99.5% 

1,4-dioxane-2,5-dione 
(glycolide) C4H4O4 Purac Biochem bv 99.5% 

Zinc (II) 2-
ethylhexanoate (zinc 
octoate) ZnOct2 Nusa 

Metal 
content 
of 12% 

Drug impregnation    

Carbon dioxide CO2 Carburos Metálicos 99.8% 

5-Fluoro-2,4(1H,3H)-
pyrimidinedione 
(5-fluorouracil) C4H3FN2O2 Fagron 99.9% 

2-{1-[(4-chlorophenyl) 
carbonyl]-5-methoxy-2-
methyl-1H-indol-3-
yl}acetic acid 
(indomethacin) C19H16ClNO4 Fagron 99.8% 

Drug release (preparation of the phosphate-buffered saline, PBS) 

Sodium chloride NaCl Panreac 99% 

Potassium chloride KCl Panreac 99% 

Disodium hydrogen 
phosphate Na2HPO3 Panreac 99% 

Monopotassium 
phosphate  KH2PO4 Panreac 99% 
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3.1.2. Analytical reagents 

The list of the chemical compounds used as standards in the 

calibration of some of the analytical methods used in this research is 

presented in Table 3.2. 

Table 3.2. List of chemical substances used as standards in the calibration of 

some analytical methods. 

Reagent 
Chemical 
formula 

Mn
a 

(g/mol) Supplier 

Infrared spectroscopy 

Poly(D,L-lactide) (C3H6O3)m 
75 000 – 
120 000 Aldrich 

Poly(D,L-lactide-
co-glycolide) 85:15 [C3H6O3)]x[C2H4O3]y 

50 000 – 
75 000 Aldrich 

Poly(D,L-lactide-
co-glycolide) 75:25 [C3H6O3)]x[C2H4O3]y 

66 000 – 
107 000 Aldrich 

Poly(D,L-lactide-
co-glycolide) 65:55 [C3H6O3)]x[C2H4O3]y 

66 000 – 
107 000 Aldrich 

Poly(D,L-lactide-
co-glycolide) 50:50 [C3H6O3)]x[C2H4O3]y 

5 000 – 
15 000 Aldrich 

Polyglycolide (C2H4O3)n - Aldrich 

Gel permeation chromatography 

Polystyrene [C8H8]x 370 Waters 

Polystyrene [C8H8]x 474 Waters 

Polystyrene [C8H8]x 996 Waters 

Polystyrene [C8H8]x 2 770 Waters 

Polystyrene [C8H8]x 6 520 Waters 

Polystyrene [C8H8]x 9 730 Waters 

Polystyrene [C8H8]x 17 800 Waters 

Polystyrene [C8H8]x 44 200 Waters 

Polystyrene [C8H8]x 120 000 Waters 

Polystyrene [C8H8]x 177 000 Waters 

a: Number-average molecular weight 

The list of all the solvents used in the characterization of samples is 

shown in Table 3.3. 
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Table 3.3. List of solvents used in all the characterization methods of 

samples carried out in the research. 

Reagent 
Chemical 
formula Supplier Purity 

Deuterated 
chloroform for RMN CDCl3 Aldrich 100% 

Deuterated dimethyl 
sulfoxide (DMSO) (CD3)2SO Aldrich 100% 

Hexafluoroisopropanol 
(HFIP) (CF3)2CHOH 

Sigma-
Aldrich 99.8% 

n-Hexane C6H14 Brenntag 100% 

Trifluoroacetic acid CF3COOH 
Sigma-
Aldrich >99% 

Deuterated benzene C6D6 Aldrich 100% 

Methanol CH3OH 
Sigma-
Aldrich 

Analytical 
grade 

Tetrahydrofuran 
(THF) C4H8O SDS 99.7% 

3.1.3. Others 

Finally, potassium bromide (KBr) (Sigma-Aldrich) with purity of 

higher than 99% and deionized water were also used. 

 

3.2. Experimental setups 

3.2.1. Bulk polymerizations 

Bulk polymerizations were carried out at laboratory scale using a glass 

stirred-tank reactor of 500 mL with nitrogen atmosphere, constant 

stirring rate of 100 rpm and controlled temperature. The equipment is 

shown in Figure 3.1. The vessel was submerged into a polyethylene 

glycol bath heated using a hot plate. Samples along the chemical 

reaction were taken through a hole in the cap using a spatula.  
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Figure 3.1. Bulk polymerization setup: (a) view; (b) scheme. 

3.2.2. Supercritical foaming and impregnation process 

The experimental equipment used for the synthesis of foams and their 

drug impregnation is presented in Figure 3.2. 

 
Figure 3.2. (a) General view of high-pressure equipment for the supercritical 

foaming and impregnation; (b) Stirred tank reactor; (c) schematic setup. 

(a) (b) 

(c)) 
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It consists mainly in three modules:  

i) Pressurization module 

Carbon dioxide from a tank at approximately 60 bar is cooled to 

ensure its liquid state and avoid any gas bubble which can damage the 

pumping system. Next, a syringe pump (Milton Roy-Milroyal D, 

France) pressurize the carbon dioxide and propel it to the vessel. A 

purge valve allows the checking of the CO2 phase before the pumping. 

ii) Main module 

A 300 mL high-pressure stainless steel vessel (Autoclave Engineers, 

Pennsylvania) equipped with magnetic stirring (Emerson-Focus 1, New 

York) and heated by an electric coat. Temperature was measured and 

controlled (RKC Instrument-CB100, Korea). 

iii) Venting module 

This module consists of several valves: on-off (Autoclave Engineers, 

Pennsylvania), pressure regulator (Swagelok, Spain), needle (Swagelok, 

Spain) and micrometric (Swagelok, Spain). All of them were covered 

with a heating resistance in order to prevent their freezing due to the 

Joule-Thompson effect. 

3.2.3. Drug release 

Drug release experiments were carried out in the experimental setup 

shown in Figure 3.3: 

 
Figure 3.3. In vitro release setup. 
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It consists on a liquid-solid contact system made up of nine glass 

mouth ground bottles hermetically closed and preserved from light, 

with a capacity of 100 mL. They were perfectly stirred at 100 rpm and 

incubated in a shaking water-bath at 37 ºC.  

The stirring system was a multiple magnetic stirrer of variable speed 

and independent regulation (SBS, model ANM-10009). The heating 

was provided by an immersion thermostat of analogical control (SBS, 

model TI-02). 

 

3.3. Experimental procedures 

3.3.1. Bulk polymerizations 

Firstly, 100 g of the monomer mixture, with a molar ratio D,L-

lactide:glycolide = 80:20, was added and heated until the desired 

temperature, 120 or 160 ºC. After complete thermal equilibration and 

mixture melting, given quantities of catalyst and initiator (molar ratio 

monomer to catalyst 100 or 500, and initiator to catalyst 0.5 or 2) were 

injected into the reactor. The moment of this addition was considered 

time zero of the reaction. The duration of all reaction experiments was 

3 h. Several samples were taken at different times and they were cooled 

just after sampling in order to quench the reaction. Collected samples 

were kept cool in glass vials with nitrogen atmosphere and stored. 

3.3.2. Supercritical foaming and impregnation process 

In a typical experiment, 0.4 g of polymer flakes (previously bulk 

polymerized) and 0.1 g of drug powder were placed in the high-

pressure vessel and 200 g CO2 was charged from the storage tank into 

the vessel after it was sealed using a syringe pump until its pressure 

reached 180 bar. Then, it was heated until 40 ºC using an electric 

heating coat, moment in which the zero time was considered. Then, 

impregnation took place during 60 minutes and the content of the 

vessel was homogenized using mechanical stirring. This is because 

temperatures between 35 and 45 ºC and moderated pressures are 

enough to achieve the effective impregnation at low experiments 

duration (Ganapathy et al., 2007; Howdle et al., 2001). 
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Finally, the CO2 was vent off, the vessel was opened and resulting 

polymer-drug porous composites were collected and cool stored in 

nitrogen atmosphere for their subsequent analysis. Table 3.4 

summarizes different experimental conditions tested at impregnation 

and foaming processes. 

Table 3.4. Specific experimental conditions used in the foaming and 

impregnation processes. 

Parameter Values 

Stirring rate 500 – 1000 rpm 

Venting time 4 – 90 minutes 

Polymer composition PLGA – PLA 

Drug 5-fluorouracil (5-Fu) – indomethacin (IDMC) 

The cleaning process consisted on several steps. First, using a suitable 

solvent (usually THF) and then, water and soap. The drying is 

extremely important because there must not be any water trace in the 

vessel. Therefore, after applying a nitrogen stream through the vessel 

internals, it was connected to the rest of the system and charged 

several times with CO2 until complete water removal. 

3.3.3. Elaboration of PBS 

The phosphate-buffered saline, PBS, used in the in vitro drug release 

experiments was prepared using the recipe proposed by Cold Spring 

Harbor Protocols (2006) and summed up in Table 3.5. 

Table 3.5. Recipe for the preparation of 1 L of PBS. 

Chemical Amount 

NaCl 8.0 g 

KCl 0.2 g 

Na2HPO4 1.44 g 

KH2PO4 0.24 g 

Deionized H2O 800.0 mL 

The reagents listed above were dissolved in approximately 800 mL of 

water. After their total dissolution, the pH was adjusted to 7.4 with 

HCl 0.1 N and then, more water was added until 1 L. If necessary, pH 
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can be corrected using NaOH 0.1 N. Resulting PBS was stored in 

aliquots and sterilized by autoclaving. 

3.3.4. In vitro drug release studies 

The drug delivery devices were tested using a typical in vitro 

methodology (Chen et al., 2006; Ganapathy et al., 2007; Kang et al., 

2008). Approximately 10 mg samples of drug-charged-polymer foam 

were formed in a spherical shape and accurately weighed, then placed 

in a 100 mL mouth ground bottle containing in 80 mL of PBS (pH 7.4, 

1 M), stirred at 100 rpm and maintained in a water-bath shaker at 37 

ºC during 24 h. A 10 mL solution of PBS was periodically removed 

from the medium and the drug concentration was analyzed. In order to 

maintain constant the PBS volume and its pH value, 10 mL of fresh 

PBS was periodically added after each sampling and until the end of 

the experiment. Release profiles were calculated in terms of the 

cumulative release percentage of drug (%, w/w) with regard to time. 

All experiments were carried out in triplicate.  

 

3.4. Characterization techniques 

3.4.1. Polymer analysis 

3.4.1.1. Determination of yield 

Mass conversion of obtained polymers was determined by different 

methods with the aim of comparing and proving the validity of results. 

Once the accuracy of the several methods were confirmed, the choice of 

the analytic method were based on its simplicity.  

i) Gravimetry: 

A known amount of sample, between 0.1 and 0.3 g, was dissolved in 

THF, or in HFLIP in case of copolymer highly enriched in glycolide, 

until an approximate concentration of 0.035 g/mL and an excess of 

hexane was added to precipitate the polymer. Finally, the obtained 

suspension was vacuum-filtered using a fiberglass filter and the 

polymer was oven dried at 60 ºC to remove solvent traces and 

weighted. 
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The mass conversion reached at the polymerization experiments was 

calculated according the following expression: 

sample

polymer

m

m
X =         [3.1] 

where X is the mass conversion, mpolymer is the polymer mass obtained 

by difference between the weight before and after the filtration and 

drying, and msample is the sample weight used in the analysis. 

ii) Thermogravimetry (TGA): 

In order to ensure the reliability of this method, the conversion of 

several samples was also measured by thermogravimetry (TGA). In all 

cases, the results obtained by the two techniques were fully equivalent. 

A previous themogravimetryc study using the monomers and their 

homopolymers was carried out to analyze if their thermal stability is 

enough different to obtain the yield with this method. In Figure 3.4, 

monomers and homopolymers thermograms are presented. 
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Figure 3.4. Thermograms of: (a) D,L-lactide; (b) glycolide; (c) PDLLA; (d) 

PGA. 
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As it can be observed, at temperatures of 210 and 250 ºC the total 

amount of D,L-lactide and glycolide, respectively, has been removed. 

In case of homopolymers, they are degraded at higher temperatures. 

Therefore, it can be assumed that any weight lost at below 

temperatures is because of the monomer removal. Thus, in order to 

determinate the yield it is necessary to take into account the weight 

loss at 210 ºC for PLA analysis and at 250 ºC for PLGA analysis. 

Mass conversion is calculated using the data reached from the 

thermograms and using the following equation: 

total

lossTtotal

m

mm
X

−
=        [3.2] 

where X is the mass conversion, mtotal is the percentage weight loss at 

the end of the analysis and mlossT is the percentage weight loss at 210 

or 250 ºC depending of the analyzed polymer. 

Analysis were carried out in a TGA apparatus, model SDT 2960 (TA 

Instruments), which is shown in Figure 3.5, and the software used was 

TA Universal Analysis 2000. 

 
Figure 3.5. TGA apparatus. 

Mass samples were between 3 and 10 mg and they were placed in an 

aluminium cap. Analyses were performed under nitrogen atmosphere, 

with a flow of 100 mL/min and a heating rate of 40 ºC/min. 
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3.4.1.2. Determination of molecular weight 

Polymer average molecular weight and its distribution were determined 

using gel permeation chromatography (GPC). This technique is 

included in the size exclusion chromatography methods and it is the 

most powerful and widely used in this field. The average molecular 

weights resulted from this analysis are in weight (Mw), in number (Mn) 

and the polydispersity index. 

The apparatus used for this characterization, shown in Figure 3.6, was 

a chromatograph (Waters) equipped with two different columns, 

Styragel HR1 and Styragel HR4 whose molecular weight interval 

covered from 100 to 500 000 g/mol. It is controlled by a computer 

system supplied with the Breeze software which controls the entire 

process but also stores and processes the results. 

 
Figure 3.6. Gel permeation chromatograph. 

The analysis conditions are shown in Table 3.6. The polymer solutions 

were also filtered before the measurements using a syringe with an 

attached filter of a pore size of 0.45 µm. The chromatograph was 

calibrated using the kit of PS standards described in Table 3.2. 
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Table 3.6. Analysis conditions in molecular weight measurements. 

Parameter Values 

Solvent THF 

Temperature 35 ºC 

Injection volume 100 µL 

Sample concentration 1.5 mg/mL 

Flow rate 1 mL/min 

Although the apparatus is PS calibrated, just knowing the values of 

Mark-Houwink constants at the analysis conditions together the 

polymer used in the calibration and the polymer analyzed, it is possible 

to determinate the absolute molecular weight of the latter. 

Unfortunately, in literature only data concerning to PLA are published 

(Auras et al., 2004). They are presented together to Mark-Houwink 

constants of PS in Table 3.7.  

Table 3.7. Mark-Houwink constants of poly(D,L-lactide) and polystyrene in 

THF at 35 ºC. 

Polymer K (dL/g) a 

PDLLA 2.590·10-4 0.689 

PS 1.251·10-4 0.717 

Values of molecular weight has been calculated using the Equation 

[3.3]: 
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1

1

1
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   [3.3] 

where the absolute weight-average molecular weight of PLA (MwPLA) is 

related to the absolute weight-average molecular weight of PS (MwPS) 

using these constants (Harshe, 2006).  

3.4.1.3. Determination of copolymer composition 

In order to determine the monomer ratio D,L-lactide to glycolide, L:G, 

in their copolymers, it was necessary to carry out an analysis of the 

PLGA composition. Like in the measurements of yield, two different 

analytic methods were used. 
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i) Nuclear magnetic resonance spectroscopy (NMR): 

It is the more powerful and widely used in the study of copolymers 

composition. In this case, the proton nuclear magnetic resonance 

spectroscopy (1H NMR) was used due to its speed and simplicity of the 

characterization. The equipment used was a NMR spectrometer 500 

MHz Varian Inova, presented in Figure 3.7. 

 
Figure 3.7. NMR spectrometer 500 MHz. 

Copolymer composition is determined by integration of the 

corresponding peaks (Kricheldorf and Behnken, 2007). A typical PLGA 

spectrum is presented in Figure 3.8. 

The main problem in the analysis of this kind of copolymers using 

dissolution NMR technique is the insolubility of those with higher 

glycolide content in the majority of the solvents commonly used with 

this method. Additionally, the signal produced by the chemical shifts 

of the bonds C-H in chemical groups CH for lactide and CH2 for 

glycolide is strongly difficult to integrate due to the overlap which 

takes place in the case of some solvents capable to dissolve PLGA.  
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Figure 3.8. 1H NMR spectra of copolymer PLGA prepared using ZnOct2 and 

methanol as catalyst and initiator respectively. Initial molar composition in 

the reaction mix L:G of 60:40. T: 160 ºC, MC ratio: 100, IC ratio: 0.5, N: 100 

rpm, t: 3 hours. Solvent used in the analysis: DMSO. 

In Table 3.8 the mentioned chemical shifts are shown. 

Table 3.8. Chemical shifts for C-H bond in groups CH (D,L-lactide) and CH2 

(glycolide) depending on the employed solvent. 

Solvent � CH (ppm) � CH2 (ppm) 

DMSO 5.2 4.9 

CDCl3 5.1 4.9 

CDCl3 + TFA (4:1 v/v) 5.3 4.9 

HFIP + C6D6 (4:1 v/v) 5 4.5 

For this reason, this method was only used to validate the other 

alternative analytical technique. 

i) Fourier transform infrared spectroscopy (FTIR): 

Although the infrared spectroscopy (IR) is not the usual technique to 

determine the composition of copolymers, some authors have employed 

this method with satisfactory results in this analysis (Thosar et al., 

2007). This analytic technique was used in this research in order to 

have instantaneous results on the proportions of both monomers, 

ppm (f1)
1.4501.500

4.905.005.105.205.305.40

1.02.03.04.05.06.07.08.09.0

O

O

O

O
n

m

a 
b 

c 

 

c 

a    b 



                                  Materials and Experimental Methods 

67 

replacing the previous method for simplicity and speed once its validity 

was checked. 

Discs of KBr were previously prepared as support for the analysis due 

to this compound is transparent from the near ultraviolet to long-wave 

infrared wavelengths (0.25-25 µm) and has no significant optical 

absorption lines in its high transmission region. To achieve them, 

around 175 mg of KBr powders were compressed using a manual 

hydraulic press Perkin Elmer. 

PLGA samples were dissolved in THF or HFIP, depending on their 

composition, with a concentration of 35 mg/mL approximately and one 

or two drops of these solutions were used to impregnate the KBr discs. 

They were dried in an oven at 60 ºC for 15 min. to evaporate the 

solvent and leaving a thin polymer film on the disc. 

Analyses were performed in a spectrophotometer with Fourier 

transform (FTIR 16 PC, Perkin Elmer) in the interval from 4 000 to 

400 cm-1. Each measurement was made by quadruplicate. The 

equipment is presented in Figure 3.9. 

 
Figure 3.9. FTIR spectrophotometer. 

In its calibration, different pure polymer standards, previously 

described in Table 3.2, some polymer blends (made from pure 

homopolymers) with ratios L:G 35:65, 25:75, 15:85, 10:90 and both 

homopolymers were used. Figure 3.10 shows the calibration curve 

which represents the absorbance ratio between CH2 groups from 



Chapter 3    

68 

glycolide and CH groups from D,L-lactide (whose absorption bands are 

1422 cm-1 and 1452 cm-1 respectively) and glycolide content in the 

copolymer. As it can be observed, the curve is divided into two regions 

due to the Lambert-Beer Law. Each point was obtained by triplicate.  

The differences between these two methods were always lower than 

0.5%. 

 
Figure 3.10. Calibration curve for the determination of glycolide content in 

the copolymer PLGA. 

3.4.2. Impregnated foams 

3.4.2.1. Thermal behaviour 

The differential scanning calorimetry (DSC) is an analytical technique 

used to quantify the energy involved in the polymer physical 

transitions and it was employed to study the amorphous or crystalline 

character for both (absence or presence of pronounce peaks, 

respectively), the polymer foams and the impregnated drugs. 

The apparatus used in the analysis is presented in Figure 3.11: 
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Figure 3.11. Differential scanning calorimeter. 

It consisted of a calorimeter DSC Q1000 (TA Instruments) equipped 

with refrigerated cooling system (RCS) and autosampler. Typical 

sample weights were 4-10 mg. All the measurements were run in 

aluminium hermetic pans under a nitrogen flow of 50 mL/min. The 

software used in the analysis was TA Universal Analysis 2000.  

To ensure that all the samples had the same thermal history, a 

protocol was established in DSC analysis. It consisted in a first heating 

above their melting points, a cooling and a second heating, always 

using a ramp of 10 ºC/min (except for the first heating in which the 

ramp was 40 ºC/min to avoid the reaction of residual monomer). In 

addition, between cooling and second heating the sample was keep 

during 30 s at isothermal regime (Nakafuku and Takehisa, 2004; 

Sosnowski et al., 1996). Table 3.9 summarizes the routine followed in 

the measurements depending on the type of polymer. 

Table 3.9. Temperature intervals used in the thermal analysis. 

 Ramp Temperature interval (ºC) 

Polymer  PLA PLGA 

1st heating 40 ºC/min 30 to 200 30 to 280 

Cooling 10 ºC/min 200 to –50  280 to –50  

2nd heating 10 ºC/min -50 to 200 -50 to 280 
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3.4.2.2. Determination of pore size and structure 

Polymer foams were analyzed and imaged using optical and scanning 

electron microscopy in order to determine their pore size and 

morphology. 

Related to optical microscopy, the apparatus was a microscope Carl 

Zeiss, model Axio Imager A1 10x and 40x (Figure 3.12.a), equipped 

with a camera Nikon Digital Sight model DS-2Mv which did the 

microphotographs. The software used to process the data was Nis 

Elements BR.  

Scanning electron microscopy (SEM) was used to achieve a higher 

definition images and evaluate the pore interconnectivity. Analyses 

were taken using the SEM equipment FEI Quanta 250 (Figure 3.12.b) 

at environmental mode. 

�

Figure 3.12. (a) Optical microscopy and (b) SEM apparatus. 

The total porosity of foams was calculated by simple geometrical 

measurements using the method of the “true density” by immersion in 

ethanol which acted as displacement liquid. Tests were taken at 30 ºC 

using a density bottle and applying the Archimedes principle (Tran et 

al., 2011). The connexion or interconnexion of pore network was easily 

determined comparing the true density value with the theoretical one. 

3.4.2.3. Determination of drug loading 

Once the polymer foams were impregnated it was necessary 

determinate their drug content. To achieve this, ultraviolet-visible was 

used because it is a suitable analytical method to quantify highly 

(a) (b) 
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conjugated organic compounds. The measurements were carried out 

using and spectrophotometer UV with dual beam Shimadzu UV-1603 

(Figure 3.13) with a spectral range from 190 to 1100 nm, halogen and 

deuterium lamps and a silicon photo diode detector. It was provided 

with the software UVPC Personal Spectroscopy Software, Version 3.6. 

 
Figure 3.13. UV spectrophotometer. 

A previous calibration curve was necessary to assign an absorbance 

value to drug concentrations. Firstly, maximum equipment saturation 

was determined. After, a stock solution of 200 ppm for each drug was 

prepared and several solutions at different concentrations were 

obtained by dilution. Calibration curves were performed using both 

different solvents: THF and PBS and the resulting equations and 

curves are presented in Figure 3.14 for each drug studied.  

In the case of 5-Fu measurements, the sorption spectrum gave two 

peaks at wavelengths of 207.5 and 266.5 nm, selecting the latter in the 

analysis. For indomethacin, the sorption was achieved at 205.5, 266.2 

and 320.2 nm, and the last wavelength was chosen due to its better 

reproducibility and correlation. 
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Figure 3.14. Calibration curve for the determination of drug content using 

THF and PBS as solvents for: (a) 5-fluorouracil; (b) indomethacin. 

The operational procedure for the determination of drug content 

consisted on the dissolution of 0.1 g of foam sample in 250 mL of THF, 

generating a drug solution with a maximum concentration (according 

to the expected drug loading) always below to 50 ppm. The analysis 

was carried out using quartz cuvettes of 10 mm across, which were 

previously cleaned with solvent before the blank measurement. After, 

the sample analysis was performed. 

The absorbance data were transformed into drug concentration using 

the calibration curves (THF equations) which were based on the Beer 

law. Knowing the exact drug concentration and the solution volume it 

is possible to calculate the drug mass at in the 0.05 g sample and 
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consequently, the percentage in the polymer foam. The drug content 

was formally presented using the “drug loading” whose equation is 

shown below: 

foam polymer of mass total

foam polymer in dimpregnate drug of mass
DL =   [3.4] 

3.4.3. Drug release 

The quantity of drug released to the PBS medium during the in vitro 

drug delivery experiments was also determined using UV spectroscopy. 

All the PBS aliquots periodically removed from the bottles, with a 

volume of 10 mL, were measured and its concentration was calculated 

from their absorbance values using the calibration curves shown at 

Figure 3.14 (PBS equations). The operational procedure followed at 

the analysis was the same that described in the previous section, 

replacing the solvent by PBS. 
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PREFACE TO THE SECTION OF RESULTS 

AND DISCUSSION 

The results obtained in this research and their significance have been 

organized in three different parts: a previous study in which the 

polymer necessary for the synthesis of biodegradable scaffolds was 

produced, the process of synthesis of polymer foams and their 

impregnation with drugs and in vitro tests of their behaviour as drug 

delivery devices together with a mathematical modelling of the 

achieved release profiles. 

More specifically, the reaction of polymerization and its optimization is 

presented in Chapter 4 which corresponds to an analogous paper 

entitled Optimizing the bulk copolymerization of D,L-lactide and 

glycolide by response surface methodology and published in the journal 

Express Polymer Letters. The catalyst and initiator used in the 

polymerization were selected in a previous work published in the 

Journal of Macromolecular Science – Part A: Pure and Applied 

Chemistry and entitled Study of different catalysts and initiators in 

bulk copolymerization of D,L-lactide and glycolide. 

The first contact with supercritical fluids took place during 

polymerizations of PLGA carried out reproducing the previous 

optimized process conditions. That study was published in 

Macromolecular Symposia and entitled Influence of the operative 

conditions on the characteristics of poly(D,L-lactide-co-glycolide) 

synthesized in supercritical carbon dioxide. After that, the research has 

been focused on supercritical synthesis and impregnation of polymer 

foams, and these contents are divided in Chapter 5 and Chapter 6. 

Each one of them analyzes the role of a concrete drug involved in the 

process, either 5-fluorouracil or indomethacin, and they are based on 

the following publications: Production of biodegradable scaffolds 

impregnated with 5-fluorouracil in supercritical CO2 and Production of 

biodegradable porous scaffolds impregnated with indomethacin in 

supercritical CO2, both published in the Journal of Supercritical 

Fluids. 

Finally, the in vitro study of both types of devices and their 

mathematical modelling were expounded on the Chapter 7 and 
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Chapter 8, corresponding to each drug once again. They are based on 

two papers recently prepared and in process of submission for its 

publication in the journal Industrial & Engineering Chemistry 

Research. They are entitled as: Novel model for the description of the 

controlled release of 5-Fluorouracil from PLGA and PLA foamed 

scaffolds impregnated in scCO2 and In vitro release of indomethacin 

from biodegradable polymeric foams: Experimental and mathematical 

modeling.  
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PREFACIO A LA SECCIÓN DE 

RESULTADOS Y DISCUSIÓN 

Los resultados obtenidos en esta investigación y su significación se han 

estructurado en tres partes bien diferenciadas: un estudio previo en el 

que se produjo el polímero necesario para la síntesis de andamiajes 

biodegradables, dicho proceso de síntesis e impregnación de espumas 

poliméricas y su impregnación con fármacos y tests in vitro de su 

comportamiento como dispositivos de liberación de fármacos junto con 

el modelado matemático de los perfiles de liberación obtenidos. 

Más concretamente, la reacción de polimerización y su optimización ha 

sido presentada en el Capítulo 4 que se corresponde con la artículo 

análogo publicado en la revista Express Polymer Letters y titulado 

Optimizing the bulk copolymerization of D,L-lactide and glycolide by 

response surface methodology. El catalizador y el iniciador empleados 

en la polimerización fue seleccionado en un estudio previo publicado en 

la Journal of Macromolecular Science – Part A: Pure and Applied 

Chemistry y titulado Study of different catalysts and initiators in bulk 

copolymerization of D,L-lactide and glycolide. 

El primer contacto con los fluidos supercríticos tuvo lugar al llevarse a 

cabo una serie de polimerizaciones de PLGA reproduciendo las 

condiciones de proceso previamente optimizadas. Ese estudio se publicó 

en la revista Macromolecular Symposia y se tituló Influence of the 

operative conditions on the characteristics of poly(D,L-lactide-co-

glycolide) synthesized in supercritical carbon dioxide. Después de eso, 

la investigación se ha centrado en la síntesis e impregnación 

supercrítica de las espumas poliméricas y dichos contenidos se dividen 

en el Capítulo 5 y el Capítulo 6. Cada uno de ellos analiza el papel 

de un fármaco concreto empleado en el proceso, el 5-fluorouracilo o la 

indometacina, y se basan en las siguientes publicaciones: Production of 

biodegradable scaffolds impregnated with 5-fluorouracil in supercritical 

CO2 y Production of biodegradable porous scaffolds impregnated with 

indomethacin in supercritical CO2, ambos publicados en la revista 

Journal of Supercritical Fluids. 

Finalmente, el estudio in vitro de ambos tipos de dispositivos y su 

modelado matemático han sido expuestos en el Capítulo 7 y el 
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Capítulo 8, de nuevo correspondientes a cada uno de los fármacos 

involucrados. Se basan en dos artículos recientemente preparados y en 

proceso de envío para su publicación en la revista Industrial & 

Engineering Chemistry Research. Sus títulos son los siguientes: Novel 

model for the description of the controlled release of 5-Fluorouracil 

from PLGA and PLA foamed scaffolds impregnated in scCO2 e In 

vitro release of indomethacin from biodegradable polymeric foams: 

Experimental and mathematical modeling.  
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SINOPSIS 

La poli(D,L-lactida-co-glycolida), PLGA, es un poliéster 

biodegradable de elevado interés para la industria médica, 

especialmente cuando se usa el zinc(II)2-etilhexanoato (ZnOct2) u 

octoato de zinc en los procesos de polimerización como sustituto 

catalítico del tóxico estaño(II)2-etilhexanoato (SnOct2) u octoato 

de estaño junto al metanol como iniciador para mejorar la 

velocidad de reacción. 

Este apartado muestra la optimización de la copolimerización en 

masa usando la estrategia del diseño factorial basado en tres 

parámetros: la temperatura (T), la relación molar de monómeros 

respecto a catalizador (M/C) y la relación molar de iniciador 

respecto a catalizador (I/C). Asimismo, también se analizó su 

influencia en los valores alcanzados para la conversión másica 

(X) y el peso molecular promedio en número (Mn). 

Esta metodología proporciona una herramienta muy útil para 

seleccionar de manera rápida las condiciones experimentales 

apropiadas para obtener este polímero en una etapa previa del 

proceso de síntesis e impregnación de andamiajes celulares 

biodegradables. 

Este estudio reveló que la variable más relevante del proceso fue 

la temperatura, eligiéndose el valor más alto de los estudiados 

(160 ºC) para obtener elevados valores de conversión y peso 

molecular. 
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ABSTRACT 

Poly(D,L-lactide-co-glycolide), PLGA, is a biodegradable 

polyester with high interest in medical industry, especially when 

zinc (II) 2-ethylhexanoate (ZnOct2) is used as catalyst substitute 

in polymerization processes as a substitute of the toxic tin (II) 2-

ethylhexanoate (SnOct2) together an initiator such as methanol 

to improve the reaction rate. This article shows the optimization 

of the bulk copolymerization method by using a factorial design 

approach on three experimental parameters: temperature (T), 

molar ratio monomers/catalyst (MC ratio) and molar ratio 

initiator/catalyst (IC ratio). Their influence on mass conversion 

(X) and number-average molecular weight (Mn) was also 

discussed. Also it provides a useful tool to select in a fast way 

the proper experimental conditions for the obtaining of this 

polymer as a previous stage in the synthesis and impregnation of 

biodegradable scaffolds. This analysis revealed that the most 

relevant variable in the process is the temperature, being 

desirable to use the high value (160 ºC) in order to obtain high 

values of conversion and molecular weight. 
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4.1. Introduction 

Polylactide (PLA), polyglycolide (PGA) and their copolymer (PLGA) 

have been widely used as biomedical materials in absorbable sutures, 

orthopaedic devices, tissue scaffolds or drug delivery (Davis et al., 

1996; Gilding and Reed, 1979; Temenoff and Mikos, 2000).  

These types of biopolymers can be synthesized by direct melt 

polymerization of the hydroxyacids lactic and glycolic acid, as well as 

by ring-opening of the cyclic dimmers lactide and glycolide (Figure 

4.1).  

 
Figure 4.1. Chemical structure of cyclic dimers: (a) lactide; (b) glycolide. 

Ring-opening polymerization (ROP) can take place by cationic, 

anionic, coordination-insertion or enzymatic mechanisms. The 

coordination-insertion method has drawn the most attention and has 

been widely employed due to advantages such as lower risk of side 

reactions, higher molecular weights obtained and easy control of the 

molecular weight (Kricheldorf, 2001; Okada, 2002). Tin alkoxides and 

carboxylates have been usually used as catalysts for this mechanism, 

but they contaminate the resulted aliphatic polyesters by toxic metallic 

residues, difficult to extract, which is a severe drawback. This fact 

explains the success of zinc octoate, ZnOct2, as a substitute (Kowalski 

et al., 1998; Kricheldorf, 2001; Kricheldorf et al., 2005; Mazarro et al., 

2008a). The mechanism consists in the conversion of ZnOct2 into zinc 

alkoxide by reaction with an alcohol added as an initiator. The 

deliberate addition of a predetermined amount of alcohol to the 

polymerisation medium is an effective way to control the molecular 

weight by the monomer-to-alcohol molar ratio (Jêrome and Lecomte, 

2005). Initiation and ROP process is shown in Figure 4.2 and Figure 

4.3 (Jêrome and Lecomte, 2005; Kowalski et al., 2007). 
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Figure 4.2. Initiation with zinc-alkoxide formed via carboxylate-alkoxide 

ligand exchange reactions. R denotes H or alkyl group, OctH is the 2-

ethylhexanoic acid, M is the lactide or glycolide molecules and m is the 

polyester repeating unit (Kowalski et al., 2007). 

 
Figure 4.3. Ring-opening polymerization of lactones: lactide and glycolide 

(Jêrome and Lecomte, 2005). 

In a previous study ZnOct2 and methanol were determined as 

interesting catalyst and initiator for copolymerization of D,L-lactide 

and glycolide (Mazarro et al., 2009). One of the aims of this work is to 

study the influence of different operational parameters such as 

temperature (T), molar ratio monomer to catalyst (MC ratio) and 

molar ratio initiator to catalyst (IC ratio) and their interactions in the 

copolymerization process and to carry out the optimization using 

Response Surface Methodology (RSM) to quantify the effect of main 

parameters and their interactions on polymer variables such as mass 

conversion (X) and number-average molecular weight (Mn) to produce 

suitable PLGA for subsequent use in drug release. Moreover, the 

mathematical model obtained provides a useful tool to select quickly 

and effortlessly the proper experimental conditions to achieve the 

desired properties of the polymer as a previous step in the synthesis 

and impregnation of biodegradable scaffolds (Cabezas et al., 2012; 

Cabezas et al., 2013) without having to carry out complex 

mathematical calculations based on a rigorous theoretical model. 

Considering that this work represents only a practical approach in 

order to estimate the properties of the synthesized PLGA for a further 

step of impregnation, the rigorous study of the reactions that are 

taking place is not an end in itself unlike other specific mechanistic or 

kinetic studies (Mazarro et al., 2008a; Mazarro et al., 2008b; Mazarro 
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et al., 2009; Mazarro et al., 2010; Mazarro et al., 2012) so that this 

model of “black box” is only a practical method to choose a set of 

conditions for the polymerization process. 

 

4.2. Experimental 

4.2.1. Materials 

Glycolide (G) (1,4-dioxane-2,5-dione; Purac Biochem bv, The 

Netherlands) and D,L-lactide (L) (3,6-dimethyl-1,4-dioxane-2,5-dione; 

Purac Biochem bv, The Netherlands) both with a purity higher than 

99.5%. Zinc octoate (ZnOct2) (zinc (II) 2-ethylhexanoate; Nusa, Spain) 

with a metal content of 12%. Methanol anhydre (MeOH) (SDS s.a., 

Spain) with purity higher than 99.85%. Potassium bromide (KBr) 

(Sigma-Aldrich, Spain) with purity higher than 99%, for FTIR 

measures. Tetrahydrofuran (THF) (HPLC grade; SDS s.a., Spain). 

1,1,1,3,3,3-hexafluor-2-propanol (Sigma-Aldrich, Spain) with purity 

higher than 99.8%. And n-hexane (analytical grade; Brenntag 

Químicas s.a., Spain). All products were used as received. 

4.2.2. Bulk polymerizations 

All experiments were carried out in a set-up consisting on a glass 

stirred-tank reactor with a volume of 500 mL and put into a constant 

inert atmosphere of nitrogen. The vessel was submerged into an oil 

bath and heated using a hot plate. Temperature was fixed by means of 

a temperature controller with a sensor inside the reaction melted 

mixture. Samples were collected along the reaction time through an 

opening in the reactor cover. 

In a typical experiment, the procedure took place as described in 

(Mazarro et al., 2009) using a total monomer mass of 100 g, molar 

ratio lactide:glycolide (L:G) of 80:20 in order to get better control in 

the subsequent polymer degradation rate (Miller et al., 1977) and 

reaction time of 3 h. All the experiments were carried out in random 

order to avoid any kind of residual tendency and minimize the effect of 

possible uncontrolled variables. 

 



Chapter 4    

92 

 

4.2.3. Polymer characterizations 

4.2.3.1. FTIR 

A Fourier transform infrared spectrometer (FTIR 16 PC, Perkin 

Elmer, Spain) was used to measure the monomers ratio in polymer. All 

samples were dissolved in THF or 1,1,1,3,3,3-hexafluor-2-propanol 

(THF-insoluble samples) with a concentration of  35 mg/mL, and were 

applied on potassium bromide (KBr, standard infrared grade; Sigma-

Aldrich Química) pellets prepared by a manual hydraulic press (Perkin 

Elmer, Spain) and heated in oven at 70 ºC oven 30 min to allow the 

solvent to evaporate, leaving a solid film. Poly(D,L-lactide) and 

copolymers of PLGA standards with different molar compositions of 

two comonomers (Sigma-Aldrich Química) were used as reference for 

the estimation of the comonomer ratio in the polymer taking into 

account the absorption bands of CH2 group (1424 cm-1) and CH (1452 

cm-1). Transmittance spectra were recorded from 370 to 4400 cm-1. 

Figure 4.4 shows some examples of FTIR spectra with assigned peaks. 

 
Figure 4.4. FTIR spectra for commercial homopolymers of glycolide, D,L-

lactide, commercial PLGA 75:25 and synthesized PLGA 74:26. 

4.2.3.2. GPC 

The molecular weight distribution was determined by gel permeation 

chromatography on a GPC chromatograph (Waters, Spain) equipped 

with two columns (Styragel HR2 and Styragel HR0.5) and a refractive 

index detector. Tetrahydrofuran (THF) was used as eluent at 35 ºC 

(flow: 1 mL/min; injection volume of 100 �L). Samples were dissolved 

in THF at a concentration of 1.5 mg/mL and filtered before injection 

(pore size: 0.45 �m). Since no specific calibration was available, all 
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measured molecular weights are values polystyrene-equivalent values 

and can be used only as relative quantities. 

4.2.3.3. Gravimetric analysis 

A simple gravimetric analysis consisting in dissolving all monomer-

impurified polymer samples, previously quantified, in THF and 

precipitating only the polymer by the addition of n-hexane was carried 

out in order to calculate the mass conversion of each polymerization. 

The solid precipitate was filtrated under vacuum, drying in an oven at 

70 ºC for a minimum of 13 hours and until constant weight. 

4.2.3.4. TGA 

Thermogravimetric analysis was used in order to verify the mass 

conversion data obtained through gravimetric method. A TGA (TA 

Instruments, Q600) with a refrigerated cooling system was used. 

Sample weights were between 3–10 mg and the measures were run in 

aluminium pans until 210 ºC (PLA) or 250 ºC (PLGA) using a ramp 

of 40 ºC/min. The TGA cell was purged with nitrogen gas flow of 100 

mL/min. To estimate the polymer amount, TA Universal Analysis 

2000 software was utilized. 

4.2.4. Response Surface Methodology (RSM) and 

statistical analysis 

RSM is commonly used in the study of empirical relationships between 

measured responses and independent variables (also called factors), 

minimizing experimentation and leading to correlations which can be 

used for optimization purposes (Box et al., 1993).  

The effect of the operating variables in the copolymerization process 

(temperature, MC ratio and IC ratio) and their possible interactions on 

the mass conversion (X) and number-average molecular weight (Mn) as 

response variables were carried out using a 23 full factorial design with 

two central points. The levels of each factor are indicated in Table 4.1 

and were selected on the basis of preliminary studies of this 

polymerization system (Mazarro et al., 2008a; Mazarro et al., 2008b; 

Mazarro et al., 2009; Mazarro et al., 2010). In order to allow a direct 

comparison of each variable the independent variables were normalized 

in the range –1 to +1 according to: 
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1)Y(Y

)Y2(Y
y

minmax

mini
i

−−

−
=       [1] 

where yi is the normalized value of variable Y at condition i, Yi the 

dimensional value, and Ymin and Ymax represent the dimensional inferior 

and superior limits, respectively. 

Table 4.1. Levels of factors in the experimental design. 

Factor Lower level (-1) Higher level (+1) 

Temperature (ºC) 120 160 

Molar ratio MC 100 500 

Molar ratio IC 0.5 2 

A statistical analysis was performed for these results using the 

commercial software Statgraphics 5.1 Plus (Manugistics, Inc. Rockville, 

MD, USA). The analysis of variance (ANOVA) provided a study of the 

variation present in the results of experiments carried out and the test 

of statistical significance, p-value, was determined according to the 

total error criteria considering a confidence level of 95%. The influence 

of a factor will be significant if the value of critical level (p) is lower 

than 0.05; discarding the meaningless parameters for p-values over 0.05 

(Box et al., 2005). 

As a result of the RSM, an empirical model encompassing all the 

operating variables and their binary interactions was calculated. 

Nevertheless, once the factors with statistical significance in mass 

conversion and number-average molecular weight were determined, the 

rest of the meaningless information was deleted from this model, 

obtaining new equations, for X and Mn, which fitted the experimental 

data representing much correctly their scientific meaning and avoiding 

fitting terms for discarded variables or their interactions. 

 

4.3. Results and discussion 

As commented before, the effect of the operating variables (T, MC 

ratio and IC ratio) and their possible interactions on the mass 

conversion (X) and number-average molecular weight (Mn) were 

studied using a 23  full  factorial design.  The standard experimentation 
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matrix is shown in Table 4.2. Columns 2 to 4 give the variable levels 

coded in the dimensionless coordinate while as columns 5 to 7 give the 

dimensional variable levels. Table 4.2 also shows the experimental 

values obtained for the selected responses (columns 8, 9, 11 and 12) 

together with theoretical number-average molecular weight (column 

10) supposing activity of both active centres of ZnOct2 and calculated 

according to the following equation (Mazarro et al., 2010): 

weightedltheoretica M*
100

X(%)
*

C*2

M
M =     [2] 

where M/C is the molar ratio monomer to catalyst, X is the total 

monomer conversion and Mweighted is a weighted molecular weight for a 

pseudo-monomer formed by a mixture of both co-monomers, assuming 

that monomer mixture composition does not change along the reaction 

(80:20 for D,L-lactide and glycolide, respectively). So, for a conversion 

of 100% Mtheoretical should be 6900 approximately. 

4.3.1. Statistical analysis in RSM: ANOVA test and 

evaluation of the effect of curvature 

The analysis of main effects and their interactions for the chosen 

responses are shown in Table 4.3. Statistically significant effects are 

underlined according to p-values calculated.  

Table 4.3. Estimated effects, interactions and ANOVA analysis from 23 

factorial design for the polymerization system. 

X Mn Factor of 
interaction Effects (±s) p-Value Effects (±s) p-Value 

T 0.3 (±0.014) 0.0019 10375 (±424.264) 0.0042 

M/C 0.011689 (±0.014) 0.4603 -1575.47 (±424.264) 0.1433 

I/C -0.011689 (±0.014) 0.0297 -2742.29 (±424.264) 0.0545 

T*M/C 0.045 (±0.014) 0.0740 2475 (±424.264) 0.0670 

T*I/C 0.14 (±0.014) 0.0085 3075 (±424.264) 0.0450 

M/C*I/C -0.150563 (±0.014) 0.0073 691.823 (±424.264) 0.4129 

T*M/C*I/C 0.105 (±0.014) 0.1490 4075 (±424.264) 0.0664 
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In order to obtain correlations to predict the responses values along the 

interval studied, it is necessary to evaluate the curvature and the effect 

of curvature. Curvature (C) can be calculated as the difference 

between the mean value of the response analyzed considering all the 

experimental points (ym) and the mean value of the response analyzed 

considering only the central points (ymCP). Effect of curvature (EC) is 

obtained through the following equation: 

r

1

N

1
stEC +⋅⋅=        [3] 

where t is the t parameter from the Student’s t-distribution, s is the 

standard deviation, N is the number of experiments and r is the 

number of central points. 

According to Table 4.4 the effect of curvature was not significant for 

any response. The lack of significance of the curvature indicates the 

validity of the pure design in the experimental range analyzed and 

shows that linear terms and their interactions are enough to describe 

the responses studied and, consequently, quadratic terms are not 

necessary. 

Table 4.4. Curvature and effect of curvature calculated for both responses. 

 ym ymCP 
Curvature 
(C) 

Effect of 
curvature (EC) 

X 0.8025 0.79 0.0125 0.0706 

Mn 15512.5 15200 312.5 2117.7129 

4.3.2. Mass conversion 

From results in Table 4.2 and using RSM (Table 4.3), the only factors 

affecting mass conversion are T, IC ratio, the binary interaction T-IC 

ratio and the binary interaction MC-IC ratio. 

It can be concluded from the RSM that T is the main effect and it is 

positive along the interval. Obviously the polymerization reaction rate 

follows the Arrhenius Law and conversion increases for the same 

reaction time at higher temperatures. For that reason, in most of the 

experiments at 160 ºC are reached conversions above 0.95. However, 

for those experiments at 120 ºC conversion falls down because the 
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advance of the polymerization is much slower and conversion is still 

quite low at three hours. 

The IC ratio had a negative effect according to Table 4.3. It can be 

explained taking into account that the initiator acts also as chain 

transfer agent. Its presence in the media favours the occurrence of 

termination reactions (chain transfer) which cuts the growth of the 

polymer chain even though a significant quantity of monomer remains 

in reaction medium. The observed effect is that the conversion 

decreases markedly. An excess of a chain transfer agent like methanol 

in the medium (Mazarro et al., 2010), which corresponds with IC ratio 

= 2 produces an early deceleration of the conversion growth. 

 
Figure 4.5. Response surfaces plot showing the combined effect T-IC ratio 

(a) and MC-IC ratios (b) on the mass conversion as a result of RSM analysis. 

Since both effects are opposed and a binary interaction T-IC ratio 

exists (Figure 4.5.a), the combined effect of both produces different 

results depending on the considered level. As previously commented, 

temperature is the main effect according to RSM analysis. For that 

reason at the higher temperature level its effect on conversion prevail 
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over the IC ratio because although there is an excess of methanol 

(initiator) in the reaction medium, the conversion reaches elevated 

values in a very short period of time. Nevertheless, for the low T level, 

the reaction rate is not fast enough to stand out its effect over higher 

values of IC ratio. As a result, the chain transfer reactions become 

more noticeable than polymerization reaction and the mass conversion 

decreases when IC ratio increases at this temperature. 

Moreover, a binary interaction between MC-IC ratios also exists. In 

this case, the MC ratio has not signification and the results must be 

analyzed together IC ratio. Figure 4.5.b shows the combined effect of 

both variables over the conversion. Mainly, the effect of a decrease in 

MC ratio, and therefore an increase in the quantity of catalyst added 

to the system, is an increase of conversion since polymerization rate is 

accelerated. Consequently, the effect is similar to previous interaction: 

at low MC ratios (high amount of catalyst in reaction medium) its 

effect is stronger than the effect of chain transference, so the mass 

conversion increases in all the interval of IC ratios. When MC ratio is 

high (low amount of catalyst) the chain growth is not so fast, so high 

values of IC ratio (large amounts of methanol which acts a chain 

transfer agent) produce a growth ineffective an earlier step of 

polymerization and as a consequence the mass conversion decreases. 

As described before above, according to Table 4.4 the effect of 

curvature was no significant, indicating the validity of pure fractional 

design in the experimental range analyzed, so that second-order models 

were not necessary to describe the process. The equation that relates 

the mass conversion to the independent variables can be expressed in 

the following terms: 

C

I

C

M
T101.750

C

I

C

M
102.952

C

I
T105.833

C

M
T101.625

C

I
0.184

C

M
102.932T106.5420.253X

5

345

33

⋅⋅⋅⋅+

⋅⋅⋅−⋅⋅⋅−⋅⋅⋅−

⋅+⋅⋅+⋅⋅+−=

−

−−−

−−

  [4] 

where the values of all variables are specified in their original units. 
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4.3.3. Number-average molecular weight 

According to data shown in Table 4.2 and using RSM (Table 4.3), the 

more influential factor on the molecular weight is T together to the 

binary interaction T-IC ratio. In this case, the effect of temperature is 

also positive according to Arrhenius equation due to an increase in the 

polymerization rate promotes the chains growth and, consequently, 

their molecular weight. 

 
Figure 4.6. Response surface plot showing the combined effect of 

temperature together IC ratio on the number-average molecular weight. 

Analogously to the previous section and according to Figure 4.6, the 

binary interaction T-IC ratio has a similar positive effect in Mn and X 

during the polymerization process. Comparing Figure 4.6 with Figure 

4.5.a, this similarity can be easily understood taking into account that 

a larger extension of the polymerization can be evaluated through the 

mass conversion (based on the ratio between the amount of initiated 

chains in relation to the amount of unreacted monomer) or the 

molecular weight of the synthesized polymer. At higher temperatures 

its effect is more noticeable than the action of methanol as chain 

transfer agent even when a large amount is added to the system. 

Therefore, Mn is always increasing in all the interval of IC ratios. At 

low temperature, the tendency is the same although less marked than 

for the case of mass conversion: reaction rate is slower due to the 

Arrhenius Law and consequently any reaction of chain transfer 

produced by methanol (especially at higher IC ratios) stops the 

polymerization. In this case, the decreasing of Mn is minor and for that 

reason the slope of the response surface is less pronounced. 
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As it can be observed in Table 4.2, the experimental Mn values resulted 

quite low in comparison to theoretical M in experiments with MC ratio 

of 500. A possible explanation for these low molecular weights could be 

in the few quantity of catalyst employed that limits the conversion of 

zinc octoate into zinc alkoxide for the initiation reaction (Figure 4.2). 

This fact generates a competition between this reaction and other 

secondary reactions (transesterification, interesterification) that could 

be produced even by impurities or humidity traces in the 

polymerization mixture (Libiszowski et al., 2002). It would justify the 

negative influence of MC ratio although it has not signification in the 

statistical analysis. On the contrary, for experiments carried out with 

MC values of 100 the quantity of catalyst is not a limiting reagent in 

the reaction. In this case, experimental Mn values are significantly 

larger than theoretical ones which means that only takes place the 

substitution of one carbolixate group from ZnOct2 for one methoxide 

group of initiator (Biela et al., 2006). 

Due to the lack of significance of the effect of curvature, the fitting of 

data to a first-order model gave as a result an empirical relationship 

between the dependent variable Mn and the independent variables 

described by the following eq.: 

C

I

C

M
T0.679

C

I

C

M
92.777

C

I
T101.250

C

M
T0.540

C

I
11655

C

M
68.720T292.12521392.400Mn

⋅⋅⋅+⋅⋅−⋅⋅−⋅⋅−

⋅+⋅+⋅+−=

 [5] 

where the values of all variables are specified in their original units. 

4.3.4. Equations fitting according to the significant 

effects and comparison of predicted parameters with 

experimental values 

Equations [4] and [5] have been considered as a result of applying the 

RSM. Once they were calculated, the non-influential effects were 

deleted in them and consequently changing into Equations [6] and [7] 

respectively:  
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C

I
T102.500

C

I
14350T131.2502925Mn ⋅⋅+⋅−⋅+−=   [7] 

These new equations gave slightly different predicted values which 

were compared with the experimental ones according to Figure 4.7.  

 
Figure 4.7. Graphical representation of residuals given by both models 

versus fitted values for: (a) X; (b) Mn. Empty circles corresponds to the first 

run of the model and filled circles corresponds to the second run. 
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Residuals of values given by both models versus fitted values were 

graphically represented. As it can be appreciated, the values predicted 

with the Run 2 fitted the experimental ones reasonably (the best 

accuracy was obtained with the mass conversion model) and 

additionally the scientific meaning with respect to the Run 1 was 

improved. If the residuals of both Runs are analyzed, it can be 

appreciated that the variability of the simplified model is slightly 

greater although the tendency continues to be linear, the residuals are 

quite symmetrical and there is no heteroscedasticity. Therefore, the 

acceptance of the model has been confirmed. 

4.3.5. Global optimization of the polymerization process 

From previous results, the optimization of polymerization process for 

variables X and Mn cannot be performed in a separated way due to 

different tendencies in the effects of the studied parameters depending 

on the range values. For that reason it is necessary to optimize the 

values of T, MC ratio and IC ratio in order to select the best operation 

conditions in the experimental range analyzed. 

Regarding to the mass conversion of polymer, a high value is desired 

since it minimizes the quantity of unreactioned monomer as potential 

impurity which could perturb the drug release process. The 

appropriate conditions which achieve this criterion included to work at 

high temperature (160 ºC) and to use values of MC and IC ratios 

which do not promote the competition of the initiation step of 

polymerization with other ones and do no generate an excess of 

methanol that acts as a chain transfer agent. Namely, values of 100 

and 0.5 for MC ratio and IC ratio respectively. 

However, in relation to Mn and according not only to the specific 

polymer characteristics but their subsequent use as biodegradable 

scaffold in controlled drug release, it is not necessary to achieve its 

maximum value. Several authors (Dorta et al., 2002; Holy et al., 1999; 

Miyajima et al., 1998; Siegel et al., 2006) have used a wide variety of 

values of PLGA molecular weight for this purpose, although molecules 

of PLGA with molecular weight values around 20000 seem to be 

suitable for their use in controlled drug release (Kou et al., 1997; 

Schliecker et al., 2003). So as long as a temperature of 160 ºC is 
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selected, this target value is reached and any value of MC ratio or IC 

ratio would be appropriate. 

Finally, in order to determine globally the best operating conditions, it 

is necessary to consider copolymer composition because it plays a 

relevant role due to its influence to modulate the degradation rate of 

the scaffold (Miller et al., 1977). For this reason, this variable should 

be taken into account. According to literature (Holy et al., 1999; Lu et 

al., 2000; Sheridan et al., 2000), L:G molar compositions of PLGA of 

50:50, 85:15 and 75:25 are widely used and ratios around 75:25 are 

highly desirables since they achieve high control on the degradation 

rates (Miller et al., 1977). From Table 4.2, the experimental conditions 

which accomplish all the previous requirements of mass conversion, 

number-average molecular weight and copolymer composition are: 160 

ºC, MC ratio of 100 and IC ratio of 2, and they can be determined as 

the optimal polymerization conditions. 

 

4.4. Conclusions 

RSM has been used in this work to screen variables affecting 

copolymerization in bulk of D,L-lactide and glycolide, to estimate the 

main effects caused by these variables individually and by their 

interaction and to develop an empirical model to optimize the resultant 

copolymer in order to get the best option for its subsequent use as 

tissue scaffold and drug release device. This model provides a practical 

tool in order to avoid a rigorous mechanistic study of the 

polymerization in this preliminary step of the research.  

The regression models proposed to predict mass conversion (X) and 

number-average molecular weight (Mn) were found to fit experimental 

data properly after identified the experimental variables statistically 

significant and simplified the model only using them.  

Temperature of 160 ºC and molar MC ratio and IC ratio of 100 and 2 

respectively were selected as the optimal experimental variables in 

order to maximize the value of X and produce a relatively high Mn, 

producing the appropriate PLGA for the subsequent stages of the 

synthesis of biodegradable scaffolds. 
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SINOPSIS 

En esta parte de la Tesis Doctoral se evaluó la tecnología 

supercrítica para producir espumas biodegradables impregnadas 

con un fármaco antineoplásico y que, una vez conformadas, 

puedan ser usadas como andamiajes celulares constituyendo una 

alternativa a los métodos tradicionales de síntesis. 

La impregnación del 5-fluorouracilo, un agente 

quimioterapéutico, fue llevada a cabo al mismo tiempo que la 

espumación utilizando un proceso de un solo paso. Los monolitos 

se basaron en polímeros de la D,L-lactida y la glicolida, 

concretamente el homopolímero polilactida y el copolímero 

poli(D,L-lactida-co-glicolida) y se prepararon utilizando distintas 

condiciones de operación. Se evaluó la influencia de, además de la 

composición, la velocidad de agitación y de venteo sobre los 

valores obtenidos en el tamaño de poro y la carga de droga para 

poder optimizar el proceso de síntesis. 

El venteo resultó ser el factor de mayor importancia sobre el 

tamaño de poro y su morfología. Venteos lentos promueven poros 

pequeños que retardan la liberación del fármaco de la matriz 

polimérica. La rápida agitación mejora el proceso de 

impregnación al favorecer el contacto entre la fase supercrítica y 

el polímero hinchado. La presencia de glicolida aumenta la 

resistencia mecánica de la espuma, previniendo el colapso de los 

poros. Este factor, junto con la posibilidad de regular la 

velocidad de la degradación del andamiaje celular (y proveer así 

de un mayor control al posterior proceso de liberación in vitro), 

hace que la elección del copolímero sea más atractiva de cara a 

futuras aplicaciones médicas. 
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ABSTRACT 

Supercritical fluid technology was tested to produce 

biodegradable porous probes impregnated with an antineoplasic 

drug that once conformed could be used as scaffolds as an 

alternative to traditional methods of preparation. The 

impregnation of 5-Fluorouracil, a chemotherapy agent, was 

carried-out at the same time to the foaming process in a one-shot 

procedure. The polymer foam probes were based on D,L-lactide 

and glycolide and prepared varying the operating conditions. The 

homopolymer poly(D,L-lactide) and the copolymer poly(D,L-

lactide-co-glycolide) were used as base materials. The influence of 

stirring speed and venting rate on the drug loading and the 

average pore size were evaluated in order to optimize the 

impregnation process. 

Venting rate revealed to be the most important factor affecting 

the probes pore size and their morphology. Slow venting rates 

should be used to promote small pores in order to retard the 

drug release from the polymeric matrix. Fast stirring rates 

improves the impregnation process because favours the contact 

between supercritical CO2 and the swelled polymer. The presence 

of glycolide enhanced the mechanical strength of the foam 

preventing pore collapse. This fact together with the possibility 

of regulating the rate of the scaffold degradation and the kinetics 

of drug release makes the usage of the copolymer more attractive 

for a further medical application.  
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5.1. Introduction 

Porous biodegradable polymer matrices are widely used in biomedical 

applications such as tissue engineering and guided tissue regeneration. 

This promising new generation of engineered tissues relies on the 

development of loaded scaffolds containing bioactive molecules in order 

to enable the self-healing potential of the patient to regenerate 

damaged body tissues and organs (Duarte et al., 2009a; Mikos and 

Temenoff, 2000). These scaffolds require an open cell structure to allow 

the growth of cells of the surrounding tissues and their proper 

exchange of nutrients and metabolic subproducts throughout the 

scaffold. The advantage of these materials of being biodegradable 

eliminates further surgeries to remove traditional implants (Temenoff 

and Mikos, 2000). 

These foams make possible their loading with small molecules being 

suitable for many therapeutic applications through the controlled 

release of these added substances such as antibiotics, anti-

inflammatories or antineoplasics (Duarte et al., 2009a; Yoon et al., 

2003). In these cases, the operational parameters of the foaming and 

impregnation processes and the properties of the polymeric support are 

decisive because they will determine the kinetics of the drug release 

process (Liu et al., 2005; Miyajima et al., 1998; Sung et al., 2004).  

The conventional techniques reported for generating porous biopolymer 

foams include solvent casting-particulate leaching, fibre weaving and 

phase separation, although a big drawback to these techniques is that 

they utilize organic solvents in the fabrication process which have to be 

exhaustively removed using several heating steps where the 

thermolabile substances can be degraded (Duarte et al., 2009a; Yoon et 

al., 2003) and with the subsequent increase of economic costs. 

Supercritical fluids are an interesting alternative for the foaming and 

impregnation of the polymeric support due to the lack of residual 

solvent in the products (Cabezas et al., 2012; Collins et al., 2010; 

Cooper, 2003; Duarte et al., 2009b; Duarte et al., 2009c; Reverchon 

and Cardea, 2007; Reverchon et al., 2009) and its excellent non-

solvating porogenic character, plasticizing amorphous polymers, 

concretely polyesthers (Cooper, 2003; Howdle et al., 2001), which also 

acts as a carrier for the drug into polymer matrix. Therefore, a 
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pressure quench method using supercritical CO2 as the blowing agent 

was employed to fabricate foams in our investigation. Moreover, when 

depressurization occurs, the gas rapidly diffuses out of the matrix and 

warranting the complete removal of solvent (Berens et al., 1992; 

Kazarian, 2004). 

Polymers derived from lactic and glycolic acids (homopolymers and 

copolymers) are the most commonly used biodegradable polymers for 

fabricating porous foams for biomedical applications (Davis et al., 

1996; Ignatius and Claes, 1996; Singh et al., 2004). These polymers are 

desirable because they biodegrade into lactic and glycolic acid, 

relatively harmless to the growing cells (Göpferich, 1996; Lewis, 1990), 

and their use in other in vivo applications, such as resorbable sutures, 

has been approved by the Food and Drug Administration (Frazza and 

Schmitt, 1971). Also, the degradation rate of the copolymer poly(D,L-

lactide-co-glycolide) (PLGA) can be controlled by varying the ratio of 

its co-monomers, lactide and glycolide (Miller et al., 1977; Nakamura 

et al., 1989). 

In this investigation, the foaming of the polymer and the impregnation 

of 5-fluorouracil (5-Fu) in one-shot process is evaluated. 5-Fu is a 

pyrimidine-analog drug which is used in the treatment of cancer, 

overall in colorectal and pancreatic cancer but also in the treatment of 

inflammatory breast cancer or topically for treating actinic (solar) 

keratoses or some types of basal cell carcinomas of the skin. Its 

chemical structure is presented in Figure 5.1. 

 

 
Figure 5.1. Chemical scheme of 5-fluorouracil (5-Fu). 

The parenteral administration of 5-fluorouracil is known to produce a 

rapid distribution and elimination of the drug with an apparent 

terminal half-life of approximately 8 to 20 minutes (Diasio and Harris, 

1989). The rapid elimination is primarily due to swift catabolism of the 
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liver. This fact makes appropriate the impregnation of this drug in a 

retarded release device which makes possible a constant 5-Fu 

concentration for a certain period of time. 

In this work the influence of biopolymer composition, stirring rate and 

time for depressurization on the efficiency of the impregnation, 

evaluated in terms of drug loading (DL), and foam porosity is studied. 

The possibility of using a single step process to prepare 5-Fu-loaded 

biodegradable polymer foams with potential applications in tissue 

engineering will be explored. 

5.2. Experimental 

5.2.1. Materials 

The materials were used as received from suppliers. They were: 

Poly(D,L-lactide), PLA, (Mn = 28 000 g/mol as polystyrene-equivalent 

molecular weight value measured using GPC cromatography) and 

poly(D,L-lactide-co-glycolide), PLGA, (74% D,L-lactide : 26% 

glycolide, Mn = 18 000 g/mol as polystyrene-equivalent molecular 

weight value measured using GPC cromatography) which where 

synthesized previously as described in (Mazarro et al., 2009) using D,L-

lactide (3,6-dimethyl-1,4-dioxane-2,5-dione; Purac Biochem bv, The 

Netherlands) and glycolide (1,4-dioxane-2,5-dione; Purac Biochem bv, 

The Netherlands) both with a purity higher than 99.5% from Purac. 5-

Fluorouracil, 5-Fu, (5-fluoro-2,4(1H,3H)-pyrimidinedione), CAS [51-21-

8], (99.9% purity) was purchased from Fagron (Spain). CO2, (99.8%, 

industrial grade), was obtained from Carburos Metálicos (Spain). 

Tetrahydrofuran (THF), (99.7% purity) was purchased from SDS 

(Spain). 

5.2.2. Apparatus and procedure 

The experimental setup used for the foam production and 

impregnation is schematically presented in Figure 5.2. It consisted 

mainly on three modules. A first pumping module with a heater 

exchanger (a) to cool the CO2 to avoid any gas bubble, assuring its 

liquid state, and a syringe pump (b) (Milton Roy – MilRoyal D, 

France) to pressurize the vessel. The main module consisted of a 300 

mL high-pressure stainless steel vessel (Autoclave Engineers, 
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Pennsylvania) (c) equipped with magnetic stirring (Emerson – Focus 1, 

New York) (d). Heating was provided by an electric heating coat (e) 

and the temperature was measured and controlled (RKC Instrument – 

CB100, Korea). Finally, the depressurization module consist of three 

venting valves (Autoclave Engineers, Pennsylvania) (f) covered with a 

heating resistance in order to prevent the Joule-Thomson effect. 

 
Figure 5.2. Experimental equipment used to produce porous polymer foams 

using the solvent-free encapsulation procedure. (a) heat exchanger; (b) 

metering; (c) stainless steel cylinder; (d) mechanical stirrer; (e) electric 

heating coat; (f) vent valves. 

This method produced 5-Fu loaded scaffolds in a single-step process 

that incorporated foaming and impregnation in the same process. The 

foaming procedure was performed according to “Pressure Quench” 

method (Ajzenberg et al., 2000) in which a certain amount of the 

polymer is placed inside a vessel together the desired drug, then it is 

saturated with CO2 and the system is pressurized until supercritical 

conditions. After a certain time of contact between the polymer and 

CO2 at high pressure (equilibration step), the polymer absorbs enough 

gas to decrease its Tg below the process temperature, generating a 

swelling of polymer chains. Finally, the depressurization of vessel 

causes the exit of CO2 through the system and giving rise to the 

process of nucleation and growth of bubbles inside the polymer matrix 

due to the supersaturation reached during this step. The CO2 sorption 

phenomenon is taken advantage, previous drug solubilisation along the 

equilibration step, to put in contact both substances and carry out the 

impregnation together the swelling in one step process. 
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In a typical experiment, the procedure took place as described in 

(Cabezas et al., 2012) employing PLGA and PLA as polymers, 5-Fu as 

drug using a mass ratio polymer:drug of 4:1, which seems to be 

commonly accepted in order to reach a proper drug loading up to 20% 

(Bush et al., 2007; Chen et al., 2006; Gong et al., 2006; Kang et al., 

2008). The experiments, with a duration of 60 minutes and a previous 

period of 120 minutes of stabilization in order to achieve the complete 

saturation of supercritical CO2 with 5-Fu, were carried out at 180 bar 

and 40 ºC and the venting times and stirring rates took the values of 3 

minutes (60 bar/min) and 90 minutes (2 bar/min) and 200, 500 and 

1000 rpm, respectively, such as is described in Table 1. 

5.2.3. Polymer characterizations 

5.2.3.1. FTIR 

A spectrophotometer FTIR (FTIR 16 PC, Perkin Elmer, Spain) was 

used to measure the monomers ratio in polymer foams. All samples 

were dissolved in THF with a concentration of  35 mg/mL, and were 

applied on potassium bromide (KBr, standard infrared grade; Sigma-

Aldrich Química) pellets prepared by a manual hydraulic press (Perkin 

Elmer, Spain) and heated in oven at 70 ºC oven 30 min to allow the 

solvent to evaporate, leaving a solid film. All samples were scanned 

from 370 to 4400 cm-1. Poly(D,L-lactide) and copolymers of PLGA 

standards with different molar compositions of two comonomers 

(Sigma-Aldrich Química) were used as reference for the estimation of 

the comonomer ratio in the polymer.   

5.2.3.2. GPC 

Molecular weight distribution of initial polymer and foams obtained 

were determined on a liquid chromatograph (Waters, Spain) equipped 

with two columns (Styragel HR2 and Styragel HR0.5) and a refractive 

index detector. Tetrahydrofuran (THF) was used as eluent at 35 ºC 

(flow: 1 mL/min; injection volume of 100 µL). Samples were dissolved 

in THF at a concentration of 1.5 mg/mL and filtered before injection 

(pore size: 0.45 µm). Since no specific calibration was available, all 

measured molecular weights are polystyrene-equivalent values and can 

be used only as relative quantities. However, it is possible to assume 

that the polystyrene-equivalent values overestimated 25–30% the 
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absolute molecular weight of the copolymer using these analysis 

conditions. Since the final product is highly enriched in D,L-lactide, 

the absolute molecular weight for the copolymer should be similar to 

the absolute one for the homopolymer applying the universal 

calibration and considering the Mark-Houwink constants for the 

poly(D,L-lactide) and polystyrene from the literature (Auras and 

Harte, 2004).  

5.2.3.3. DSC 

Thermograms were performed on a DSC (TA Instruments Q1000, 

Spain) equipped with a refrigerated cooling system and autosampler. 

The typical sample weights for DSC measurements were 4-10 mg. The 

DSC cell was purged with nitrogen gas flow of 50 mL/min. The 

experiments were run in aluminium hermetic pans. The sample was 

heated until 200 ºC or 250 ºC (in the case of PLA or PLGA 

respectively) with a ramp of 10 ºC per minute, followed by a cooling 

until -50 ºC and, finally, was heated until 200 ºC or 250 ºC again. For 

analyses in DSC, TA Universal Analysis 2000 software was used. 

5.2.3.4. UV 

The amount of drug loaded was determined using a UV–Vis apparatus 

(Shimadzu UV-1603, Germany). THF was used as a solvent and the 

samples were dissolved until a concentration of 0.4 mg/mL.              

5-Fluorouracil absorbs in the ultraviolet region, with a maximum 

absorbance at 266.5 nm. Calibration was obtained by using standard 

samples as received from supplier with concentrations between 0.01 

and 0.05 mg/mL. The software used in the analysis was UVPC 

Personal Spectroscopy Software, Version 3.6.  

5.2.3.5. SEM 

The morphology of polymer foams (pore size and porosity) was 

analyzed and imaged by scanning electron microscopy (QUANTA 250, 

FEI Co., Hillsboro, OR, USA). The pore diameter was calculated as an 

average of a several measures of different locations of the sample and 

taking into account the size distribution on each case. 
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5.2.4. Quantification of drug loading 

The percentage of impregnated drug was calculated as drug loading 

(DL), using Eq. 1, analogously to the method employed in a previous 

work (Cabezas et al., 2012): 

foams polymer of mass total

foams polymer in dimpregnate Fu5 of mass
DL

−
=   [1] 

5.2.5. Determination of porosity 

The total porosity of the foams was calculated from geometrical 

measurements through application of the method of the “true density” 

by immersion in ethanol as the displacement liquid at 30 ºC using a 

density bottle and applying the Archimedes principle (Tran et al., 

2011). A fully interconnected pore network would allow water 

penetration through the entire pore network, and would thus give a 

true density close to that of the theoretical density of the polymer–

particle composite. A disconnected pore network would not allow water 

penetration and thus resulted in a true density lower than the 

theoretical density of the composite. 

 

5.3. Results and discussion 

To evaluate the feasibility of preparing 5-fluorouracil-loaded 

PLA/PLGA porous probes using supercritical fluid technology, the 

influence of different operational variables on the process is studied. 

The values of stirring rates, venting times and polymer composition 

took the values previously reported in section 5.2.2. Table 5.1 

summarizes the experiments performed together with some of the 

parameters employed to appraise the impregnation. 

According to data from literature (Suleiman et al., 2005) the solubility 

of this drug in supercritical CO2 was found to be 5.4·10-6 at 200 bar 

and 35 ºC and 6.4·10-6, 200 bar and 45 ºC, 5·10-6 at 175 bar and 35 

ºC and 6.6·10-6 at 175 bar and 45 ºC. Considering the ratio between 

drug and polymer, the amounts of each substance for the impregnation 

experiments were calculated keeping in mind that this ratio had to be 

maintained and saturation of scCO2 with the drug should be achieved, 

resulting a value of 6.1·10-5 for the mole fraction of 5-fluorouracil 
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which was always reached in the vessel for all the experiments. Taking 

into account this value and interpolating from showed literature data 

until our experimental conditions at 180 bar and 40 ºC this means 

complete saturation of the scCO2 with the drug. A stirring rate up to 

1000 rpm together with a stabilization period of 120 min ensured that 

the CO2 phase was saturated previously to the impregnation step 

(Guney and Akgerman, 2002). 

Table 5.1. Summary of the operational conditions and results for the 

experiments performed. For all experiments: polymer weight: 0,4 g; 5-

fluorouracil weight: 0,1 g; T: 40 ºC; P: 180 bar; t: 60 min. 

a: Mean pore size and standard deviation (in microns). 

Impregnated biopolymer foam probes were obtained with the shape of 

disks due to the vessel form with an approximately average diameter of 

20 mm and 10 mm height. An example of the foamed sample is 

presented in Figure 5.3.b. A considerable increase in its volume is 

observed after supercritical CO2 foaming process compared to the 

volume of the polymer flakes at the beginning (Figure 5.3.a). 

Polymer N (rpm) Venting (min) DL (%) Dp (microns)a 

PLGA 200 Fast (3’) 8.31 117.23 ± 20 

PLGA 500 Fast (3’) 13.19 182.04 ± 31 

PLGA 1000 Fast (3’) 14.98 341.98 ± 87 

PLGA 200 Slow (90’) 5.52 58.35 ± 6 

PLGA 500 Slow (90’) 6.62 80.36 ± 13 

PLGA 1000 Slow (90’) 16.88 101.96 ± 15 

PLA 200 Fast (3’) 5.38 237.41 ± 49 

PLA 500 Fast (3’) 13.74 355.68 ± 84 

PLA 1000 Fast (3’) 14.59 363.35 ± 89 

PLA 200 Slow (90’) 9.76 101.08 ± 17 

PLA 500 Slow (90’) 13.86 144.20 ± 21 

PLA 1000 Slow (90’) 15.30 202.58 ± 34 
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Figure 5.3. Morphology of: (a) polymer flakes before process; (b) porous 

scaffold synthesized in supercritical CO2 (PLGA, N: 1000 rpm, t: 90 min). 

5.3.1. Preliminary experiments 

Thermal analysis was employed to demonstrate that proper 

impregnation was taking place. To do this, a preliminary set of 

experiments was carried out. These experiments were performed in the 

same way of a preceding study (Cabezas et al., 2012), just adding an 

extra test consisting on putting in contact the 5-Fu with supercritical 

CO2 in order to evaluate any modification that can happen in its 

structure or properties. 

 
Figure 5.4. Impregnation tests. Thermograms for: (a) pure 5-Fu; (b) pure 

PLA; (c) physical mixture of PLA and 5-Fu; (d) sample impregnated on PLA 

at 1000 rpm and depressurized during 90 minutes. 
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Figure 5.4 shows the DSC analysis of four different types of samples: 

pure untreated 5-fluorouracil (Figure 5.4.a) analyzed thermally as 

received from supplier, pure PLA polymer (Figure 5.4.b), physical 

mixture of both (Figure 5.4.c) and PLA impregnated in supercritical 

conditions (Figure 5.4.d). Results confirmed that 5-Fu was properly 

impregnated and no deposited onto the foam surface. The little 

endothermic peak, at approximately 150 ºC (Anto Shering et al., 

2011), of 5-Fu which appears in Figure 5.4.a and 5.4.c (pure drug and 

physical mixture) is not in the polymer thermogram (Figure 5.4.b) and 

disappears after the supercritical treatment turning into a wide 

shoulder as a typical sign of impregnation processes which take places 

in a uniform way (Anto Shering et al., 2011; Cabezas et al., 2012; 

Kang et al., 2008) since superficial, localized and heterogeneous 

depositions of drug onto polymer matrix mean that 5-Fu does not form 

part of a chemical complex drug-polymer. In this case the resulting 

DSC thermogram should look more similar to Figure 4.c than to 

Figure 5.4.d. 

In addition, other indicative for the formation of a drug-polymer 

complex form is the changes observed for the FTIR spectra. Figure 5.5 

give the comparative spectra between both untreated polymers (5.5.a 

and 5.5.b) and one impregnated sample (5.5.c). As it can be seen, the 

FTIR spectrum of the complex (Figure 5.5.c) shows different 

characteristics than no-impregnated polymers. In particular, 

characteristic peaks of 5-fluorouracil appear only in the spectrum 5.5.c 

at approximately 500-600 cm-1 (aromatic ring region), 1550 cm-1 (C=C 

stretching bond) and 1100 cm-1 (C-F bond). The last one is overlapped 

with absorption peaks of C=O bond in both not-impregnated polymers 

and cannot be correctly appreciated. 
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Figure 5.6. Themogram of 5-fluorouracil treated with supercritical CO2. 

Taking into account Figure 5.5.d, which shows the FTIR spectra of 5-

Fu after a supercritical CO2 treatment without polymer impregnation, 

and Figure 5.6 (DSC curve of that treatment) and comparing them 

with Figure 5.4.a and Figure 5.5.c respectively, it can be appreciated 

the absence of any chemical and physical modification of the drug after 

supercritical treatment by itself. FTIR curves show that the 

characteristic peaks remains in both spectra. As regards DSC profile of 

unprocessed (Figure 5.4.a) and processed (Figure 5.6) 5-Fu, the earlier 

onset of the endothermic peak for the processed 5-Fu indicates a minor 

decrease in crystallinity. However, it can be observed that the 

temperature of this peak is approximately the same in both cases and 

there is no decomposition sign in Figure 5.6. 

Therefore, the changes previously analyzed effectively demonstrate the 

impregnation of 5-Fu in the polymeric matrix. The evidence of 

homogeneous distribution of drug into polymer matrix that suggested 

the thermal analysis was also tested by analysis of different areas, 

internal and external, of foams obtained and resulting similar 

thermograms, spectra and drug loading values. 

5.3.2. Influence of operational variables 

Once it was checked that the foaming took place suitably and the 

impregnation was homogeneous, the influence of different operational 

variables was studied. 

5.3.2.1. Biopolymer type 

The chemical nature of the biodegradable polymer has important 

consequences not only in the rate of subsequent controlled release, but 
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also in other aspects like the amount of CO2 that can be solubilised in 

the polymeric matrix (decisive factor in the process of swelling and 

mass transport of dissolved drug in CO2 into the polymer matrix) or 

chemical interactions between polymer and drug what produces the 

impregnation. 

Although PLA and PLGA have the same chemical structure in the 

main chains, according to Table 5.1 PLA foams showed larger pore 

sizes than PLGA ones at the same operating conditions due to the best 

diffusion of CO2 in the former case since the steric hindrance close to 

the carbonyl group and accessible free volume caused by methyl 

pendant groups can lead to their different behaviour of solubility and 

interaction. In the case of PLGA, some methyl groups are substituted 

with hydrogen which causes much less hindrance for the interaction 

with CO2, what produces a decrease of sorption and swelling. For that 

reason, porosity is directly connected to CO2 concentration and 

therefore, solubility in the plasticized polymer (Pini et al., 2008). 

Nevertheless, regarding drug loading, results observed in Table 5.1 are 

quite similar for PLA and PLGA probes and no clear tendency is 

appreciated when the same operating conditions are used. For that 

reason we can conclude that the variation of biopolymer type which 

supposes to compare PLA to PLGA with a molar ratio L:G of 74:26 

has not significative influence on drug loading. In addition, the high 

experimental values for this parameter mean that both biopolymers are 

good carriers for 5-fluorouracil. The low differences observed in drug 

loading values between experiments with both polymers can be owing 

to the second impregnation mechanism described by Kazarian and 

Martirosyan (2002) is taking place in our system. The first mechanism 

(due to direct deposition of drug on polymer surface) has been rejected 

as a consequence of differences analyzed between DSC thermograms of 

physical mixture and polymer impregnated as previously commented in 

section 3.1. According to Kazarian, the second effect is no specific to 

supercritical fluids and corresponds to chemical interactions between 

the solute and the matrix based on H-bonding from drug with the 

C=O groups.  

In both types of polymer, PLA and PLGA, exists the same number of 

carbonyl groups independently they are in lactide or glycolide 
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monomers. It explains the similar impregnation capacities and 

performance when similar operating conditions are used in both 

polymers. The major differences in drug loading between PLA and 

PLGA only corresponds to the best diffusivity of CO2 into the PLA 

matrix which means the largest amount of 5-Fu in contact with 

polymer surface than in the case of copolymer what leads to highest 

values of drug loading. 

Considering the similar drug loading results and the inexistence of a 

clear influence of one type of polymer or another, this aspect cannot be 

the only one taken into account in order to select the more appropriate 

biopolymer for foams production. So it is necessary to look for other 

influential details on the foams morphology and their subsequent use in 

drug release process. According to literature (Jieying et al., 2008) PLA 

is much more fragile mechanically, what it is undesirable in scaffolds 

production, and the extra and more important advantage of using 

PLGA is that it is possible regulating its degradation rate just varying 

the ratio L:G (Miller et al., 1977; Nakamura et al., 1989), so because of 

this PLGA was considered as a better alternative for a scCO2 foams 

production. 

5.3.2.2. Effect of stirring rate 

In the supercritical state no liquid or vapour exists. Therefore, there is 

no interface between a liquid and vapour phase and hence, the surface 

tension value is said that is zero although surface tension between CO2 

and the substance in the medium is low, but exists. This low surface 

tension allows that supercritical CO2 can penetrate effortlessly between 

the polymer chains and promote their impregnation. Despite this fact, 

stirring rate seems to have influence in the diffusion of CO2 into the 

polymer matrix according to Table 5.1 data which shows that an 

increase in the stirring rate produces an increase in the pore size.  

Nevertheless, the stirring rate does not play a role in the improvement 

of penetration of CO2 molecules in the polymer network due to the 

inexistence of surface tension. In any case, the stirring rate only 

reduces the needed time for equilibration. So although a stabilization 

period of 120 minutes together a swelling step of 60 minutes were 

employed, this time could be insufficient to achieve a total sorption of 
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CO2 by the polymer. For that reason, experiments carried out with 

higher values of stirring rate reached major grades of polymer swelling 

due to the shorter period of equilibration needed. To avoid that the 

results depend on the grade of swelling as a consequence of 

depressurization made before equilibration it is necessary to increase 

the contact time in the foaming step until complete CO2 solubilisation 

into the polymer matrix. 

Regarding the drug loading in the polymer matrix, a value of 500 rpm 

was enough in the majority of the cases to provide a good mass 

transfer between polymer and scCO2. At this point the maximum 

impregnation, around 75% of added drug (initial 20% w/w of drug 

with respect to polymer what means a theoretical DL of 20%), was 

reached. Only in the case of the experiment carried out with PLGA, 

500 rpm and slow venting a good phase contact was not achieved. For 

this reason a stirring rate of 1000 rpm is recommended to assure the 

correct impregnation and to reach earlier the equilibrium state. 

5.3.2.3. Effect of venting rate 

The influence of venting rate on the average pore size of the foams is 

reported in Table 5.1. According to these results, fast venting 

experiments produced larger pore sizes than experiments depressurized 

using slow venting rates. At first, this tendency seems to be contrary 

to the data widely reported in literature (Arora et al., 1998; 

Tsivintzelis et al., 2007; White et al., 2012), in which slow 

depressurization rates allow for a longer period of nucleation and 

growth of CO2 bubbles and therefore lower number of larger cells than 

with rapid decompression. But the cooling rate during the 

depressurization step has a very important role in the process of pore 

formation, concretely in the collapse of the pore walls (Mathieu et al., 

2005). 

Faster cooling rate involves a rapid increase in the polymer matrix 

viscosity, which prevents the break of pores walls while they are 

growing. Nevertheless, in order to maintain the experimental 

conditions until total depressurization of the vessel, the temperature 

was kept constant at 40 ºC in the vessel by means of heating. 

Consequently, the polymer viscosity did not increase and the pores 
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could grow due to the gas expansion until their walls finally collapsed 

and as a result larger and interconnected pore were obtained. This 

effect is more noticeable when venting rate is higher, because this 

sudden elimination of CO2 produces a thermodynamic instability 

leading to gas nucleation within the polymer phase which causes the 

crumbling in contrast to lower venting rates (Hile and Pishko, 2004; 

Karimi et al., 2012; Mooney et al., 1996). Moreover, the stirring in the 

vessel continued during the depressurization step what facilitated the 

coalescence of cells, especially when fast venting was employed. For 

that reason, the average porosity and mean pore size of foams 

produced with fast depressurization rates resulted higher and in a 

wider distribution (76±5%) than with slow depressurization rates 

(58±2%) on the contrary that foaming without collapse (White et al., 

2012). 

This effect of crumbling is also appreciated in Figure 5.7 which shows 

two microphotographs of foams vented using fast and slow rates 

respectively. The pore destruction phenomenon is appreciated in 

Figure 5.7.a in which the cells have a polygonal shape and their limits 

are irregular unlike well-defined spherical cells existing in foams 

resulted from slow venting experiments (Figure 5.7.b). For both 

venting rates an interconnected structure was formed as can be 

observed in Figures 5.7.a and 5.7.b. 

The preferred pore size depends on the specific application of foams. In 

case of they were used as unimpregnated scaffold for tissue 

regeneration and cells growth, higher pore sizes and highly 

interconnected network, which can encourage cellular infiltration and 

allow for the proper exchange of nutrients and metabolic waste 

throughout the scaffold, are desired (Hutmacher et al., 2001; Mooney 

et al., 1996; O’Brien et al., 2005). In order to use these foams in 

subsequent controlled release tests, as in our particular case, smaller 

pore sizes are preferred to obtain sustained drug concentrations by 

means of slow and continue discharges (Howdle et al., 2001), so we can 

conclude that slow vent conditions are desirable in our process.  
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Figure 5.7. Effect of depressurizing on foam morphology. (a) PLGA, N: 1000 

rpm, t: 3 min.  (b) PLGA, N: 1000 rpm, t: 90 min. 

In relation to the influence of depressurization rate into drug loading 

values, results shown in Table 5.1 conclude that there are no clear and 

significant relationship between these variables due to that mass 

transfer, which leads the impregnation process, is mostly affected by 

the phase contact and this phenomenon depends mainly on the stirring 

rate and the contact time. 
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5.4. Conclusions 

The study of the effects of foaming parameters on foam morphology 

demonstrated the  feasibility of the “pressure quench” method in order 

to obtain foamed biodegradable scaffolds at the same time the resulted 

impregnated with 5-fluorouracil in a single step process that includes 

foaming and homogeneous dispersion of the drug chemically linked to 

the polymer matrix.  

PLGA and PLA foams exhibited a similar impregnation although the 

best CO2 sorption in the homopolymer produced larger pore sizes in 

the same conditions. However, the inconclusive data made necessary 

the consideration of other important factors like the higher mechanical 

strength and the capacity of regulation of degradation rate of PLGA in 

order to select the copolymer as the better alternative in the process. 

The main effect of stirring rate consisted on the reduction of the 

needed time for equilibration in polymer swelling process. Then if 

depressurization takes place before complete CO2 sorption into the 

melt polymer, a higher stirring rate can produce larger pores although 

this parameter have no influence in the enhancement of the 

penetration of CO2 molecules due to the inexistent surface tension of 

the supercritical system. For that reason larger contact times in 

swelling step are recommended. The value of 1000 rpm was selected 

due to the better homogenization of dissolved drug in scCO2 and the 

improvement of mass transfer to the polymer which turns into higher 

values of drug loading. 

Finally, the most important role of depressurization rate takes place in 

the pore formation due to it leads the bubble nucleation and growth 

processes. Although slow venting rates allow the major development of 

these processes and as a consequence larger pore sizes should be 

obtained, in fact the continuous heating and stirring during this step 

kept a low value of polymer viscosity and therefore a sustained and 

continuing growth finally caused the collapse of the pores. With both 

venting rates an interconnected foam structure was obtained. Due to 

the subsequent use of foams in controlled drug release the slow venting 

rate was selected. 
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SINOPSIS 

La tecnología de fluidos supercríticos se presenta como una 

alternativa interesante para la producción de andamiajes 

poliméricos porosos adecuados para su aplicación en ingeniería 

tisular. En este estudio, las matrices producidas se basaron en 

D,L-lactida, glicolida y un fármaco antiinflamatorio no 

esteroideo, indometacina, que fue impregnado simultáneamente a 

la obtención de las espumas en un proceso de una sola etapa. 

En relación a su uso como dispositivo de liberación controlada de 

fármacos, se encontró que las espumas basadas en el copolímero 

resultaron más adecuadas respecto a las basadas en el 

homopolímero. Esto es debido a que las primeras exhibieron una 

mayor resistencia mecánica, previniendo así el colapso de poros y 

favoreciendo su integridad física durante la duración de todo ese 

proceso. Una agitación rápida favoreció el proceso de 

impregnación mientras que bajas velocidades de despresurización 

también se encontraron recomendables por promover la 

formación de poros de pequeño tamaño que retardan la difusión 

de la indometacina desde el soporte polimérico al mismo tiempo 

que permiten ejercer un mayor control sobre la distribución y 

morfología de los poros. 
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ABSTRACT 

Supercritical fluid technology was studied as an alternative 

technology for the production of biodegradable polymer foamed 

scaffolds with applications in tissue engineering. The probes 

produced were based on D,L-lactide and glycolide and a non-

steroidal drug, indomethacin, was impregnated simultaneously in 

the obtained probes in a one-step process. It was found that the 

copolymer-based foams were desirable respect to the 

homopolymer-based ones concerning the subsequent drug release 

applications. They exhibited enhanced mechanical strength, 

preventing pore collapse and favouring the subsequent drug 

release. Fast stirring rates favoured the impregnation process and 

a slow rate of depressurization was also desirable because 

promoted the formation of small size pores that retard the 

release of the indomethacin from the polymeric support and the 

homogeneous drug distribution into the polymer matrix. 
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6.1. Introduction 

The interest on the synthesis of biocompatible and biodegradable 

foamed supports for biomedical use is increasing nowadays. This kind 

of foamed materials can be applied as implantable devices for tissue 

engineering as a therapeutic approach to create new tissues for patients 

suffering loss or failure of organs and tissues (Mikos and Temenoff, 

2000). These foams are mainly prepared with polymeric materials and 

they require an open cell structure to allow the growth of cells of the 

surrounding tissues. The use of these materials has the advantage of 

being biodegradable, eliminating further surgeries to remove traditional 

implants (Temenoff and Mikos, 2000). 

Due to their porosity, these polymers are able to load medicines and 

can be used for controlled release of drugs. In their application as 

scaffolds or for tissue repairing these materials can be impregnated 

with drugs like antibiotics, anti-inflammatories or antineoplasics 

(Duarte et al., 2009a; Yoon et al., 2003). In these cases, the control of 

the impregnation and the properties of the support are decisive because 

they will determine the polymer degradation rate and the drug release 

(Liu et al., 2005; Miyajima et al., 1998; Sung et al., 2004).  

Traditional methods of impregnation consist on the immersion of a 

polymeric matrix in an organic or aqueous solution where the drug has 

been previously dissolved. This method presents several important 

disadvantages, such as the use of toxic organic solvents, which have to 

be exhaustively removed in several steps where the thermolabile 

substances can be degraded (Duarte et al., 2009a; Temenoff and Mikos, 

2000). Supercritical CO2 based processes are an interesting alternative 

for the foaming and impregnation of the polymeric support due to the 

lack of residual solvent in the products (Barry et al., 2004; Collins et 

al., 2010; Cooper, 2003; Duarte et al., 2009b; Duarte et al., 2009c; 

López-Periago et al., 2008; Reverchon and Cardea, 2007; Reverchon et 

al., 2009; Rinki et al., 2009a; Rinki et al., 2009b). In addition, 

supercritical CO2 (Tc = 304.2 K, Pc = 7.3 MPa) is an excellent non-

solvating porogenic agent for amorphous polymers (Cooper, 2003; 

Howdle et al., 2001). 
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The biocompatible polymers commonly used in medical applications 

are generally those derived from lactic and glycolic acids 

(homopolymers and copolymers) (Davis et al., 1996; Ignatius and 

Claes, 1996; Singh et al., 2004). They are highly desirable since they 

are relatively harmless for cellular growth (Göpferich, 1996; Lewis, 

1990), and their use in human medicine is approved by the FDA 

(Frazza and Schmitt, 1971). Furthermore, the degradation rate of the 

copolymer poly(D,L-lactide-co-glycolide) (PLGA) can be modified by 

varying the ratio of its comonomers (Miller et al., 1977; Nakamura et 

al., 1989). 

In our work, we have employed supercritical fluid technology to 

produce PLGA/PLA-based foams for their subsequent impregnation 

with indomethacin (IDMC). IDMC is a non-steroidal anti-

inflammatory drug with a high relevance in the treatment of disorders 

like several kind of arthritis, pericarditis, bursitis, tendinitis or 

spondylitis. Its chemical structure is presented in Figure 6.1. This work 

studies the influence of biopolymer composition, stirring rate and time 

for depressurization on the efficiency of the impregnation and foam 

porosity in order to determine the feasibility of using a single step 

process to prepare indomethacin-loaded scaffolds with potential 

applications in Tissue Engineering. 

 
Figure 6.1. Chemical scheme of indomethacin (IDMC). 
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6.2. Experimental 

6.2.1. Materials 

Poly(D,L-lactide), PLA, (Mn = 28 000 g/mol) and poly(D,L-lactide-co-

glycolide), PLGA, (74% D,L-lactide : 26% glycolide, Mn = 18 000 

g/mol) where synthesized previously as described by Mazarro et al. 

(2009) using D,L-lactide (3,6-dimethyl-1,4-dioxane-2,5-dione; Purac 

Biochem bv, The Netherlands) and glycolide (1,4-dioxane-2,5-dione; 

Purac Biochem bv, The Netherlands) both with a purity higher than 

99.5% from Purac. Indomethacin, IDMC, (2-{1-[(4-

chlorophenyl)carbonyl]-5-methoxy-2-methyl-1H-indol-3-yl}acetic acid), 

CAS [53-86-1], (99.8% purity) was purchased from Fagron (Spain). 

CO2, (99.8%, industrial grade), was obtained from Carburos Metálicos 

(Spain). Tetrahydrofuran (THF), (99.7% purity) was purchased from 

SDS (Spain). 

6.2.2. Apparatus and procedure 

The apparatus used for the foam production and impregnation is 

schematically presented in Figure 6.2. It consisted basically on three 

modules. A first pumping module with a heater exchanger and a 

syringe pump (Milton Roy – MilRoyal D, France). The main module, 

in which the foaming and impregnation process took place, consisted of 

a 300 mL high-pressure stainless steel vessel (Autoclave Engineers, 

Pennsylvania) equipped with magnetic stirring (Emerson – Focus 1, 

New York). Heating was provided by an electric heating coat and the 

temperature was measured and controlled (RKC Instrument – CB100, 

Korea). Finally, the depressurization module consist of three venting 

valves (Autoclave Engineers, Pennsylvania) covered with a heating 

resistance in order to prevent the Joule-Thomson effect. 

The supercritical CO2 technology produced drug loaded scaffolds in a 

single step process that incorporated foaming and impregnation 

sequentially in the same vessel. The impregnation procedure was 

performed according to “Pressure Quench” method (Ajzenberg et al., 

2000). Firstly, a certain amount of the polymer is placed in the high 

pressure vessel and saturated with supercritical CO2. After an extended 

exposure of the polymer and CO2 at high pressure, the polymer 

absorbs enough gas to decrease its Tg below the process temperature, 
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and as a consequence, a solution polymer-gas is generated. Next, a 

rapid depressurization until ambient pressure takes place. This fact 

decreases the solubility of CO2 in the polymer and causes the 

nucleation of bubbles due to the supersaturation reached. As the 

bubbles grow up, the concentration in the polymer decreases until its 

effective Tg is above vessel temperature. Furthermore, the rapid 

depressurization also causes the cooling of the polymer, possibly 

limiting the pore growth. 

 
Figure 6.2. Experimental equipment used to produce porous polymer foams 

using the solvent-free encapsulation procedure divided into its three modules. 

In a typical experiment, polymer flakes (0.4 g) and indomethacin 

powder (0.1 g) were placed in the high-pressure reactor and CO2 (200 

g) was charged into the vessel after it was sealed using a syringe pump 

until the pressure reached 180 bar. Then, it was heated until 40 ºC 

using an electric heating coat, moment in which the zero time was 

considered. The impregnation took place during 60 minutes and the 

content of the vessel was homogenized using mechanical stirring, and 

then, the CO2 was vent off at different rates. The vessel was opened 

and resulting polymer-drug porous composites were collected for their 

analysis. 

6.2.3. Foam characterizations 

6.2.3.1. FTIR 

Copolymer composition was measured by FTIR (FTIR 16 PC, Perkin 

Elmer, Spain). Polymer samples were dissolved in THF or 1,1,1,3,3,3-

hexafluor-2-propanol (THF-insoluble samples) with a concentration of  

35 mg/mL, and were applied on KBr pellets prepared by a manual 
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hydraulic press (Perkin Elmer, Spain) and heated in oven at 70 ºC to 

fully remove the solvent. Transmittance spectra were recorded from 

370 to 4400 cm-1. 

6.2.3.2. GPC 

A liquid chromatograph (Waters, Spain) was used to determine the 

molecular weight distribution of polymer samples soluble in THF. 

Analysis conditions were 35 ºC of temperature, 1 mL/min of solvent 

flow rate and injection volume of 100 µL. All samples were dissolved in 

THF at a concentration of 1.5 mg/mL and filtered before injection 

with a pore size of 0.45 µm. Since no specific calibration was available, 

all measured molecular weights are values polystyrene-equivalent 

values and can be used only as relative quantities. 

6.2.3.3. DSC 

These analyses were performed on a DSC (TA Instruments Q1000, 

Spain) equipped with a refrigerated cooling system (RCS) and 

autosampler. The typical sample weights for DSC measurements were 

4-10 mg. The DSC cell was purged with nitrogen gas flow of 50 

mL/min. The experiments were run in aluminium hermetic pans. The 

sample was heated until 200 ºC or 250 ºC (in the case of PLA or 

PLGA respectively) with a ramp of 10 ºC per minute, followed by a 

cooling until -50 ºC with de same ramp and, finally, was heated until 

200 ºC or 250 ºC again with the same ramp. The software used in the 

analysis was TA Universal Analysis 2000. 

6.2.3.4. UV 

In order to determine the polymer impregnation and the amount of 

drug loaded, the resulting solutions were analyzed by UV 

spectrophotometry in a UV–Vis (Shimadzu UV-1603, Germany). 

Samples were dissolved in THF with a concentration of 0.4 mg/mL. 

Indomethacin absorbs in the ultraviolet region, with a maximum 

absorbance at 320 nm. Calibration was obtained by using standard 

samples with concentrations between 0.01 and 0.05 mg/mL. The 

software used in the analysis was UVPC Personal Spectroscopy 

Software, Version 3.6.  
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6.2.3.5. SEM 

The morphology of the polymer foams was analyzed and imaged by 

scanning electron microscopy (QUANTA 250, FEI Co., Hillsboro, OR, 

USA). The pore diameter was calculated as an average of a several 

measures of different locations of the sample and taking into account 

the size distribution on each case. 

 

6.3. Results and discussion 

This study evaluated the possibility of preparing indomethacin-loaded 

PLA/PLGA probes with potential application in tissue engineering 

using supercritical fluid technology. For this purpose, a first set of 

experiments studied the feasibility of foaming process with 

homogeneous impregnation. Finally, the influence of different 

operational variables in the process was studied: stirring rates ranging 

from 200 rpm to 1000 rpm and depressurization times from 3 up to 90 

minutes. Also, the composition of the polymer, with molar ratios 

between L:G = 74:26 (copolymer PLGA) and L:G = 100:0 (homolymer 

PLA) was studied.  

Table 6.1 summarizes the experiments performed together with some 

of the parameters employed to evaluate the impregnation such as the 

cell size (calculated as an average of a several measures of different 

locations of the sample) and percentage of impregnated drug calculated 

according to the literature (Kang et al., 2008). 
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Table 6.1. Summary of the operational conditions and results for the 

experiments performed. For all experiments: polymer weight: 0.4 g; 

indomethacin weight: 0.1 g; T: 40 ºC; P: 180 bar; t: 60 min. 

a: Drug loading calculated as the mass of IDMC impregnated in the scaffolds 

divided by the total mass of sample (Kazariand and Martirosyan, 2002). 

b: Average pore size. 

6.3.1. Preliminary experiments 

To check the proper and homogeneous impregnation of the probes, a 

previous set of experiments was carried out. The samples were 

analysed by DSC and the resulting thermographs, shown in Figure 6.3, 

confirmed that the drug was not deposited onto the surface of the 

matrix but it was found homogeneously in the bulk of the probe, in 

between the polymer layers.  

The indomethacin (IDMC) is crystalline with a clear endothermic peak 

at 162.3 ºC (Figure 6.3.a). However, in the Figure 6.3.b the peak 

corresponding to this drug disappears as a well-defined peak and turn 

into a shoulder overlapped with the wide polymer peak because of the 

change of character of the indomethacin from crystalline to amorphous, 

something typical of impregnation processes which take place 

homogeneously in supercritical CO2 (Kang et al., 2008). 

 

Polymer N (rpm) Venting (min) DL (%)a Dp (microns)b 

PLGA 200 Fast (3’) 12.42 146.43 ± 23 

PLGA 500 Fast (3’) 16.71 172.92 ± 30 

PLGA 1000 Fast (3’) 13.63 221.76 ± 57 

PLGA 200 Slow (90’) 4.20 61.57 ± 7 

PLGA 500 Slow (90’) 2.96 79.88 ± 12 

PLGA 1000 Slow (90’) 16.80 104.57 ± 16 

PLA 200 Fast (3’) 15.28 241.85 ± 51 

PLA 500 Fast (3’) 16.71 288.43 ± 54

PLA 1000 Fast (3’) 16.86 408.99 ± 98 

PLA 200 Slow (90’) 6.35 198.67 ± 27 

PLA 500 Slow (90’) 7.60 210.35 ± 31 

PLA 1000 Slow (90’) 21.67 216.96 ± 36 
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Figure 6.3. Impregnation tests. Thermographs for: (a) pure IDMC; (b) 

sample impregnated on PLA at 1000 rpm and depressurized during 90 

minutes. 

The presence of indomethacin trapped into the probe is also confirmed 

by FTIR analysis (Figure 6.4). According to the literature (Kang et 

al., 2008), two main characteristic absorption peaks of C=O stretching 

for IDMC at 1717.37 and 1692.03 cm-1, non-existent in pure polymers, 

were found. After impregnation process, these peaks appeared in the 

same position indicating the correct impregnation of the drug into the 

polymer matrix.  

This impregnation results from a complex mechanism that involves 

interactions between the solute (indomethacin), the carrier (CO2) and 

the matrix (PLA or PLGA probe). The high diffusivity of CO2 in the 

polymer allows this homogeneous distribution of the drug into the core 

of the probe, which is one of the major advantages of the process. In 
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order to check this correct homogeneity, essential for the subsequent 

application in controlled release, DSC analysis carries out an important 

role because it can reveal the existence of higher concentrations of drug 

in concrete zones of the polymer support for comparison between the 

thermographs of the pure drug, mixtures polymer-drug and 

impregnated samples (Kang et al., 2008). Moreover, in Figure 6.4 it 

can be observed the existence of polyester-IDMC bonds due to the 

peaks which appear only in the polymer-IDMC spectra. This is due to 

the existence of only one proton donor site in indomethacin: the OH 

group of the carboxyl acid function, which can interact with carbonyl 

groups of polymers like polyesters as is demonstrated by the change in 

the hydrogen bonding of indomethacin in the acid carbonyl stretching 

vibration whilst hydrogen bonds formed between polymer and 

indomethacin is reflected by shifts in either carbonyl vibrations (Taylor 

and Zografi, 1997). 

 
Figure 6.4. FTIR spectra of polymers used in the supercritical impregnation 

process, scaffold impregnated with IDMC (a) compared to pure PLGA (b) 

and pure PLA (c). In this spectrum, IDMC typical signals are pointed. 

The probes foamed and impregnated in supercritical CO2 resulted to be 

disks with an average diameter of 20 mm and 7 mm height. A visual 

example of the foamed probe is presented in Figure 6.5.b. An 

important increase in its volume is observed after supercritical CO2 

impregnation process in relation to the volume of the polymer flakes at 
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the beginning (Figure 6.5.a), confirming that the desired phenomenon 

takes place. 

 
Figure 6.5. Morphology of: (a) polymer flakes before process; (b) scaffold 

synthesized in supercritical CO2 (PLGA, N: 1000 rpm, t: 3 min). 

6.3.2. Influence of operational variables 

6.3.2.1. Molar composition effect 

Once it was checked that the foaming took place suitably and the 

impregnation was homogeneous, the influence of different operational 

variables was studied. The first variable evaluated was the composition 

of the polymer since the polymer chemical nature has effect not only in 

controlled release, but also in other aspects like interactions between 

polymer-drug and the amount of CO2 that can be solubilised in the 

polymeric matrix. 

Table 6.1 summarizes the results obtained for the studied variables. 

According to Table 6.1, PLA foams exhibit larger cell sizes than PLGA 

foams in the same conditions of impregnation due to the best diffusion 

of CO2 in the first case due to that the homopolymer showed the 

strongest affinity to CO2. Increasing the glycolide content of the 

copolymer a decrease of both, CO2 sorption and the resulting swelling 

was observed. For that reason, porosity is in fact directly connected to 

CO2 concentration, and therefore solubility, in the plasticized polymer 

(Pini et al., 2008). 

However, for Table 6.1 results it can be observed that similar drug 

loading (DL) (Kazarian and Martirosyan, 2002) was observed when 

similar operating conditions are used with both polymers. The high 

values for the drug loading mean that both are good carriers for the 

drug when impregnated in the proper conditions. The low difference in 
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drug loading between PLA and PLGA experiments can be attributed 

to the best diffusivity of CO2 into the PLA matrix according to the 

second mechanism of polymer impregnation described by Kazarian and 

co-workers (Huang et al., 2006). 

Considering all previous results and taking into account that PLA is 

much more fragile mechanically and the additional advantage of using 

PLGA, capable of regulating its degradation rate by changing its ratio 

lactide:glycolide; PLGA was selected the best polymer in scaffold 

production. 

6.3.2.2. Effect of stirring rate 

Although supercritical CO2 has a surface tension value close to zero 

and it can penetrate easily intro the polymer network and promote its 

impregnation, the main effect of stirring rate in the batch process 

consists of the improvement of the diffusion of CO2 into the polymer 

matrix, increasing porosity and pore structure (Hile and Pishko, 2004; 

Mooney et al., 1996).  

From Table 6.1 results, it can be observed that for any polymer 

composition, the higher the stirring rate was, the larger the cell size 

resulted. This fact is due to the decrease of time necessary for the 

penetration of molecules of CO2 into the polymer matrixes, which 

facilitates the bubble nucleation and growth processes, forming pores 

whose diameter depends on the grade of diffusion of CO2 into the 

polymer, obtaining in all the experiments an interconnected pore 

structure. 

The effect of stirring rate on the drug loading seems to follow the same 

tendency as observed for the cell size, being the effect specially clear 

for slow venting experiments. The reason can be attributed to the 

improvement of the external mass transfer of the drug from the bulk 

phase to the pores for high stirring rates (Mooney et al., 1996).  

6.3.2.3. Effect of venting rate 

Results about the influence of venting rate on the average cell size of 

the foams are shown in Table 6.1. As it can be seen, slow venting 

processes facilitated the elimination of entrapped CO2 in the swelling 

polymer, decreasing the size of foam cells progressively (Figure 6.6.b). 
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Whereas, fast venting produced an abrupt elimination of CO2 causing 

the collapse of the little pores into larger cells. Consequently, both 

rates formed an interconnected structure with different average pore 

size (Howdle et al., 2001; Mihai et al., 2007). This effect is also 

appreciated in Figure 6.6.a, which represents microphotographs of 

particles in which the limits of the cells are irregular due to this 

crumbling. Taking into account that, smaller cell sizes are preferred in 

order their use in controlled release (Howdle et al., 2001), slow vent 

conditions where determined like desirable for the process.  

 
Figure 6.6. Microphotographs of polymer foams obtained at different times. 

(a) PLA, N: 500 rpm, t: 3 min.  (b) PLA, N: 500 rpm, t: 90 min. 
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From Table 6.1, the effect of venting rate on DL is more noticeable for 

slow conditions when varying stirring rate. However, for fast 

depressurization the obtained DL was not influenced by stirring rate.  

 
Figure 6.7. Influence of stirring rate in the drug loading and pore size for 

experiments at fast (a) and slow (b) venting rate. 

The combined effect of the operation parameters can be better 

understood in Figure 6.7. Considering that the maximum DL value 

that can be reached taking into account the ratio between the amounts 

of drug and polymer initially charged is 20%, the best results are 

obtained with the highest stirring rate and slow venting. It seems that 

in all the cases the drug distribution in the pores and skeleton of 

polymer is homogeneous independently of the stirring rate and cell size 

and consequently the values of DL obtained remain almost constant in 

the case of fast venting rate Fig 6.7.a. In the case of slow venting rate 

it seems that the drug has enough time to be released from the 
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polymer matrix with the CO2 and only in the case of the highest 

stirring rates the drug loading remain high. 

Additionally, a slow depressurization rate promotes a more 

homogeneous cell size distribution of the probes and also favours the 

release of the impurities as monomers and the rests of not impregnated 

but superficial deposited drug (Mihai et al., 2007). 

The use of the copolymer, PLGA, seems to be one the best option to 

produce biodegradable and biocompatible foams that will allow the 

regulation of the degradation rate varying the molar ratio 

lactide:glycolide in its composition. 

 

6.4. Conclusions 

The supercritical fluid technology is a feasible procedure to obtain 

foamed biodegradable scaffolds impregnated with indomethacin in a 

single step process that includes foaming and homogeneous dispersion 

of the drug. 
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SINOPSIS 

Las espumas poliméricas biodegradables impregnadas con 

fármacos poseen potenciales aplicaciones tanto en procesos de 

regeneración tisular como usadas en sistemas de liberación 

sostenida de fármacos. 

En los anteriores capítulos de esta Tesis Doctoral se ha descrito 

el proceso de una sola etapa usando CO2 supercrítico como 

agente espumante y de impregnación para la síntesis de matrices 

porosas basadas en polilactida (PLA) y poli(lactida-co-glicolida) 

(PLGA) impregnadas con 5-fluorouracilo. 

Los experimentos de liberación in vitro de este fármaco 

antineoplásico desde las matrices poliméricas duraron 24 horas a 

35 ºC y pH 7,4. El seguimiento de dichos procesos se realizó 

midiendo la cantidad de fármaco liberado al medio y la pérdida 

de peso de las matrices poliméricas. 

Con objeto de profundizar en el conocimiento del mecanismo de 

liberación, se propuso un novedoso modelo matemático no 

descrito previamente en literatura para describir este sistema. 

Para ello, se consideró que el proceso de liberación está dividido 

en tres etapas diferentes controladas respectivamente por la 

difusión externa en primer lugar, por la transferencia interna de 

masa en segundo lugar y finalmente por la degradación del 

polímero. 

Como resultado, los perfiles teóricos ajustaron adecuadamente a 

los datos experimentales. 
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ABSTRACT 

Porous biodegradable polymeric foams loaded with drugs have 

potential applications in tissue engineering and sustained delivery 

systems. A single-step process using supercritical CO2 as foaming 

and carrier agent was used for the impregnation of 5-fluorouracil 

in polylactide (PLA) and poly-(lactide-co-glycolide) (PLGA) 

probes. The release of 5-Fluorouracil form the probes along 24 

hours at 37 ºC and pH 7.4 was followed by measuring the 

amount of drug released to the media and the change of the 

probe’s weight. In order to get further insight on the drug release 

mechanisms a novel mathematical model is proposed to 

quantitatively describe the process of drug release. Our model 

considers that the release process goes through three different 

steps controlled respectively first by the external diffusion, 

secondly by the internal mass transfer and finally by the polymer 

degradation. The theoretical curves agreed fairly well with the 

experimental drug release profiles. 
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7.1. Introduction 

Biodegradable aliphatic polyesters derived from lactic and glycolic 

acids (homopolymers and copolymers) are widely used in medical and 

pharmaceutical applications (Davis et al., 1996; Gilding and Reed, 

1979; Temenoff and Mikos, 2000). These polymers, poly(D,L-lactide) 

(PLA) and poly(D,L-lactide-co-glycolide) (PLGA) respectively, are 

employed because of their biodegradation into lactic and glycolic acid, 

relatively harmless to the growing cells which are removed from the 

body by normal metabolic pathways (Göpferich, 1996; Lewis, 1990), 

and their use in other in vivo applications, such as resorbable sutures, 

has been approved by the Food and Drug Administration (Frazza and 

Schmitt, 1971). 

Porous scaffolds with an open pore structure are also desirable in many 

tissue engineering applications in order to maximize cell seeding, 

attachment, growth, extracellular matrix production, vascularization, 

and tissue growth (Ishaug et al., 1997). Concretely, porous PLGA 

foams have been used for the regeneration of various tissues and organs 

including bone (Holy et al., 1999; Ishaug et al., 1997) and liver 

(Mooney et al., 1997).  

These foams are susceptible to be loaded with small molecules being 

suitable for many therapeutic applications (Duarte et al., 2009; Yoon 

et al., 2003). Supercritical CO2 is an interesting way to produce 

impregnated polyester foams in a one-step process due to its porogenic 

character with the advantage of the lack of residual solvent in the 

products (Cabezas et al., 2012; Cabezas et al., 2013). 

Since polymer scaffolds degrade, no synthetic polymer remains in the 

final engineered tissue. The degradation rate of the scaffold should 

either be similar to or slower than the rate of tissue formation. As a 

consequence, for this kind of applications (tissue regeneration and drug 

release) it is important to understand the degradation profile of a given 

polymer scaffold. PLA and PLGA have been known to degrade by 

simple hydrolysis of the ester bonds and the kinetics of this process is 

affected by polymer composition, molecular weight, environmental 

conditions, drug loading (DL) or pore size (Braunecker et al., 2004; 

Grayson et al., 2004; Lee et al., 2004; Makadia and Siegel, 2011; Wu 
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and Wang, 2001). However, most of the studies in the literature were 

performed utilizing non-porous PLGA samples and subsequently, the 

degradation of highly porous PLA and PLGA foams are interesting 

sources of study. 

However, the in vitro drug release from a polymer foam is not only 

caused by the degradation of the polymer since the early time points of 

the release profile are due to the diffusion of the charged drug from the 

polymer matrix into the release medium, and depending on the 

duration of the experiment it could suppose the majority of the 

contribution (Lee et al., 2009; Makadia and Siegel, 2011).  

In view of the foregoing, the objectives of this work are as follows: (i) 

to develop a mathematical model in order to describe the release 

profile of a model anticancer drug, 5-fluorouracil (5-Fu), previously 

impregnated into different polymer foams. The model includes the 

specific solubility of 5-fluorouracil in the external aqueous medium, 

external and internal mass transfer and polymer degradation; (ii) to 

analyze the effect of the model parameters on the response curves; (iii) 

to evaluate the influence of several foam parameters such as the drug 

loading, pore size and the polymer composition in order to determine 

the best operational conditions to be employed in the process of 

foaming and impregnation. 

 

7.2. Materials and Methods 

7.2.1. Materials 

Poly(D,L-lactide), PLA, (Mn = 28 000 g/mol as polystyrene-equivalent 

molecular weight value measured using GPC cromatography) and 

poly(D,L-lactide-co-glycolide), PLGA, (74% D,L-lactide : 26% 

glycolide, Mn = 18 000 g/mol as polystyrene-equivalent molecular 

weight value measured using GPC cromatography) which where 

synthesized previously as described (Mazarro et al., 2009) using D,L-

lactide (3,6-dimethyl-1,4-dioxane-2,5-dione; Purac Biochem bv, The 

Netherlands) and glycolide (1,4-dioxane-2,5-dione; Purac Biochem bv, 

The Netherlands) both with a purity higher than 99.5%. 5-

Fluorouracil, 5-Fu, (5-fluoro-2,4(1H,3H)-pyrimidinedione), CAS [51-21-
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8], (99.9% purity) was purchased from Fagron (Spain). The phosphate-

buffered saline (PBS) used in release experiments was prepared using 

the following reagents: sodium chloride (NaCl), potassium chloride 

(KCl), disodium hydrogen phosphate (Na2HPO3) and monopotassium 

phosphate (KH2PO4) (99% purity all of them) were purchased from 

Panreac (Spain). 

7.2.2. Impregnation of 5-Fu, polymer foaming and in 

vitro release experiments 

PLA and PLGA foams were synthesized and impregnated with 5-Fu 

using supercritical fluids technology. Experimental setup, process 

conditions and foam characteristics are clearly explained by Cabezas et 

al. (2013). 

Regarding in vitro release experiments, an approximately 10 mg 

sample of 5-Fu-polymer foams, cut in a spherical shape and accurately 

weighed, was suspended in 80 mL of phosphate-buffered saline (PBS, 

pH 7.4, 1 M) and placed in a in the middle of a 100 mL mouth ground 

bottle stirred at 100 rpm and incubated in a shaking water-bath at 37 

ºC. A 10 mL solution was periodically removed and the amount of 5-

Fu was analyzed by UV spectrophotometry (Shimadzu UV-1603, 

Germany) at 266.5 nm. In order to maintain the origin PBS volume 

and pH value, 10 mL of fresh PBS was periodically added until the end 

of the experiment (t = 24 h). Release profiles were calculated in terms 

of the cumulative release percentage of 5-Fu with incubation time. 

Each experiment was carried out in triplicate. Mass loss was 

determined gravimetrically: individual foam weight initially and dried 

foam weight after in vitro degradation were measured. Mass loss (%) 

was calculated by following Eq. 1: 

100
w

w-w
  (%) loss Mass

i

di
⋅=       [1] 

where wi and wd are initial foam weight and dried foam weight, 

respectively. 
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7.2.3. In vitro drug release kinetics: theoretical 

mechanism 

Several authors (Amann et al., 2010; Ramchandani and Robinson, 

1998; Siepmann et al., 2002) have described different approaches for 

the physical treatment of the controlled release of drug from 

biocompatible substrates. They follow the next pattern (Figure 7.1): 

 
Figure 7.1. In vitro cumulative release profile of 5-Fu from PLGA and PLA-

based foams in PBS pH 7.4. Relationship between the curve and the three-

stage release process. 

i) Initial burst of drug release in which the most accessible drug 

(impregnated on the surface or in larger pores), in direct contact 

with the medium, is released as a function of solubility of drug in 

water. Consequently, the gradient in the drug concentration 

represent the driving force in the mass transfer process in which the 

external mass transfer coefficient (kext) is the most characteristic 

parameter. Also no appreciable weight loss and no soluble monomer 

product are formed at this early time. 

ii) Once the most accessible drug has been released, the diffusion 

of the drug from the bead matrix trough the polymer chains network 

control the mass transfer process. Graphically, a drastic change in 

the shape of the release profile is observed. 

iii) Finally, the drug that has been entrapped in the polymer 

network without mobility or time enough to be released can be 

liberated when the water hydrolyzes the polymer into soluble 
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oligomeric and monomeric products. Drug is released progressively 

because of the polymer degradation until complete polymer 

solubilisation. This part of the release experiments shows more or 

less importance in function of their duration (reaching the maximum 

drug release in the case of total degradation of the polymeric 

carrier). In our case, the experiments duration was of 24 hours, 

insufficient time to achieve the complete dissolution of PLGA or 

PLA. For this reason, the percentage of drug released through this 

process represents only around 15% of the total amount of drug 

released to the medium. 

Figure 7.2 shows a diagram in which these three different steps in the 

release process from impregnated foams is represented schematically. 

 
Figure 7.2. Scheme of the process of drug release and its three different steps 

from a porous biodegradable polymeric carrier. 

7.2.4. Mathematical modelling 

A mathematical model adapted to each of these three patterns has 

been developed to fit the experimental data achieving a full physical 

significance according to the release mechanisms previously described. 

In order to facilitate the understanding of the successive equations 

applied in the model and how they run along the different stages of the 

process, the specific denominations of the time variable are presented 
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in Table 7.1. Also, the different initial and final values for each stage 

were summed up. These values are a quite realistic approximation 

taking into account the shapes of the different experimental release 

profiles and the final moment of each stage is considered the initial 

instant of the next one. 

Table 7.1. Specific denominations of the variable t (initial and final time, 

respectively) and their numerical values for the three stages of the model. 

 t0 tf 

1st step t0
ext (0 hours) tf

ext (2 hours) 

2nd step t0
int (2 hours) tf

int (5 hours) 

3rd step t0
deg (5 hours) tf

deg (∞ hours) 

7.2.4.1. Release of the most accessible drug 

As it has been explained in the hypothesis on which the physical model 

proposed is supported, an initial very quick release of the most 

accessible drug occurs. With this in mind, these first moments of the 

release can be physically viewed as the direct dissolution of a bead of 

pure drug in water and this process will be only controlled by the 

diffusion in the film and a equation based on a “Thin Film Diffusion 

Model” (Eq. 2) may be applied (Boyd et al., 1947) to describe the rate 

of release in this part of the process: 

t-kF)-(1 ext ⋅=        [2] 

where F is the fractional attainment of equilibrium (it corresponds to 

Mt/M∞, where Mt and M∞ denote the absolute cumulative amounts of 

drug released at any time t and at infinite, respectively) and kext is the 

external mass transfer coefficient. 

A linear plot of −ln (1-F) versus t, whereby F with zero intercepts, 

would suggest that the kinetics of the adsorption process is controlled 

by diffusion through the liquid film surrounding the drug. 

Experimentally, the linear tendency was observed in all experiments 

until an experimental time of approximately 2 hours. Consequently, 

this first pattern of the release profile was modelling using this 

diffusion equation. 
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7.2.4.2. Release of the most inaccessible drug 

Once released the most accessible drug, a second step of the process 

controlled by the internal diffusion of the drug impregnated into the 

polymer network takes the control of the release process. This slow 

transport of the solute molecules through the polymer network 

corresponds to the second zone of the curves. In the simplest version, 

this intra-porous diffusion is well described by Crank (1956) using the 

“Fick’s Second Law of Diffusion”. 

As stated before, 5-Fu impregnated probes can be considered for a 

practical approximation spherical in shape and, so that, the 

mathematical analysis has been based on this geometry. The chosen 

model equation was solved considering the following initial and 

boundary conditions based on the experimental results and the setup 

used for the experiments): 

i) At t = tf
ext = t0

int, the remaining drug is homogeneously 

distributed throughout the spherical foams (Cabezas et al., 2013). 

ii) The initial drug concentration is below the solubility of the 

drug (which is also known as molecular dispersion or monolithic 

solution). In literature (Faisant et al., 2006) was found that the 5-Fu 

solubility in PBS resulted 20 g/L at 37 ºC so the driving force is 

very high at any time during the entire experiment and so the 

approximation of “infinite dilution” will be accepted. 

iii) The rate at which the drug leaves the device is always equal to 

the rate at which the drug is brought to the surface by internal 

diffusion (no drug accumulation at the surface).  

iv) Perfect sink conditions are provided throughout the experiment. 

Taking into account all of this, the total amount of diffusing substance 

entering of leaving the sphere is given by Eq. 3 (Crank, 1956): 

��
�

�
��
�

�
−−= �

∞

=∞

Dt
R

n

nM

M

n

t
2

0

22

1

22

16
1

π

π

exp      [3] 

where R0 is the characteristic length of spherical foam radius (0.2 cm) 

and D represents the apparent diffusion coefficient considering 
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homogeneous particle (the existence of  “micropores” would not affect 

the convenience of using this equation). 

It was checked that an increasing in the stirring rate of the 

experimental systems did not produced a significant variation of the 

rate of drug release. So that the stirring rate employed is high enough 

to consider that the mass transfer rate is not appreciably affected by 

the diffusion in the film.  

7.2.4.3. Degradation of the foam substrate and release 

of the remaining drug 

Once the major part of the drug was liberated, it seems that the 

release of the remaining drug is directly associated to the degradation 

of the polymer substrate. The progressive degradation of the foam 

produces the direct liberation of the drug molecules that are located at 

this radial position of the bead. A drug molecule can be at a certain 

radial position well because has moved from inside by diffusion or 

directly because could not move previously because was entangled by 

the polymer chains. So that the physical picture of this part is that the 

mass of drug discharged in this final part of the experiments is entirely 

related to the polymer degradation, that is, as we consider that the 

drug is homogeneously distributed into the polymer probe, the release 

of drug is directly and proportionally related with the polymer 

degradation. Of course, some release by conventional diffusion can be 

also taking place in this period but we consider that is negligible 

compared with that produced by the polymer degradation. This period 

is considered that goes from t0
deg = 5 hours approximately up to the 

end. Consequently, quantifying the mass loss of each probe and 

knowing their individual DL it is possible to determinate the 

theoretical drug released to the medium and compare it with the 

experimental results. For this purpose we keep assuming that the drug 

is homogeneously distributed in the foam and therefore homogeneously 

released together with the polymer dissolved. An easy way to describe 

this situation is using the “Shrinking Core Model”, SCM, outlined by 

Levenspiel (2002) and showed in Eq. 4, due to it assumes a first order 

kinetics analogously to the pseudo-first kinetics of the degradation of 
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PLA or PLGA (Charlier et al., 2000; Chiu et al., 1995; Lee et al., 2004; 

Wu and Wang, 2001): 

0

3
1

0

1
R

k

M

M rdf eg
−=��

�

�
��
�

�
       [4] 

where M0 and Mf represent the mass (foam together with drug) at the 

beginning of the final part of the release curve (tf
inf = t0

deg = 5 h) and 

at the end of the experiment respectively, R0 is the initial radius of the 

spherical foam (0.2 cm) and kdegr is the pseudo-first kinetic constant of 

degradation for the PLGA or PLA foam. 

It is possible to estimate the Mf at the end of the experiment by two 

different ways that agreed fairly well, each one corresponding to the 

both sides of the mass balance (Eq. 5): 

Mf = Mi – M1
drug – M2

drug – M3
drug – M3

polymer    [5] 

where: Mf is previously defined and measured by direct weighting; Mi is 

the known mass of sample at the beginning of the experiment 

(approximately 10 mg) in which is known the percentage of polymer 

and drug through the value of DL; M1
drug, M2

drug and M3
drug are the mass 

of drug released during the 1st, 2nd and 3rd steps of the process and 

measured by UV spectrophotometry; M3
polymer is the mass of polymer 

degraded during the last stage of the experiment. In addition, this 

mass balance satisfied that M0 = Mi – M1
drug – M2

drug. 

• Weighting directly the final mass of the foam, Mf (polymer and 

remaining drug). 

• Measuring the drug released to the media at each stage (M1
drug, 

M2
drug and M3

drug) and calculating M3
polymer through the values of M3

drug 

and DL. Subtracting these values to Mi the result is Mf.  

Taking into account all the previous information, global model 

parameters are as follows: 

i) Zone I: external mass transfer coefficient (kext).  

ii) Zone II: effective diffusion coefficient (D). 

iii) Zone III: pseudo-first kinetic constant of polymer degradation 

(kdegr).  
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The model equations consist of Eq. 2 and Eq. 4 were solved by simple 

linearization and Eq. 3 was solved using 6 terms of the summation (n) 

and minimizing the summation of the deviations in absolute value 

between theoretical and experimental values with MS Excel “solver” 

tool (Simon and Loney, 2005).  

 

7.3. Results and discussion 

Once the model was developed, it was checked the coherence of the 

results obtained only over theoretical basis, using standard values to 

verify if the theoretical curves obtained follow the same trend than the 

experimental ones. Once confirmed the previous issue the experimental 

curves were fitted using the proposed model. Finally, the profile of 

drug release of each probe was analyzed in terms of the foams feature, 

treating to relate the different kinetic behaviour of each material with 

its different synthesis conditions (Cabezas et al., 2013). 

7.3.1. Simulation results 

As commented previously, the initial part of the release curves (Zone I) 

would correspond with the external mass transfer process. The chosen 

values for kext were ranged from 0.01 h-1 to 1 h-1 and the resulting 

theoretical curves are shown in Figure 7.3. Since this zone is modelled 

from t0
ext = 0 hours until tf

ext = 2 hours, only this interval must be 

taken into account. As it can be appreciated, when kext increases, the 

burst is more pronounced what means that the drug is initially more 

rapidly released. 

The intermediate part of the release profiles (Zone II), related to the 

mass transfer along the pores, was simulated using the value of kext of 

0.3 h-1 fixed in the previous stage and from t0
int = 2 hours to tf

int = 5 

hours and using values in between 1·10-7 cm2/s and 5·10-7 cm2/s for 

D. Figure 7.4 shows the effect of the apparent diffusivity in the shape 

of this zone. The higher D value is the more noticeable curvature 

results. This is consistent with the fact of higher diffusivities facilitate 

the drug transfer through the foam matrix so the quantity of drug 

released in this way would be larger at the beginning of this zone and 

smaller at the end, with the subsequent drastic change of curvature. 
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Figure 7.3. Theoretical cumulative release profiles calculated from the Thin 

Film Diffusion Model (Eq. 2). Influence of the external mass transfer 

coefficient, kext. 

 

Figure 7.4. Theoretical cumulative release profiles calculated from the Fick’s 

Second Law of Diffusion integrated considering spherical geometry (Eq. 3). 

Influence of the apparent diffusion coefficient, D (kext = 0.3 h-1 for t = 0 – 2 

hours; R0 = 0.2 cm; n = 6). 

Finally, the end of the release curves (Zone III), corresponding to the 

drug discharged as a consequence of the polymer degradation. This 

zone was simulated using a fixed set of values of 0.3 h-1 and 3 · 10-7 

cm2/s for kext and D respectively and only varying kdegr between 0.01 cm 

and 0.001 cm. As it can be observed in Figure 7.5 in all the cases the 

release profiles tend to straight lines in which the value of the constant 

of polymer degradation determines the final value of drug discharged 
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to the liquid medium. As expected, the response of the curves agrees 

with a linear tendency of drug dissolved together the quantity of 

polymer degraded taking into account the DL is considered 

homogeneous as approximation in the entire mass of impregnated 

foam. Therefore, if kdegr takes high values, in a proportionally way the 

drug released would be also high. 

 
Figure 7.5. Theoretical cumulative release profiles calculated from the 

Shrinking Core Model (Eq. 4). Influence of the pseudo-first kinetic constant of 

degradation, kdegr (kext = 0.3 h-1 for t = 0 – 2 hours; D = 3 · 10-7 cm2/s for t = 

2 – 5 hours; R0 = 0.2 cm). 

7.3.2. Model fitting 

Once the coherence of the results of the mathematical model had been 

confirmed and   demonstrated that can describe properly the physical 

mechanisms which lead the process, the experimental 5-Fu cumulative 

release profiles obtained in the in vitro study were fitted with the 

model. The experimental points and the model curves are shown in 

Figure 7.6 (from 5-Fu impregnated in PLGA foams) and Figure 7.7 

(PLA foams). The biodegradable probes used were based in PLGA or 

PLA, and they showed a variety of pore sizes and DL as a consequence 

of their synthesis and impregnation conditions (Cabezas et al., 2013). 

These different specifications resulted in release 5-Fu profiles with 

some small changes between them although all the pattern of the 

curves corresponded in all the cases with the general description 

presented in Figure 7.1. 
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Figure 7.6. Cumulative 5-Fu release profiles using PLGA foams synthesized 

in different experimental conditions (indicated in the figure). Symbols show 

the experimental data and curves are the theoretical values calculated using 

equations [2], [3] and [4] for the zones I, II and III respectively (marked in the 

figure). 
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Figure 7.7. Cumulative 5-Fu release profiles using PLA foams synthesized in 

different experimental conditions (indicated in the figure). Symbols show the 

experimental data and curves are the theoretical values calculated using 

equations [2], [3] and [4] for the zones I, II and III respectively (marked in the 

figure). 

Regarding to the calculations of the typical model parameters 

previously defined, the resulting values are summarized in Table 7.2 

together with the foams description. A good fitting between the 

experimental data and the mathematical model was achieved. In 

general, an underestimation of the thin film equation in the Zone I was 

observed but it supposed a maximum relative percentage error of a 

30% in only the first three data of the release profile shown in Figure 

7.6.a. The average relative percentage error obtained with the Thin 
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Film equation was around 13%. In general it has been observed that 

the model produces a small overestimation of the experimental data in 

Zone III. This may be caused by the no consideration of the porous 

nature of the foams that are viewed as homogeneous particles or their 

different composition since they both play a decisive role in the 

polymer degradation process as it will be analyzed in the following 

section. Nevertheless, the short duration of the experiments and the 

consequent low grade of degradation motivated an almost 

imperceptible error at the end of the profiles. The total degradation of 

the foams depends mainly on their composition but also on the 

concrete porous structure of the concrete foam, each one would show a 

different dissolution time. Supposing that they show a constant 

dissolution rate non-influenced by the changes in their molecular 

weight, extrapolating the experimental data the complete polymer 

dissolution and drug release would take from 5 days (corresponding to 

kdegr = 1.13 · 10-2 cm) to 16 days (corresponding to kdegr = 3.39 · 10-3 

cm). 

Table 7.2. Summary of foams characteristics and their resultant model 

parameters. 

a: Mean pore size and standard deviation (in microns). 
b: Average value calculated using the obtained values from times of 2 hours to 

5 hours. 

Polymer DL (%) Dp (microns)a kext (h-1) D (cm2/s)b kdegr (cm) 

PLGA 8.31 117.23 ± 20 0.264 7.92 · 10-8 8.27 · 10-3 

PLGA 13.19 182.04 ± 31 0.3896 1.59 · 10-7 4.08 · 10-3 

PLGA 14.98 341.98 ± 87 0.3192 1.05 · 10-7 7.12 · 10-3 

PLGA 5.52 58.35 ± 6 0.3783 1.38 · 10-7 1.13 · 10-2 

PLGA 6.62 80.36 ± 13 0.4535 2.61 · 10-7 1.58 · 10-2 

PLGA 16.88 101.96 ± 15 0.304 1.01 · 10-7 5.34 · 10-3 

PLA 5.38 237.41 ± 49 0.244 8.76 · 10-8 4.92 · 10-3 

PLA 13.74 355.68 ± 84 0.4348 1.64 · 10-7 5.13 · 10-3 

PLA 14.59 363.35 ± 89 0.5594 2.81 · 10-7 6.19 · 10-3 

PLA 9.76 101.08 ± 17 0.5528 2.65 · 10-7 4.78 · 10-3 

PLA 13.86 144.20 ± 21 0.342 1.64 · 10-7 3.39 · 10-3 

PLA 15.30 202.58 ± 34 0.6581 3.66 · 10-7 5.27 · 10-3 



Chapter 7    

180 

Finally, for the intermediate step (Zone II), the results are in very 

good agreement with the experimental data. In general, models based 

on the Fick’s Second Law have been often used in the literature 

(Faisant et al., 2002; Siepmann et al., 2005; Vergnaud, 1993) as 

equations more theoretical than the widely used empirical models (i.e. 

the well-known Peppas equation) due to its high capacity to describe 

this kind of diffusion processes.  

Table 7.3 shows a comparison between the average value for the 

apparent diffusion coefficient obtained for both PLGA and PLA in the 

present work and some values reported in the literature. As it can be 

observed, the present values are in order of magnitude of 10-7 cm2/s, 

around 5 times above to the majority of reported using PLGA and 

PLA biodegradable carriers (Faisant et al., 2002; Kang and 

Schwendermann, 2003; Klose et al., 2008; Martins et al., 2011; 

Siepmann et al., 2005). The main reason is because of the common use 

of dense microparticles as biodegradable carriers for drug release 

instead of porous devices. The latters are widely used as scaffolds for 

tissue regeneration but not as widespread as drug carriers. However, 

drug diffusion coefficients of porous devices (Chiu et al., 1995; Zhao et 

al., 2010) are in the same order of magnitude to the resulting ones in 

this study. Therefore, PLGA and PLA foams are suitable devices for 

the release of hydrophobic drugs because they facilitate the in vitro 

and in vivo diffusion of drug (Lee et al., 2009). 

Table 7.3. Summary of diffusion coefficients for PLGA and PLA as drug 

release carriers. 

Polymer 
Impregnated 
substance 

Type of 
device D (cm2/s) Reference 

PLGA 5-Fu Porous matrix 1.41 · 10-7 This work 

PLA 5-Fu Porous matrix 2.21 · 10-7 This work 

PLGA 5-Fu Porous disk 10-8 – 10-7 Chiu et al., 1995 

PLGA 
Ovoalbumin 
(OVA) Porous matrix 7.2 · 10-7 Zhao et al., 2010 

PLGA 
Bovine Serum 
Albumin (BSA) Porous matrix 5.9 · 10-7 Zhao et al., 2010 

PLGA 5-Fu Dense particles 4.7 · 10-13 Faisant et al., 2002 
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Table 7.3 (cont.). Summary of diffusion coefficients for PLGA and PLA as 

drug release carriers. 

Polymer 
Impregnated 
substance 

Type of 
device D (cm2/s) Reference 

PLGA Lidocaine Dense particles 
4.6 · 10-14 – 
2 · 10-12 Siepmann et al., 2005 

PLGA Lidocaine Dense particles 
14 · 10-12 – 
104 · 10-12 Klose et al., 2008 

PLGA Ibuprofen Dense particles 
16 · 10-12 – 
106 · 10-12 Klose et al., 2008 

PLGA 
Bovine Serum 
Albumin (BSA) Dense particles 

3 · 10-12 – 
24 · 10-12 

Kang and 
Schwendeman, 2003 

PLA Thymol Dense particles 1.39 · 10-11 Martins et al., 2011 

PLA p-Cymene Dense particles 5.21 · 10-13 Martins et al., 2011 

7.3.3. Influence of foam characteristics in the release 

results 

After a carefully look of the different release profiles shown in Figure 

7.6 and Figure 7.7, it is possible to establish consistent relations 

between the shape of the curves and  the characteristics of the 

impregnated foams. 

According to literature (Eniola and Hammer, 2005; Lee et al., 2004; 

Makadia and Siegel, 2011), the release rate of 5-Fu increases with the 

increase of 5-Fu loading amount in the polymeric foams. This rapid 

release rate (burst) is related with the DL value of the foam. The burst 

in the first stage is faster in Figures 7.7.c and 7.7.f (high slope of the 

profile) for high values of DL and slower in Figures 7.6.a and 7.7.a 

(low slope of the first profile). 

The density of the foams is related to the size of the pores and also has 

influence in the rate of release since it determines the ratio between 

surface area and volume (Braunecker et al., 2004; Lu et al., 1999; 

Makadia and Siegel, 2011) and the differences in the shape of the curve 

in the 2nd stage (as shown in Figure 7.4) are related with that. 

Nevertheless, based only in our experimental results it is not possible 

to establish a general rule without comparison with the general 

tendencies and diffusion values reported in literature. It would be 

necessary to make a rigorous study of porosity and distribution of pore 
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size and its relation with the rate of release of molecules with different 

sizes and substrate affinities. 

Finally, the composition of the polymer foam is the most important 

factor to determine the rate of degradation of a delivery matrix. 

According to literature (Miller et al., 1977; Nakamura et al., 1989), the 

copolymer PLGA has an useful advantage over the homopolymer PLA 

consisting in its capacity of regulating its degradation rate just varying 

the ratio lactide to glycolide (L:G). Moreover, the presence of glycolide 

in the polymer increases its degradation rate (Lu et al., 1999; Makadia 

and Siegel, 2011; Wu and Wang, 2001) since a higher content of 

glycolide makes the polymer more hydrophilic than PLA and increases 

more pronounced polymer swelling due to the best penetration of water 

molecules between the polymer chains (Lee et al., 2009). Regarding to 

the degradation process, it must be noticed that the composition of the 

polymer only plays a role in the final part of the release curves (Zone 

III) so PLGA foams shows more sloping lines in contrast to the 

horizontal lines shown by PLA. Although the duration of the 

experiments did not make possible a larger extension of the 

degradation reaction, this effect is clearly shown in Figures 7.6.a, 7.6.d 

and 7.6.e (PLGA foams) and Figures 7.7.b, 7.7.d and 7.7.e (PLA 

foams). Furthermore quantitatively the different slope of the third 

stage is manifested in the higher values of kdegr that PLGA exhibit 

versus PLA. 

 

7.4. Conclusions 

A mathematical model for analyzing the 5-Fu release from PLGA and 

PLA foams for in vitro systems has been developed. The influence of 

the foam characteristics (DL, pore size and polymer composition) 

affecting the response of the system has been analyzed. 

Typical model parameters (kext, D and kdegr) have been obtained using a 

theoretical model composed of three different equations describing the 

main release processes found. Concretely, the value of diffusion 

coefficient (D) resulted in the same order of magnitude of other porous 

PLGA/PLA devices previously reported in literature and was higher 

than the referred to dense microparticles. 
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This mathematical method divided by zones can therefore be useful to 

describe the release of hydrophilic drug, such as 5-Fu, from 

biodegradable polymeric foams used as drug carriers and achieving a 

good agreement with experimental data. 
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SINOPSIS 

En los sistemas de liberación controlada de fármacos, el 

modelado matemático juega un papel muy importante en el 

esclarecimiento del tipo de mecanismo físico que promueve estos 

procesos, en las potenciales aplicaciones de un sistema 

determinado matriz-fármaco o en el diseño de nuevos sistemas de 

liberación controlada tomando como modelo otros ya existentes. 

En este apartado, se ha modelado el proceso de liberación de un 

fármaco hidrófobo (indometacina) impregnado en espumas 

poliméricas biodegradables basadas en la polilactida y la 

poli(lactida-co-glicolida) usando CO2 supercrítico como agente 

espumante. La liberación de indometacina fue llevada a cabo in 

vitro durante 24 horas a 37 ºC y pH 7,4. 

Dicho modelo matemático se basó en el modelo propuesto en el 

capítulo anterior que describió con exactitud el proceso de 

liberación de un fármaco hidrófilo. El modelo ha sido modificado 

considerando la baja solubilidad de la indometacina y las 

variaciones en el mecanismo que este hecho puede producir 

mejorando, consecuentemente, su significado físico. 

El modelo se basó en tres etapas simples y fácilmente 

comprensibles: la transferencia de materia externa e interna así 

como la degradación del polímero, lo que supone una manera 

fácil pero acertada de describir y predecir el comportamiento de 

este tipo de sistemas. 

Finalmente, se estudió el efecto de las características concretas 

que presentaron las espumas en la cinética del proceso de 

liberación así como la solubilidad del fármaco involucrado y su 

respuesta en el perfil resultante. 
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ABSTRACT 

In drug delivery systems, mathematical modelling plays an 

important role in elucidating the kind of release mechanisms, the 

potential applications of a determinate system matrix-drug or 

the design of new delivery systems from other existing ones. In 

this work we have modelled porous biodegradable polymeric 

foams based on polylactide (PLA) and poly(lactide-co-glycolide) 

(PLGA) impregnated with a hydrophobic drug (indomethacin) 

through a single-step process using supercritical CO2 as foaming 

agent at different experimental conditions. The release of 

indomethacin was carried out in vitro along 24 hours at 37 ºC 

and pH 7.4. Our theoretical model was based in a previous one 

developed to describe accurately the process of release of a 

hydrophilic drug. It was modified considering the low solubility 

of indomethacin and the variations in the mechanism which this 

fact can produce and, consequently, improving its physical 

signification. The model was based on three simpler and more 

comprehensible stages: external and internal mass transfer as 

well polymer degradation what leads an easy but accurate way of 

describe and predict the behaviour of this kind of systems. 

Finally the effect of the characteristics of impregnated foams in 

the kinetics of drug release was studied and the different 

solubility of the drug impregnated and its response in the release 

profile was evaluated. 
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8.1. Introduction 

Supercritical fluids technology (specifically supercritical CO2) results 

an interesting alternative to process polymeric materials, especially for 

foaming and impregnation, due to the lack of residual solvent in the 

products (Cabezas et al., 2013a; Cooper, 2003; Duarte et al., 2009; 

Reverchon and Cardea, 2007), its excellent non-solvating porogenic 

character, plasticizing amorphous polymers, concretely polyesthers 

(Cooper, 2003; Howdle et al., 2001), and acting as a carrier for the 

drug into polymer matrix. The resulting foamed composites can be 

applied in tissue engineering as cellular scaffolds (Karimi et al., 2012; 

Mooney et al., 1998) and, in case of using certain degradable polymers 

for the solid matrix together with an active ingredient, as drug delivery 

systems (Gong et al., 2006; Hile and Pishko, 2004; Yoganathan et al., 

2010). At this point, polymer foams which show an open cell structure 

play an important role in the tissue regeneration and controlled release 

processes due to they allows a better mass transport and the 

maximization of the cellular seeding and growth (Ishaug et al., 1997). 

Homo- and copolymers based on lactic and glycolic acid (or their 

corresponding cyclic dimmers, lactide and glycolide respectively) are 

being widely used for these kinds of pharmaceutical applications 

(Davies et al., 1996; Ignatius and Claes, 1996; Singh et al., 2004) due 

to their biodegradability and full biocompatibility with human 

organism. One point to take into account is the possibility of 

regulating the degradation rate of the copolymer by varying the ratio 

between the comonomers (Miller et al., 1977; Nakamura et al., 1989). 

The drug release from PLGA and PLA foams is not only due to their 

degradation (although it is necessary to understand their degradation 

profile because this step contributes to the global delivery process) but 

the diffusion of the drug entrapped into the polymer matrix plays an 

important role depending on the extension of the experiments (Cabezas 

et al., manuscript submitted for publication; Lee et al., 2009).  

Indomethacin (IDMC) is a non-steroidal anti-inflammatory drug with a 

high relevance in the treatment of disorders like rheumatoid arthritis, 

osteoarthritis, pericarditis, bursitis, tendinitis or ankylosing spondylitis 

(Rusu et al., 1998) but it is also a hydrophobic molecule with very low 
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aqueous solubility (Longhemard et al., 1998). Consequently, therefore 

there is much interest in being able to improve its solubility by either 

increasing surface area of the drug within a polymeric matrix, since 

hydrophobic drugs have been found to be associated with problems of 

extremely slow release when encapsulated in dense microparticles or 

disks (Wang et al., 2003) which results in an inefficient dose. 

Moreover, the delivery which takes place in dense particles, only due to 

bulk degradation of the polymer, is slower than in porous composites. 

In a previous study (Cabezas et al., 2012), we produced poly(D,L-

lactide-co-glycolide) (PLGA) and polylactide (PLA) foams 

impregnated with IDMC using supercritical fluid technology. The 

resulting probes reached drug loadings (DL) up to 15-20%, according 

to a commonly accepted value reported in literature (Gong et al., 2006; 

Kang et al., 2008). These impregnated porous foams can be implanted 

after surgical treatments or prosthesis fixing and release IDMC to 

reduce the subsequent inflammation even at the same time they help 

in the tissue reconstruction (depending on the treatment).  

In this work we have study the in vitro release of IDMC impregnated 

into PLGA and PLA foams and the concrete objectives are the 

following: (i) to develop a mathematical model to describe the release 

profile of IDMC from biodegradable foams and including external and 

internal mass transfer and polymer degradation; (ii) to study the effect 

of the model parameters on the response curves; (iii) to analyze the 

experimental release profiles and their fit using the model; (iv) to 

compare the effect of hydrophilic and hydrophobic drugs in 

experimental profiles and their impact in the mathematical model; (v) 

to evaluate how the foams characteristics influence in the drug delivery 

process. 

 

8.2. Materials and Methods 

8.2.1. Materials 

Poly(D,L-lactide), PLA, (Mn = 28 000 g/mol as polystyrene-equivalent 

molecular weight value measured using GPC cromatography) and 

poly(D,L-lactide-co-glycolide), PLGA, (74% D,L-lactide : 26% 
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glycolide, Mn = 18 000 g/mol as polystyrene-equivalent molecular 

weight value measured using GPC cromatography) which where 

synthesized previously as described by Cabezas et al. (2013b) using 

D,L-lactide (3,6-dimethyl-1,4-dioxane-2,5-dione; Purac Biochem bv, 

The Netherlands) and glycolide (1,4-dioxane-2,5-dione; Purac Biochem 

bv, The Netherlands) both with a purity higher than 99.5%. 

Indomethacin, IDMC, (2-{1-[(4-chlorophenyl)carbonyl]-5-methoxy-2-

methyl-1H-indol-3-yl}acetic acid), CAS [53-86-1], (99.8% purity) was 

purchased from Fagron (Spain). The phosphate-buffered saline (PBS) 

used as medium in release experiments was prepared using the 

following reagents: sodium chloride (NaCl), potassium chloride (KCl), 

disodium hydrogen phosphate (Na2HPO3) and monopotassium 

phosphate (KH2PO4) (99% purity all of them) were purchased from 

Panreac (Spain). 

8.2.2. Impregnation of IDMC, polymer foaming and in 

vitro release experiments 

PLA and PLGA foams were synthesized and impregnated with IDMC 

using a single-step process and in supercritical medium. Equipment, 

experimental conditions and foam description and properties are 

clearly explained by Cabezas et al. (2012). 

Regarding in vitro release experiments, an approximately 10 mg 

sample of IDMC-polymer foam, cut in a spherical shape and accurately 

weighed, was suspended in 80 mL of phosphate-buffered saline (PBS, 

pH 7.4, 1 M) and placed in a 100 mL mouth ground bottle stirred at 

100 rpm and incubated in a shaking water-bath at 37 ºC. A 10 mL 

sample of PBS was periodically removed from the medium and the 

amount of IDMC was analyzed by UV spectrophotometry (Shimadzu 

UV-1603, Germany) at 320.2 nm. In order to maintain constant the 

volume and pH value, 10 mL of fresh PBS was periodically added after 

each sampling and until the end of the experiment (t = 24 h). Release 

profiles were calculated in terms of the cumulative release percentage 

of IDMC with regard to time. All experiments were carried out in 

triplicate. Mass loss was determined gravimetrically: individual foam 

weight initially and dried foam weight after in vitro degradation were 

measured. Mass loss (%) was calculated by following Eq. 1: 
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w

w-w
  (%) loss Mass

i

di
⋅=       [1] 

where wi and wd are initial foam weight and dried foam weight, 

respectively. 

8.2.3. In vitro drug release: theoretical mechanism 

Several authors (Amann et al., 2010; Ramchandani and Robinson, 

1998; Siepmann et al., 2002) have described different approaches for 

the physical analysis of mechanism which follows the controlled release 

of drug from biocompatible substrates. The most common pattern 

consists in the next three steps (Cabezas et al., manuscript submitted 

for publication): 

i) Step I: initial burst of drug into the liquid medium. Its 

magnitude depends on the solubility of drug in water since the drug 

concentration together with its higher or lower hydrophilic character 

represent the driving force in the mass transfer process. Graphically, 

this zone of the curve can be suitably approximated to a straight 

line. At this early time no appreciable polymer weight loss is 

detected. 

ii) Step II: the diffusion of the drug through the narrow or 

tortuous pores controls the mass transfer process. Graphically, 

changes in the slope of the curve are observed.  

iii) Step III: the entrapped drug without mobility or enough time 

to be released during the previous steps is liberated when PBS 

penetrates into the polymer network and hydrolyzes the polymer 

into soluble oligomers and monomers. Drug is released progressively 

until complete polymer solubilization. This step shows more or less 

importance in the release process in function of its duration 

(reaching the maximum drug release in the case of total degradation 

of the polymeric carrier). In our case, the experiments duration was 

of 24 hours, insufficient time to achieve the complete dissolution of 

PLGA or PLA.  

Figure 8.1 shows a typical drug delivery profile composed of these 

three steps. It is possible to appreciate the different shapes of the 
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release curve depending on the character of drug: hydrophilic (Figure 

8.1.a) or hydrophobic (Figure 8.1.b).  

 
Figure 8.1. Typical in vitro cumulative release profile in PBS pH 7.4 from 

PLGA and PLA-based foams impregnated with: (a) hydrophilic drug; (b) 

hydrophobic drug. 

8.2.4. Mathematical modelling 

The previously proposed mathematical model was adapted to the low 

aqueous solubility of IDMC just changing the duration of the different 

steps and adding some diffusional effect on the third step. After that, 

it has been proposed to fit the experimental data assigning a full 

physical meaning according to the mechanisms previously described. 

To achieve this, and taking into account the slow and sustained release 

during all the experiments, we have evaluated the feasibility of a 
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mathematical model previously developed for a hydrophilic drug 

(Cabezas et al., manuscript submitted for publication). We also have 

made some changes in it to accomplish its suitable application. 

The model comprises three different equations, one for each step of the 

physical mechanism. First step corresponds to “Thin Diffusion Model” 

equation (Boyd et al., 1947), second step is based on “Fick’s Second 

Law of Diffusion” (Crank, 1956) and third step follows the “Shrinking 

Core Model” (Levenspiel, 2002). All of them are fully described in the 

previous chapter in the equations [2], [3] and [4], respectively and the 

calculation procedure were also the same, excepting the process of 

obtaining the effective diffusion coefficient (D) which required 50 terms 

of the summation. 

The application range of each one along an experiment is shown in 

Table 8.1 together with the concrete denomination of initial and final 

times (these values are an approximation taking into account the 

shapes of the different experimental release profiles and the final time 

of one stage concurs with the initial time of the next one). At any time 

we assumed that the drug is homogeneously distributed in the foam 

(Cabezas et al., 2012) and therefore homogeneously released. 

Table 8.1. Specific denominations of the variable t (initial and final time, 

respectively) and their numerical values for the three stages of the model. 

 t0 tf 

1st step t0ext (0 hours) tfext (1 hours) 

2nd step t0int (1 hours) tfint (5 hours) 

3rd step t0deg (5 hours) tfdeg (∞ hours) 

Taking into account all the previous information, global model 

parameters are as follows: 

i) External mass transfer coefficient (kext): step I.  

ii) Effective diffusion coefficient (DII and DIII): step II and step III 

in corrected model. 

iii) Pseudo-first kinetic constant of polymer degradation (kdegr): step 

III. 
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8.3. Results and discussion 

Once verified that the theoretical curves followed the expected trend, 

the experimental curves were fitted using the simplified and the 

corrected model. The differences in the fitting of experimental data by 

both models were evaluated as well as the variation in these release 

profiles with respect to curves produced by hydrophilic drugs. Finally, 

the profile of drug release of each probe was analyzed in terms of the 

foams feature, treating to relate some aspects of kinetic behaviour of 

the foams with their different synthesis conditions (Cabezas et al., 

2012). 

8.3.1. Release of hydrophobic IDMC versus hydrophilic 

profiles 

Basically, the main differences consist of the magnitude of the initial 

burst, which is much larger for hydrophilic drugs since the release 

profile of hydrophobic drugs at early times is very slow due to their 

low aqueous solubility in water and the concentration gradient will 

remain low. In general, the burst defines an approximate line with 

large slope in which in which the external mass transfer coefficient 

(kext) is the most characteristic parameter (Cabezas et al., manuscript 

submitted for publication).  

The diffusivity within the polymer matrix is also affected by the drug 

chemical character (Arifin et al., 2006) and consequently, hydrophilic 

profiles undergo a slope change after the burst in contrast to 

hydrophobic ones which maintain a sustained-release in time. In both 

cases the effective diffusion coefficient (DII) is the parameter which 

describes this step. 

Drug remaining is released due to polymer degradation. Diffusion is 

still taking place at this point of the delivery process, just that its 

effect is noticeable only if low quantity of drug has been released until 

now. For that reason, hydrophilic profiles can be suitable described 

only taking into account polymer degradation since the majority of 

drug has been released in the previous two steps and diffusion is 

negligible. However, hydrophobic drugs require the contribution of 

both effects (diffusion and degradation) to characterize correctly the 

end of their profiles. Consequently we can assume that drugs like 
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IDMC show profiles more or less lineal (Lee et al., 2009) during the 

steps II and III and their contribution is larger than in hydrophilic 

profiles (Cabezas et al., manuscript submitted for publication). 

8.3.2. Model fitting 

Experimental points and both model curves are shown in Figure 8.2 

(PLGA foams) and Figure 8.3 (PLA foams). The foams showed a 

variety of pore sizes and DL as a consequence of their synthesis and 

impregnation conditions (Cabezas et al., 2012). However, these 

different specifications did not resulted in significant changes of the 

IDMC release profiles since the hydrophobic character of the drug 

produced flat profiles very similar between them. The pattern of the 

curves corresponded in all the cases with the general description 

presented in Figure 8.1.b. 

Table 8.2. Summary of foams characteristics and their resultant model 

parameters. 

a: Mean pore size and standard deviation (in microns). 
b: Average value calculated using the obtained values from times of 1 hours to 

5 hours. 
c: Average value calculated using the obtained values from times of 5 hours to 

24 hours (step III). 

Polymer DL (%) Dp (microns)a kext (h-1) 
DII 
(cm2/s)b 

DIII 
(cm2/s)c kdegr (cm) 

PLGA 12.42 146.43 ± 23 0.0125 5.38 · 10-10 4.01 · 10-10 1.03 · 10-3 

PLGA 16.71 172.92 ± 30 0.0405 2.58 · 10-9 1.91 · 10-9 1.34 · 10-3 

PLGA 13.63 221.76 ± 57 0.0203 5.66 · 10-10 6.08 · 10-10 2.70 · 10-3 

PLGA 4.20 61.57 ± 7 0.0071 2.35 · 10-10 2.11 · 10-10 1.14 · 10-3 

PLGA 2.96 79.88 ± 12 0.0043 2.26 · 10-10 1.69 · 10-10 7.41 · 10-4 

PLGA 16.80 104.57 ± 16 0.0711 6.36 · 10-9 2.31 · 10-9 1.06 · 10-3 

PLA 15.28 241.85 ± 51 0.0508 3.20 · 10-9 1.60 · 10-9 1.97 · 10-3 

PLA 16.71 288.43 ± 54 0.0406 2.65 · 10-9 1.35 · 10-9 1.41 · 10-3 

PLA 16.86 408.99 ± 98 0.0582 4.15 · 10-9 1.42 · 10-9 7.19 · 10-4 

PLA 6.35 198.67 ± 27 0.0190 7.25 · 10-10 4.79 · 10-10 7.32 · 10-4 

PLA 7.60 210.35 ± 31 0.0143 6.96 · 10-10 2.86 · 10-10 3.55 · 10-4 

PLA 21.67 216.96 ± 36 0.0769 6.61 · 10-9 3.28 · 10-9 3.22 · 10-3 
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Regarding to the value of the model parameters previously defined 

they are summarized in Table 8.2 together with the foams description. 

A good agreement between the experimental data and the 

mathematical model was achieved in such conditions.  

 
Figure 8.2. Cumulative IDMC release profiles using PLGA foams synthesized 

in different experimental conditions (indicated in the figure). Symbols show 

the experimental data and curves are the theoretical values. Dotted line: 

simplified model (only equation [4] for the step III); solid line: corrected model 

(equations [3] and [4] for step III). 

In general it has been observed that the model produces a small 

underestimation of the two first experimental data (Step I) but only 

for those experiments whose initial burst was relatively high followed 

by a drastic change in the trend (see Figures 8.2.b, 8.2.f and 8.3.a, 

8.3.b, 8.3.c or 8.3.e). However, the fitting is acceptably good and this 
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phenomenon is due to the theoretical basis commented on section 

2.4.1.: the low driving force (IDMC concentration gradient between 

liquid medium and device) decreases rapidly due to the low aqueous 

solubility of IDMC in water, with a value of 0.23 g/mL at 25 ºC 

(Kiortsis et al., 2005) with the firsts discharges of drug until the 

negligible effect of this mechanism. That explains the shorter range of 

this step, only one hour from the beginning of the experiment in 

contrast with the two hours of this model applied to hydrophilic drugs 

(Cabezas et al., manuscript submitted for publication). 

 
Figure 8.3. Cumulative IDMC release profiles using PLA foams synthesized 

in different experimental conditions (indicated in the figure). Symbols show 

the experimental data and curves are the theoretical values. Dotted line: 

simplified model (only equation [4] for the step III); solid line: corrected model 

(equations [3] and [4] for step III). 
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Regarding to the intermediate step, based on external diffusion, the 

results are in very good agreement with the experimental data. It is 

not surprising that models based on the Fick’s Second Law are widely 

used in literature by many authors (Klose et al., 2008; Liggins and 

Burt, 2001; Siepmann et al., 2002) to confer theoretical character 

facing other empirical models (i.e. the well-known Peppas equation) 

due to its high capacity to describe this kind of processes. 

Table 8.3. Summary of diffusion effective coefficients of various 

biodegradable devices for highly hydrophobic drug release. 

Polymer Drug Type of device D (cm2/s) Reference 

PLGA IDMC Porous matrix 17.5 · 10-10 This work 

PLA IDMC Porous matrix 30.1 · 10-10 This work 

PLA IDMC Dense nanoparticles 2.25 · 10-12 Liu et al., 2005 

PLGA IDMC Dense nanoparticles 
1.98 · 10-12 – 
2.35 · 10-12 Liu et al., 2005 

Block SIS IDMC PSA matrices 3.5 · 10-10 Hayashi et al., 1997 

PLGA Lidocaine Dense microparticles 
14 ·10-12 – 
106 · 10-12 Klose et al., 2008 

PLGA Lidocaine Films 19 · 10-12 Klose et al., 2008 

PLA Lidocaine Dense nanoparticles 
1.35 · 10-16 – 
7.15 · 10-16 Polakovic et al., 1999 

PLA Lidocaine Dense nanoparticles 
7.7 · 10-16 – 
7.9 · 10-16 Rouzes et al., 2003 

PLA Paclitaxel Dense microparticles 
1.04 · 10-11 – 
2.78 · 10-11 Liggins & Burt, 2001 

PCL Paclitaxel Films 4.7 · 10-13 Lao et al., 2008 

Table 8.3 shows a comparison between the average value for the 

effective diffusion coefficient, DII, obtained in the present work for both 

PLGA and PLA and some values reported in the literature. As it can 

be observed, the obtained values are in order of magnitude of  10-9 – 

10-10 cm2/s and their order of magnitude are in correspondence with 

other values of IDMC described in literature (Hayashi et al., 1997; Liu 

et al., 2005). Table 8.3 also summarizes D values corresponding to 

other hydrophobic drugs like lidocaine (Klose et al., 2008; Polakovic et 

al., 1999; Rouzes et al., 2003) and paclitaxel (Lao et al., 2008; Liggins 

and Burt, 2001) whose orders of magnitude are homogeneous for each 

substance but not between different drugs. It evidences that the 
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chemical nature of a low soluble drug, and consequently its grade of 

hydrophobia, is determinant in the process of external diffusion over 

the geometry or the composition of the biodegradable device. Using 

hydrophilic drugs these aspects are less relevant than the morphology 

(porosity or particle diameter) of the device since it can modify the 

value of D up to 5 orders of magnitude (Cabezas et al., manuscript 

submitted for publication). 

Finally, the last step of the curves was marked by the delivery of the 

non-released drug through the polymer degradation which allows the 

direct contact of these molecules of IDMC with the aqueous media. In 

consequence, diffusion supposes to be all the more important than 

degradation in this part of the process (Lao et al., 2008). This is 

evidenced in Figure 8.2 and Figure 8.3 which shows that the corrected 

model (summative effect of this both mechanisms) fitted much better 

the experimental data with respect to simplified model (only 

degradation mechanism) in any case. 

8.3.3. Influence of foam characteristics in the release 

results 

It is well known that there are some aspects of the porous devices 

which affect to the drug release, i.e.: 

i) DL: Generally the devices with higher value of DL show larger 

burst in their release profile (Lee et al., 2004; Makadia and Siegel, 

2011). This is also applicable for hydrophobic drugs (Kiortsis et al., 

2005). 

ii) Density (size and distribution of the pores): It determines the 

ratio between surface area and volume (Braunecker et al., 2004; 

Makadia and Siegel, 2011). 

iii) Composition of the polymer foam: Decisive in the rate of 

degradation of the polymer matrix since in the case of the copolymer 

PLGA it is possible to regulate its capacity of degradation just 

varying the ratio lactide:glycolide (Miller et al., 1977; Nakamura et 

al., 1989). Higher ratios of glycolide increase the hydrophilicity of 

the polymer what improves the penetration of water molecules 

between the polymer chains. 
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However, because of the hydrophobia of the IDMC which affects the 

entire delivery process (Kiortsis et al., 2005) these effects are less 

clearly appreciated than using hydrophilic drugs (Cabezas et al., 

manuscript submitted for publication). Even so, we can distinguish 

specially the effect of DL in the magnitude of the burst. In Figures 

8.2.b, 8.2.f, 8.3.a, 8.3.b, 8.3.c and 8.3.f (corresponding to percentage 

DL values of 16.71, 16.8, 15.28, 16.71, 16.86 and 21.67 respectively and 

according to Table 8.2) showed the higher values of kext. The effect of 

the polymer composition is not so appreciable in the Figure 8.2 and 

Figure 8.3 due to the shape of the curve in the Step III is consequence 

of a sum of effects. Nevertheless PLGA foams leaded slightly higher 

values of kdegr than in PLA foams although in certain experiments the 

values are quite similar (see Table 8.2). What is clear is that the 

obtained kdegr values are in any case lower than using hydrophilic drugs 

even using the same impregnation conditions and varying only the 

drug (Cabezas et al., 2012; Cabezas et al., 2013; Cabezas et al., 

manuscript submitted for publication). Regarding to the effect of 

porosity it is necessary to make a more rigorous study in order to 

establish a clear tendency. 

 

8.4. Conclusions 

In order to describe the mechanism of release of a hydrophobic drug 

(IDMC) from PLGA and PLA foams for in vitro systems a 

mathematical model previously developed has been evaluated and 

adapted. Also, the differences observed in the delivery profile between 

hydrophilic and hydrophobic drugs have been discussed. The influence 

of the foam characteristics (DL, pore size and polymer composition) 

affecting the response of the system has been analyzed. 

Typical model parameters (kext, DII, DIII and kdegr) have been obtained 

using a theoretical model made up of three different equations 

describing the main mechanisms of drug release in each part. 

Concretely, the value of diffusion coefficient (DII) resulted in the same 

order of magnitude of other porous PLGA/PLA devices impregnated 

with IDMC and previously reported in literature and was lower than 

the resultant of an analogous process using a hydrophilic drug. In the 



Chapter 8    

206 

last step of the process was necessary to include an additional 

diffusional contribution to the term of polymer degradation with 

respect the starting model in order to improve the fitting and the 

physical signification of the model. 

This mathematical method divided by simple mechanisms is useful to 

describe a more complex process such as the release of a hydrophobic 

drug from biodegradable polymeric foams used as drug carriers and 

achieving a good agreement with experimental data. 
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9.1. Conclusions 

The results obtained from the present work support the following main 

conclusions: 

i) The previous polymerization of PLGA was optimized using the 

RSM methodology. The positive effect of temperature was the most 

significant factor affecting the process (alone or combined with other 

parameters) while the effect of MC or IC ratios resulted to be not so 

influential.  

ii) In order to achieve a copolymer composition L:G close to 75:25, 

the temperature of 160 ºC and molar ratios monomer to catalyst and 

initiator to catalyst of 100 and 2, respectively, were selected as the 

optimal conditions.  

iii) PLA and PLGA were properly and homogeneously impregnated 

and showed similar drug loading due to its close affinity to CO2 and 

sorption. The main effect of stirring is to reduce the time for 

equilibration in polymer swelling, promote the better homogenization 

of dissolved drug in the supercritical CO2 and improving the mass 

transport to polymer, having not appreciable influence in the foam 

characteristics. Venting rate played a very important role in the 

foams pore size.  

iv) Foams behaviour as delivery drug devices was tested carrying 

out in vitro release experiments. The resultant profiles were quite 

different depending on the aqueous solubility of drug since the 

hydrophilic 5-fluorouracil showed a noticeable initial burst while the 

hydrophobic indomethacin led to sustained and lineal profiles. In 

general, foams containing higher values of drug loading showed 

higher initial burst and foams with higher glycolide contents are 

degraded easier than PLA what means they release higher drug 

quantities. 

v) A new mathematical model, not previously described in 

literature, has been developed to fit release profiles of devices 

impregnated with any drug and describe the mechanism of drug 

release. It was based in three different patterns: the initial drug 

discharge due to the simply concentration gradient between the 
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impregnated foam and the liquid medium, internal diffusion of non-

accessible drug and drug released due to the degradation of foam 

substrate. The model fit fairly all the profiles and the resulting 

parameters agreed totally with the values reported in literature.  

 

In summary, a clean one-step process of synthesis and impregnation of 

biodegradable devices for tissue regeneration and drug delivery was 

validated. A previous study about the production of necessary polymer 

was also optimized and modelled as a black-box. Finally, the efficacy of 

the produced devices was checked carrying out in vitro tests and a 

novel mathematical model, suitable for hydrophilic and hydrophobic 

drugs, in order to fully describe the physical mechanism of the release 

process and fit accurately the experimental profiles was developed. 
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9.2. Recommendations for future work 

Several guidelines are recommended in order to extend and 

complement the results obtained in this research: 

i) To study, using an equilibrium cell, the solubility of chosen 

drugs in supercritical carbon dioxide at different pressure and 

temperature conditions and build a phase diagram in order to set 

range for the optimal operating conditions of impregnation and 

foaming process. 

ii) To carry out, once it has been demonstrated its validity, a more 

exhaustive study of the impregnation and foaming process, 

modifying variables which have been considered fixed like the 

amounts of polymer and drug, and specially, temperature and 

pressure. 

iii) To establish an interdisciplinary team, consulting to doctors, 

pharmacists and biochemists, in order to improve the design of the 

foams synthesis and impregnation process and achieving cell 

scaffolds with real specifications according to the current medicine 

needs 

iv) Taking into account the previous issue, to consider the 

impregnation of other different drugs capable of being also used in 

tissue regeneration and drug delivery. 

v) To carry out in vitro experiments with a longer duration and 

taking intermediate measures in addition to the drug concentration 

in the saline medium in order to complete the present study and 

perfect the mathematical model. 

vi) To test the possibility of checking the in vivo scaffolds 

behaviour in order to correct some aspects of the synthesis process if 

necessary and accomplish the proper device functionality. 



Chapter 9    

218 

 



                                              Conclusions and Future Work 

219 

9.1. Conclusiones 

De los resultados obtenidos en esta investigación se pueden obtener las 

siguientes conclusiones finales: 

i) La polimerización previa de PLGA fue optimizada usando la 

metodología RSM. El efecto positivo de la temperatura fue el factor 

más significativo que afectó al proceso (tanto por sí mismo como 

combinado con otros parámetros) mientras que el efecto de los ratios 

MC o IC no resultaron ser tan influyentes.  

ii) Para poder obtener una copolímero de composición L:G cercana 

a 75:25 se seleccionaron las siguientes condiciones óptimas: 

temperatura de 160 ºC y relaciones molares de monómero respecto a 

catalizador e iniciador respecto a catalizador de 100 y 2 

respectivamente. 

iii) Se produjo una impregnación adecuada y homogénea del PLA y 

el PLGA, que además mostraron cargas de fármaco similares debido 

a su afinidad parecida para la absorción de CO2. El principal efecto 

de la agitación es reducir el tiempo necesario para la etapa de 

equilibrio durante el hinchamiento del polímero, promoviendo una 

mejor homogeneización de los fármacos disueltos en el CO2 

supercrítico y mejorando la transferencia de materia hacia el 

polímero. La velocidad de venteo jugó un papel muy importante en 

el tamaño del poro de las espumas. 

iv) Se probó el comportamiento de las espumas como dispositivos 

de liberación controlada realizando experimentos in vitro. Los 

perfiles resultantes fueron muy diferentes dependiendo de la 

solubilidad del fármaco, ya que el 5-fluorouracilo (hidrófilo) mostró 

perfiles con un “estallido” inicial mientras que la indometacina 

(hidrófoba) dio lugar a perfiles más lineales y sostenidos. En general, 

las espumas de elevado contenido en glicolida se degradan más 

fácilmente que el PLA, lo que significa que liberan mayor cantidad 

de fármaco. 

v) Se desarrolló un nuevo modelo matemático, no descrito 

previamente en bibliografía, para ajustar los perfiles de los 

dispositivos impregnados con cualquier tipo de fármaco y describir 
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su mecanismo de liberación. Se basó en tres patrones diferentes: una 

descarga inicial de fármaco debida al gradiente de concentración 

entre la espuma impregnada y el medio líquido, la difusión interna 

del fármaco y la liberación debida a la degradación del sustrato 

polimérico. El modelo ajustó adecuadamente todos los perfiles y los 

parámetros resultantes coincidieron totalmente con los valores 

publicados en la literatura.  

 

En resumen, se ha validado un proceso limpio y de una sola etapa para 

la síntesis e impregnación de dispositivos biodegradables para 

regeneración tisular y liberación controlada de fármacos. La producción 

previa del polímero necesario para este proceso también fue optimizado 

y modelado como “caja negra”. Finalmente, se revisó la eficacia de los 

dispositivos producidos llevando a cabo pruebas in vitro además de 

desarrollar un novedoso modelo matemático, apto para fármacos 

hidrófilos e hidrófobos, que describió el mecanismo físico del proceso de 

liberación y ajustó con exactitud los perfiles experimentales. 
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9.2. Recomendaciones para el trabajo futuro 

Se recomiendan varias pautas para ampliar y complementar los 

resultados obtenidos en esta investigación: 

i) Estudiar, usando una celda de equilibrio, la solubilidad de los 

fármacos elegidos en dióxido de carbono supercrítico a diferentes 

condiciones de presión y temperatura y construir un diagrama de 

fases para establecer el rango de condiciones óptimas de operación 

para el proceso de impregnación y espumación. 

ii) Llevar a cabo, una vez ha sido demostrado su validez, un 

estudio más exhaustivo del proceso de impregnación y espumación, 

modificando las variables que han sido consideradas fijas como las 

cantidades de polímero y fármaco, y especialmente, la temperatura y 

la presión. 

iii) Establecer un equipo interdisciplinar, consultando a 

profesionales de la medicina, farmacia y bioquímica, para mejorar el 

diseño de la síntesis e impregnación de las espumas y logrando 

andamiajes celulares con especificaciones reales de acuerdo a las 

necesidades de la medicina actual. 

iv) Teniendo en cuenta el anterior punto, considerar la 

impregnación de otros fármacos diferentes capaces de ser usados 

también en regeneración tisular y liberación controlada. 

v) Realizar experimentos in vitro con una duración mayor y tomar 

medidas intermedias además de la concentración de fármaco en el 

medio salino para completar el presente estudio y perfeccionar el 

modelo matemático. 

vi) Considerar la posibilidad de comprobar el funcionamiento de los 

andamiajes in vivo para corregir algún aspecto del proceso de síntesis 

si fuera necesario y lograr el funcionamiento adecuado del 

dispositivo. 
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APPENDIX A: Nomenclature 

5-Fu 5-Fluorouracil 

ANOVA Analysis of variance 

BSA Bovine serum albumin 

C Curvature 

D Apparent diffusion coefficient (cm2/s) 

DII Apparent diffusion coefficient from 1 to 5 hours (cm2/s) 

DIII Apparent diffusion coefficient from 5 to 24 hours (cm2/s) 

Dp Mean pore size (�m) 

DL Drug loading (%) 

DMSO Dimethyl sulfoxide 

DSC Differential scanning calorimetry 

EC Effect of curvature 

ECM  Extracellular matrix 

F Fractional attainment of equilibrium (Mt/M∞) 

FTIR Fourier-transform infrared spectroscopy 

GPC Gel permeation chromatography 

HAp Hydroxyapatite 

HFIP Hexafluoroisopropanol 

I/C Molar ratio initiator to catalyst 

IDMC Indomethacin 

kdegr Pseudo-first kinetic constant of degradation (cm) 

kext External mass transfer coefficient (h-1) 

L:G Molar ratio lactide to glycolide 

M0 Mass of foam together with drug at the beginning of step III (g) 

M∞ Absolute cumulative amount of drug released at infinite (g) 

Mf Mass of foam together with drug at the end of step III (g) 
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Mn Number-average molecular weight (g/mol) 

Mt Absolute cumulative amount of drug released at any time (g) 

Mw Weight-average molecular weight (g/mol) 

M/C Molar ratio monomer to catalyst 

n Terms of summation 

N Stirring rate (rpm) 

NMR Nuclear magnetic resonance spectroscopy 

OVA Ovoalbumin 

Pcp Pressure of the critical point (bar) 

PBS Phosphate-buffered saline 

PCL Poly(�-caprolactone) 

PGA Polyglycolide (or polyglycolic acid) 

PLA Polylactide (or polylactic acid) 

PMMA Poly(methyl methacrylate) 

PSA Pressure sensitive adhesive 

R0 Characteristic length of spherical foam radius (cm) 

RESS Rapid expansion of supercritical solutions 

ROP Ring opening polymerization 

RSM Response surface methodology 

SAS Supercritical antisolvent process 

scCO2 Supercritical carbon dioxide 

scF Supercritical fluid 

SCM Shrinking core model 

SEDS Solution enhanced dispersion by supercritical fluids 

SEM Scanning electron microscopy 

SIS Copolymer styrene-isoprene-styrene 

t Time (s or h) 
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Tcp Temperature of the critical point (ºC) 

Tg Glass transition temperature (ºC) 

Tm Melting point (ºC) 

TCP Tricalcium phosphate 

TGA Thermogravimetry 

THF Tetrahydrofuran 

UV Ultraviolet-visible spectroscopy 

X Mass conversion (%) 

ZnOct2 Zinc octoate 
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