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Resumo 

Nas últimas três décadas a utilização de dióxido de carbono supercrítico (scCO2) tornou-se uma 

alternativa atractiva para a produção e processamento de polímeros. O objectivo principal desta 

tese foi o desenvolvimento de estruturas porosas inteligentes utilizando tecnologia supercrítica. 

Esta tese está organizada em quatro capítulos principais. O primeiro revê e destaca algumas 

potencialidades da tecnologia supercrítica e os seguintes compilam  o trabalho experimental e os 

resultados obtidos.  O trabalho desenvolvido encontra-se dividido em três partes principais: na 

primeira (2º capítulo) é aplicado um processo de inversão de fases para a produção de estruturas 

porosas, nomeadamente membranas, em que o não solvente é o dióxido de carbono supercrítico; 

na segunda parte (3º capítulo) aborda-se a síntese de polímeros inteligentes, em especial 

polímeros sensíveis à temperatura e/ou pH; finalmente estas duas áreas são conjugadas (4º 

capítulo) com vista à produção de estruturas porosas inteligentes com propriedades físicas e 

químicas definidas. Todos os trabalhos têm em comum a preparação e o processamento de 

materiais biodegradáveis e/ou biocompatíveis para a obtenção de matrizes porosas, 

nomeadamente membranas e scaffolds, com morfologia controlada.  

Para a preparação das membranas foi desenvolvida, no laboratório, uma nova instalação e uma 

nova célula de alta pressão. O primeiro estudo consistiu na preparação de membranas de 

polisulfona, um polímero biocompatível com largas aplicações na medicina, em especial em 

membranas de hemodiálise. Neste trabalho foi estudada a influência de dois parâmetros: a 

velocidade de despressurização no final do processo e a afinidade entre solvente e não solvente 

(CO2). A incorporação de um agente de expansão (policaprolactona) capaz de originar estruturas 

porosas quando despressurizado foi também testada. O processo baseia-se no facto deste 

polímero possuir uma grande capacidade para incorporar CO2 o que faz com que seja possível 
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liquefazê-lo a temperaturas relativamente baixas. Durante o processo de descompressão a 

libertação rápida do gás dá origem à formação de uma espuma que ao solidificar leva à formação 

de uma estrutura porosa.  

Finalmente foram preparadas membranas e partículas de quitosano, um polímero derivado do 2º 

polímero natural mais abundante na Terra, a quitina. Estes dispositivos foram produzidos 

utilizando três dos mais promissores solventes amigos do ambiente (etanol, água e CO2). A sua 

morfologia e a estrutura tridimensional foram controladas através da alteração da composição do 

co-solvente (etanol) no não solvente (CO2) durante o processo de inversão de fases. A análise por 

microscopia electrónica permitiu verificar que a forma como o co-solvente é introduzido (modo 

isocrático ou modo gradiente) era relevante para a estrutura obtida. Uma das vantagens 

apresentadas por estes dispositivos é a sua baixa solubilidade em condições neutras de pH, 

mesmo sem se proceder a processos adicionais de tratamento, como seja a reticulação, o que 

permite aumentar a biocompatibilidade das estruturas preparadas. Por esta razão, as membranas 

foram testadas em termos de citotoxicidade e capacidade de adesão e proliferação de célula 

estaminais humanas do mesenquima. Após duas semanas de cultura verificou-se um aumento de 

9 vezes no crescimento das células nas membranas de quitosano contra um aumento de 6 vezes 

no meio de controlo, preservando a sua capacidade de diferenciação. 

Demonstrou-se ainda que o método de preparação em causa era capaz de preparar, num único 

passo, membranas para libertação controlada, apenas por co-dissolução de uma molécula modelo 

(gentamicina) na solução de quitosano utilizada para preparar a membrana. 

O próximo objectivo desta tese consistiu na preparação de polímeros inteligentes. No capítulo 3 é 

apresentada a síntese em scCO2 de um dos polímeros sensíveis à temperatura mais estudados, o 

poli N-isopropilacrilamida (PNIPAAm). Desenvolveu-se também uma nova técnica para a 

impregnação/revestimento de estruturas porosas com este tipo de polímeros de forma a produzir 
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estruturas porosas inteligentes. Para provar este conceito foram utilizados “scaffolds” de 

quitosano. 

A temperatura baixa de transição crítica, denominada LCST, que para o PNIPAAm se encontra 

perto dos 32ºC foi também ajustada através da copolimerização ou grafting do NIPAAm com 

outros monómeros. A copolimerização com hidroxietilmetacrilato (HEMA) permitiu diminuir o 

LCST de 32.2 para aproximadamente 27.7ºC. A medição de pontos de nuvem a 40 ºC, 50 ºC e 65 

ºC conjuntamente com a modelação efectuada utilizando a equação de estado Soave-Redlich-

Kwong com a regra de mistura Mathias-Klotz-Prausnitz permitiu optimizar as condições para a 

reacção de polimerização. 

Para aumentar o LCST, produziram-se polímeros de PNIPAAm por grafting com poli(óxido de 

etileno). Foram ainda preparados polímeros sensíveis a dois estímulos (temperatura e pH) através 

da copolimerização do PNIPAAm com ácido metacrílico. Através dos estudos de impregnação e 

libertação de drogas modelo testaram-se as capacidades destes hidrogéis para serem aplicados em 

libertação controlada de moléculas bioactivas.  

Finalmente no capítulo 4 combinaram-se os trabalhos descritos nos capítulos 2 e 3 referentes à 

preparação de estruturas porosas e à síntese de polímeros inteligentes para produzir estruturas 

porosas inteligentes, com propriedades físico-químicas bem definidas: i) scaffolds de quitosano; 

ii) membranas de polisulfona termosensíveis e iii) membranas de polimetilmetacrilato.  

Os scaffolds de quitosano (sensível ao pH) foram impregnados/revestidos com uma camada de 

polímero sensível à temperatura (PNIPAAm). A análise por microscopia electrónica e por 

porosimetria de mercúrio permitiu verificar que o processo de revestimento era eficaz e que não 

provocava uma perda significativa na porosidade da matriz de quitosano. Verificou-se que este 

tipo de estruturas continuava a manter as mesmas capacidades dos polímeros isolados (cadeias 
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livres) nomeadamente, a capacidade de incharem na presença de água em diferentes proporções 

consoante as condições de pH e temperatura do meio.  

 Estas estruturas foram ainda impregnadas com drogas/ proteínas modelo (ibuprofeno e bovine 

serum albumin), utilizando duas estratégias distintas: impregnação com fluídos supercríticos e 

incorporação na solução de preparação dos scaffolds. A libertação de ambos os compostos 

ocorreu após vários dias e prolongou-se durante várias semanas, revelando um padrão de acordo 

com as condições de pH e temperatura.  

Esta mesma metodologia foi utilizada na preparação de membranas de polisulfona sensíveis à 

temperatura. Estas membranas foram preparadas segundo a técnica e o procedimento 

desenvolvidos no capítulo 2 em que o CO2 é utilizado como não solvente. A medida do fluxo de 

água através destas membranas a várias temperaturas diferentes demonstrou que estas apresentam 

uma resposta rápida de abertura e fecho dos poros quando a temperatura ultrapassa o LCST. 

O mecanismo de abertura e fecho dos poros devido a variações de temperatura foi testado 

utilizando uma proteína modelo (BSA). Foi possível verificar que com mudanças de temperatura 

era possível controlar a difusão da proteína através da estrutura porosa. Desenvolveu-se um 

modelo de difusão baseado na lei de Fick e na adsorção de Langmuir para descrever o 

mecanismo de libertação através da membrana.  

Finalmente foram preparadas membranas de poli(metilmetacrilato) contendo hidroxipropil-β-

ciclodextrinas (HP-β-CDs) para aplicação em sistemas de libertação controlada. As membranas 

foram preparadas com HP-β-CD numa gama de 0 a 33.4% (p/p) através da incorporação destas 

na solução utilizada para preparar as membranas. A impregnação com um fármaco modelo 

(ibubrofeno), através de utilização de CO2 como solvente permitiu a preparação de membranas 

para libertação controlada. Verificou-se que a libertação deste fármaco podia ser controlada 
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através da quantidade de ciclodextrina incorporada na membrana, representando uma alternativa 

para a preparação de estruturas porosas inteligentes. 

Os materiais e os processos desenvolvidos nesta tese demonstram que o CO2 supercrítico pode 

desempenhar um papel importante na síntese e na preparação de uma vasta gama de estruturas 

porosas de morfologia controlada e bem definida. Demonstra ainda como é possível transportar 

monómeros, moléculas activas e fármacos para o interior de estruturas porosas de uma forma 

extremamente eficiente e como preparar estruturas porosas prontas a utilizar sem processos 

adicionais de esterilização ou eliminação de solventes. 
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Abstract 

Over the past three decades the use of supercritical carbon dioxide (scCO2) has received much 

attention as a green alternative in the synthesis and processing of polymers. The scope of this 

thesis is the development of biocompatible and “smart” porous structures using CO2-assisted 

processes.  

This thesis is organized in four main chapters. The first one reviews and highlights some 

potentialities of supercritical fluid technology and the following ones compile the experimental 

work developed. The work is divided in three main parts: in the first part (2nd chapter) a CO2-

assisted phase inversion method was developed in order to prepare porous structures, namely 

membranes. In the second part (3rd chapter) the focus was the synthesis of “smart” polymers, 

especially thermo and pH sensitive polymers. Finally, these two areas were combined (4th 

chapter) for the preparation of “smart” porous structures. The common guide line was the 

preparation or processing of biodegradable and/or biocompatible materials with special emphasis 

on the preparation of porous matrices, namely membranes and scaffolds, with controlled 

morphology. 

For membrane preparation a new high pressure apparatus and a new high pressure cell were 

developed. Polysulfone membranes (a biocompatible polymer with numerous applications in the 

medical field) were prepared and the effect of the solvent affinity and depressurization rate in the 

morphology and in the performance in terms of pure water flux of the membranes was 

investigated. The incorporation of a foaming agent was also analyzed and the high pressure CO2 

capability to swell and melt polycaprolactone (PCL) was used to produce and control the porosity 

and the properties of the membranes. Finally, a natural and water soluble polymer (chitosan) was 

processed. The presence of water in the casting solution introduced extraordinary difficulties due 
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to the low affinity between water and CO2. To induce the phase inversion a co-solvent (ethanol) 

was introduced in the CO2 stream. The obtained devices (membranes and beads) were fabricated 

using moderate temperatures and “green” solvents (ethanol, water and CO2). The morphology 

and the three dimensional (3D) structures were controlled by altering the co-solvent (ethanol) 

composition in the CO2 non-solvent stream during the demixing induced process. 

Microarchitectural analysis by scanning electron microscopy identified the formation of 

particulate agglomerates when 10% of ethanol in the scCO2 stream was used and detected the 

development of porous membranes with different morphologies and mechanical properties 

depending on the programmed gradient mode and the entrainer percentage (2.5-5%) added to the 

scCO2 stream. These chitosan matrices exhibited low solubility at neutral pH conditions, with no 

further modifications, demonstrating their applicability in bioreactors as static (membranes) or 

stirred (beads) culture devices. It was also demonstrated that the current method is able to 

prepare, in a single-step, an implantable antibiotic release system by co-dissolving gentamicin 

with chitosan and the solvent. In addition, the cytotoxicity as well as the ability of these 

structures to support the adhesion and proliferation of human mesenchymal stem cells (hMSC) in 

vitro were also addressed. After 2 weeks in culture, a 9-fold increase was obtained (versus 6 of 

the control). More importantly, cells maintained their clonogenic potential and immunophenotype 

(>95% CD 105+ Cells after 7 days of culture). In this chapter, a hypothetical schematic ternary 

diagram for the systems polymer–solvent–CO2 is used to discuss and explain the results. 

Another goal of this thesis was the synthesis of “smart” polymers. Chapter 3, addresses the 

precipitation polymerization of a thermoresponsive hydrogel, poly(N-isopropylacrylamide)  

(PNIPAAm), in scCO2. This hydrogel has a transition temperature, hereinafter called low critical 

solution temperature (LCST), around 32 ºC in an aqueous solution, close to body temperature. A 

strategy of solvent-free impregnation/coating of polymeric surfaces with PNIPAAm was 
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suggested, in order to further extend the applications of membranes or porous bulky systems. The 

in situ synthesis of PNIPAAm within a chitosan scaffold was tested as a proof of concept, in 

order to produce smart partially-biodegradable scaffolds for tissue engineering applications. 

The LCST was tuned by copolymerization or graft polymerization of NIPAAm with other 

monomers. Copolymerization with hydroxyethyl methacrylate (HEMA) was used to decrease the 

LCST temperature from 32.2 ºC to approximately 27.7 ºC. Cloud point measurements of CO2 + 

HEMA system were used to optimize the polymerization temperature. Experimental data were 

obtained at 40 ºC, 50 ºC and 65 ºC and pressures up to 21.1 MPa. Soave-Redlich-Kwong 

equation of state with Mathias-Klotz-Prausnitz mixing rule was used to model experimental 

results and a good correlation was achieved. 

To increase the LCST, polyethylene oxide (an hydrophilic polymer) was grafted to PNIPPAAm. 

Dual stimulus (thermo and pH responsive) hydrogels were also prepared by copolymerizing 

methacrylic acid with PNIPAAm. As a proof of concept fluorouracil was incorporated in the 

hydrogels network and their release was controlled by temperature and pH stimulus. 

In chapter 4 the concepts of the previous chapters were put together envisaging the preparation of 

“smart” functional polymeric devices with targeted physical and chemical properties  namely: (i) 

chitosan-based dual stimulus scaffolds (temperature and pH responsive); (ii) polysulfone-based 

thermoresponsive membranes and (iii) polymethylmethacrylate-based membranes.  

The chitosan scaffolds (pH sensitive) were coated/impregnated with a thermoresponsive polymer, 

poly(N-isopropylacrylamide) (PNIPAAm), using scCO2 as a carrier to homogeneously distribute 

the hydrogels monomer within the chitosan scaffolds and as a solvent to perform the 

polymerization reaction. 
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Microarchitectural analysis by scanning electron microscopy and mercury intrusion porosimetry 

proved that the coating of the inner pore structure was efficiently achieved without a considerable 

loss of porosity. Two different strategies were used to upload the porous structures with target 

molecules: supercritical fluid impregnation to impregnate with a low molecular weight model 

drug (ibuprofen) and bulk loading for a model protein (bovine serum albumin, BSA). Both for 

ibuprofen and BSA the release appeared after several days and prolonged for several weeks. The 

release profiles showed a specific pattern accordingly to the parameters (pH and temperature). 

The same methodology was used to prepare thermoresponsive polysulfone (PS) membranes. PS 

membranes were prepared using the CO2-assisted phase inversion method using the procedure 

described in the previous chapters. Their pores were coated/impregnated with a thermoresponsive 

polymer - poly(N-isopropylacrylamide) using the same approach that was applied for the 

chitosan scaffolds. The on/off mechanism was tested using a model protein (BSA) as a proof of 

concept for the ability to control pore aperture by temperature stimulus. A diffusion model based 

on Fick`s law and Langmuir adsorption was developed.  

The last application was the preparation of cyclodextrins-containing polymers that have proved 

themselves to be useful for controlled release. For that, poly(methylmethacrylate) (PMMA) 

membranes were prepared containing hydroxypropyl-β-cyclodextrins (HP-β-CDs) for potential 

application as drug delivery devices. The polymeric membranes were obtained with HP-β-CD 

contents ranging from 0 to 33.4 wt%, by changing the composition of the casting solution, and 

were further impregnated with ibuprofen using scCO2 in batch mode. The influence of the 

membrane functionalization in the controlled release of ibuprofen was studied by performing in 

vitro experiments in buffer solution pH at 7.4. The release of the anti-inflammatory drug could be 

tuned by varying the cyclodextrin content on the membranes. 
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The materials and processes developed in the present work demonstrate that supercritical CO2 

can play a major role for the synthesis and preparation of a range of well defined porous 

polymeric structures that could have applicability in both biomedical and biotechnological fields. 

It demonstrates that it is possible to transport monomers, active molecules and drugs with high 

efficiency and at the same time to prepare new structures that could be utilized as a platform for 

different applications.  
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1. Introduction 

The emergent demand in medicine and in the biomaterial field for materials with a more efficient 

therapeutic activity and without any contaminants has driven research to find new molecules and 

new synthetic approaches to produce and process polymers. Supercritical fluids (SCF) have 

assumed an important role, during the last two decades, as an efficient alternative not only by the 

environmental aspect, but also due to a number of specific physical, chemical and toxicological 

advantages that offer the opportunity to manipulate the outcome of reactions, including the 

polymer structure [1].  

A supercritical fluid is any substance at a temperature and pressure above its thermodynamic 

critical point (pressure and temperature) but below the pressure at which the fluid will solidify 

(Figure 1.1) [2].  

 

Figure 1.1 – Carbon dioxide phase diagram 
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In general terms, supercritical fluids have properties (viscosity, diffusivity and density) between 

those of a gas and a liquid, tuneable through the control of pressure and temperature (Table 1.1) 

[3].  

Table 1.1 – Comparison of physical properties of gases, supercritical fluids and liquids  

 Density (Kg/m
3
) Viscosity (cP) Diffusivity (mm

2
/s 

Gases 1 0.01 1-10 

Supercritical 100-1000 0.05-0.1 0.01-0.1 

Liquids 1000 0.5-1.0 0.001 

 

Several substances can be used as supercritical fluids. In Table 1.2 it is presented some of the 

critical properties of the most commonly used fluids. 

Table 1.2 - Critical properties of various solvents [3]. 

Solvent Critical temperature  (K) Critical pressure (MPa) 

Carbon dioxide 304.1 7.38 

Water 647.3 22.12 

Ethane 305.3 4.87 

Ethylene 282.4 5.04 

Propane 369.8 4.25 

Methanol 512.6 8.09 

Acetone 508.1 4.70 

 

In SCF technology, carbon dioxide is the most commonly used fluid because it is non-toxic, non-

flammable, chemically inert, and inexpensive. The supercritical conditions are easily achieved 

(Tc = 304.1 K and Pc = 7.38 MPa) and since it is a gas the solvent may be removed by simple 

depressurization obtaining clean and dry products. 
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Supercritical fluids and specially supercritical carbon dioxide (scCO2) have found applications in 

a broad range of areas [4]: extraction [5], polymerization [6, 7], particle design [8, 9], chemical 

reactions [10], drug impregnation [11], formation of porous structures [12, 13], dry cleaning [14], 

etc. In this thesis special attention will by given for polymer synthesis and processing, 

particularly the formation of porous structures and synthesis of “smart” polymers in scCO2. 

1.1 Porous structures 

There are several reasons to consider SCF an alternative medium for the synthesis and processing 

of porous materials. Besides its environmental advantages, scCO2 allows the production of a dry 

polymeric product (CO2 is a gas under ambient conditions) [15, 16], introduces additional 

parameters (pressure, temperature, depressurization) to control membranes morphology, 

improves mass transfer (much lower viscosities than organic liquids, and easily adjusted with 

variations in pressure and temperature) [17] and reduces the solvent recovery costs. Surface 

modification of porous materials can be facilitated because SCF and in particular CO2 are 

extremely versatile wetting agents due to their low surface tension (e.g.., liquid CO2 will wet 

Teflon) and pore collapse can also be avoided because SCF do not give rise to a liquid-vapour 

interface. 

During the years several techniques have been applied for the preparation of porous structures 

using SCF technology but the main processes are: foaming, emulsion templating and CO2 

assisted phase inversion method [12].  

1.1.1 Foaming 

Foaming of glassy polymers with carbon dioxide as a physical-blowing agent was first described 

by Martini and co-workers [18] and during the last three decades several works have been 

reported [13, 19, 20, 21, 22]. This method takes advantage of the large depression in glass 
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transition temperature (Tg) found for many polymers in the presence of CO2 [21, 22, 23, 24] 

which means that the polymer may be kept in the liquid state at relatively low temperatures. 

Polymer foams are formed when a polymer, plasticized by saturation in the supercritical fluid is 

rapidly depressurized at a constant temperature. As pressure is released pockets of gas nucleate 

and grow in the polymer. As the supercritical fluid leaves the polymer, the Tg increases, 

generating nuclei due to supersaturation, which will grow to form the cellular structure until 

vitrification occurs. Figure 1.2 gives a schematic representation of the foaming process. 

Swollen 

Polymer

CO2

Sorption

Depressurization
 

Figure 1.2 - Schematic representation of the foaming process using scCO2.  

 

A broad range of materials have been processed using this technology: Poly(methyl 

methacrylate) [21] Poly L-lactic acid and copolymers of D,L-lactide and glycolide [25], 

Polystyrene [26], Polysulfone [27, 28] and Poly(ether sulfone) [27], Poly(ether imide) [28], 

poly(vinylidene fluoride) [29], Poly(ethylene terephthalate) [30], polycarbonate [30], etc. 
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1.1.2 Emulsion templating 

Emulsion templating is a versatile method for the preparation of well-defined porous polymers 

[31, 32] and inorganic materials [33]. The technique involves two steps: formation of a high 

internal phase emulsion and locking the structure of the external phase, usually by reaction 

induced phase separation (e.g., sol-gel chemistry, free-radical polymerization). Subsequent 

removal of the internal phase (i.e., the emulsion droplets) gives rise to a skeletal replica of the 

emulsion. This final step is very critical due to the fact that the internal oil phase (often an 

organic solvent) must be removed from the porous structures. Cooper and co-workers [34, 35] 

have developed a process for emulsion templating without volatile organic solvents, using only 

water and CO2.  CO2 being a gas under normal pressure/conditions can be removed easily by 

depressurization. 

 

Figure 1.3– Schematic representation of the CO2/Water emulsion templating process. Adapted from [35] 

 

Several organic and inorganic porous matrixes were obtained using this technique: 

polyacrylamide [35], calcium Alginate hydrogels [36], silica [37], poly(vinyl alcohol) and 

naturally derived chitosan [38], dextran [39], etc. 

i) Polymerize 
ii) Vent CO2 

iii) Remove water 
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1.1.3 CO2 assisted phase inversion 

A number of different techniques are available to prepare porous polymeric films, such as 

sintering, stretching, track etching, phase separation, sol-gel process, vapour deposition and 

solution coating. However, the majority of porous flat membranes are prepared from a 

homogenous polymer solution by the wet-phase inversion method in which a polymer solution 

(polymer plus solvent) is cast on a suitable support and immersed in a coagulation bath 

containing a non-solvent. Since the precipitation occurs due to the exchange of solvent and non-

solvent, the correct choice of the pairs of solvents is a very important parameter to control the 

morphology of the membrane. Other important preparation parameters are: polymer 

concentration, temperature, humidity, evaporation time, and the composition of the casting 

solution (e.g. additives) [40]. 

Unfortunately many organic solvents used in membrane preparation are volatile, flammable and 

may pose a risk to health and the environment. Alternative approaches are being developed, and 

one with growing areas of application is the use of supercritical fluids, namely carbon dioxide. 

Figure 1.4 schematically represents this process.  
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Figure 1.4 - Schematic description of the CO2 induced phase inversion method 

 

Kho et al. [41] were the first ones to report the preparation of membranes of a semicrystalline 

polyamide, Nylon 6, by exposing a 2,2,2-trifluoroethanol solution to scCO2 to induce the phase 

separation of the polymer solution.  Since then many authors have been applied to produce 

membranes of different materials as presented in Table 1.3. 

Table 1.3- Resume of the materials that were processed by CO2 induced phase inversion method 

Authors Polymer Analysed effect 

Kho et. al [41] Polyamide (Nylon 6) 
Polymer concentration, temperature 

and pressure. 

Matsuyama et. al 

[42] 
Polystyrene 

Polymer concentration, temperature 

and pressure. 

Matsuyama et. al 

[43] 
Cellulose acetate Solvent - nonsolvent affinity 

E. Reverchon and 

S. Cardea [44] 
Cellulose acetate 

Polymer concentration, temperature 

and pressure. 
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E. Reverchon and 

S. Cardea [45] 
Polysulfone 

Polymer concentration, temperature 

and pressure. 

E. Reverchon et. 

al [46] 
Poly (methyl methacrylate) 

Polymer concentration, temperature 

and pressure. 

E. Reverchon and 

S. Cardea [47] 

Poly(vinylidene fluoride)-co- 

hexafluoropropylene 

Polymer concentration, temperature 

and pressure. 

Reverchon et. al 

[48] 
Poly(vinyl alcohol) 

Polymer concentration, temperature, 

pressure, addition of an entrainer to the 

solvent.  

Reverchon et. al 

[49] 
Poly(vinyl alcohol) 

Polymer concentration, temperature, 

pressure and different ethanol:CO2 

ratios for the Phase inversion,  

Tsivintzelis et. al 

[50] 
Poly(l-lactic acid) 

Polymer concentration, temperature 

and pressure. 

Xu et. al [51] Polylactide 

Polymer concentration, solvent 

affinity, depressurization rate and non-

solvent composition. 

Huang et. al [52] Poly(vinylidene fluoride) 

Polymer concentration, temperature, 

pressure and addition of poly(methyl 

methacrylate) in the casting solution. 

Li et. al [53] Poly(vinyl butyral) 
Polymer concentration, temperature, 

pressure and depressurization. 

Temtem et. al 

[54] 
Polysulfone 

Solvent - nonsolvent affinity, 

depressurization rate 
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Temtem et. al 

[55] 

Blends of polysulfone-

polycaprolactone 
Foaming vs phase inversion. 

Temtem et. al 

[56] 
Chitosan Entrainer effect. 

 

When the solution of polymer is first immersed as a film into a coagulation bath rapid changes 

occur and usually a skin forms at the interface. As time proceeds, changes in the concentration 

occur in the layers further away from the interface, but these occur less rapidly than the 

interfacial changes. The rate at which the changes occur in the sub-layers has a profound effect 

on the structure. The ‘tuneable’ solvent power of the supercritical fluid, owing to its variable 

(with pressure or temperature) solvent density and viscosity is a serious advantage when 

compared with the traditional solvents.  
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Figure 1.5– Carbon dioxide density vs temperature and pressure 
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Figure 1.5 shows the density-pressure phase diagram for carbon dioxide. One of the 

particularities of the critical point is that close to it a small increase in pressure or temperature 

causes a large increase in the density. This property is very important for the phase inversion 

process because it is closely related with the nonsolvent (CO2) strength and it is known that the 

manipulation of the strengths of the solvent and nonsolvent is one of the primary means to 

control the properties of membranes formed by this process. Many authors have analysed the 

influence of these two parameters in membrane morphology (Table 1.3) and they all observed 

that the average pore size and membrane porosity decreased by increasing the pressure or 

decreasing the temperature [41, 42, 44, 45, 46, 47, 48, 49, 50, 52, 53].  

A change in these two parameters will modify the phase diagram of the ternary system 

polymer/solvent/non-solvent, pressure and temperature dependent. In the analyses of these 

diagrams it is usually assumed a hypothetic diagram due to the inexistence of experimental data 

(vapour-liquid, liquid-liquid and solid-fluid). In this thesis a similar analysis will be performed on 

Chapter 2. Typically, a simple rule, is that higher CO2 densities (high strength) will induce the 

formation of a large number of nucleation points, inducing the formation of small pores in a large 

quantity. In opposition smaller densities will produce very few nucleation points that will be 

responsible for the formation of large pores in small quantity. 

CO2-assisted phase inversion also guides with the same rules of the conventional process which 

means that the casting solution concentration is another key parameter to control membrane 

morphology. A simple rule is that an increase in the concentration will result in a decrease in the 

pore size diameter. Reverchon and co-workers have been developing an extensive work to 

explore this parameter [44, 45, 46, 47, 48, 49]. In Figure 1.6 it is represented a general phase 

diagram for the system polymer/solvent/non-solvent with different concentration paths. 



Introduction 

11 

 

 

Figure 1.6– General phase diagram for the system polymer/solvent/non-solvent with different concentration 

paths. 

 

Increasing the polymer concentration in the starting solution, i.e., passing from point 3 to 

1 the operative point (the intersection between the tie-line and the composition path) shifts 

towards the polymer rich phase. Therefore, using the lever rule, we can observe that the polymer-

lean phase decreases. As a consequence membranes will be produced with a larger number of 

pores but with a small diameter. 

Other parameters, such as the depressurization rate or the ability of CO2 to liquefy polymers have 

been used to modify the morphology of porous structures by phase-inversion. They will be 

discussed further in this thesis, especially in chapter 2.  
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1.2 “Smart” hydrogels  

Another main research area explored in this work was the preparation and processing of smart 

polymers, particularly thermoresponsive and pH-sensitive hydrogels. 

The last two to three decades have witnessed explosive growth in the synthesis and processing of 

smart polymers. They were widely used in the biomedical field due to their tuneable chemical 

and three-dimensional physical structure, biocompatibility properties and possibility to respond 

external stimulus, such as pH , temperature, ionic strength, and electric field [57]. Table 1.4 it is 

presents some examples of stimuli-responsive hydrogels used in drug delivery. 

Table 1.4 – Examples of stimuli-responsive hydrogels in drug delivery 

Stimuli Polymer Drug Ref 

Magnetic field Ethylene-co-vinyl acetate  Insulin [58] 

Electric Field 
Poly(2-hydroxyethyl 

methacrylate) 
Propranol [59] 

Glucose Ethylene-co-vinyl acetate Insulin [60] 

Urea 
Methyl vinyl ether-co-maleic 

anhydride 
Hydrocortisone [61] 

Morphine 
Methyl vinyl ether-co-maleic 

anhydride 
Naltrexone 

22 

[62] 

pH Chitosan-poly(ethylene oxide) 
Amoxicilin, 

metronidazole 
[63] 

pH 
Poly(acrylic acid)- 

poly(ethylene oxide)  

Salicylamide, 

nicotinamide, 

clonidine 

[64] 
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hydrochloride 

pH 
Poly(acrylamide-co-maleic 

acid) 

Terbinafine, 

hydrochloride 

[65] 

 

pH 

N-vinyl pyrrolidone, 

polyethylene, glycol diacrylate, 

chitosan 

Theophylline, 5- 

Fluoroacil 
[66] 

Temperature Poly(N-isopropyl acrylamide) Heparin [67] 

Temperature and 

pH 

Poly(N-isopropyl acrylamide-

co-butyl methacrylate-co-

acrylic acid) 

Calcitonin [68] 

 

1.2.1 Temperature responsive polymers 

Temperature is the most widely used stimulus in environmentally responsive polymer systems 

not only because they are relatively easy to control, but also easily applicable both in vitro and in 

vivo.   

Some hydrogels exhibit a separation from solution and solidification above a certain temperature. 

This threshold is defined as the lower critical solution temperature (LCST). Below the LCST, the 

polymers are soluble. Above the LCST, they become increasingly hydrophobic and insoluble, 

leading to gel formation. In contrast, hydrogels that are formed upon cooling of a polymer 

solution have an upper critical solution temperature (UCST). However, most applications are 

related to LCST based polymer systems [69,70]. 

For polymers exhibiting a lower critical solution temperature (LCST), temperature increase 

results in a negative free energy of the system which makes water– polymer association 

unfavorable, facilitating the other two types of interactions. This negative free energy (∆G) is 
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attributed to the higher entropy term (∆S) with respect to the increase in the enthalpy term (∆H) 

in the thermodynamic relation ∆G = ∆H-T∆S. The entropy increases due to water–water 

associations which are the governing interactions in the system. In Table 1.5 it is presented some 

examples of thermoresponsive polymers.  

Table 1.5- Examples of  thermoresponsive polymers 

Thermoresponsive polymer Obs. 

Poly(N-isopropylacrylamide) It is the most studied thermoresponsive polymer. 

Methylcellulose [71] 
It gells at temperatures in the range of 60–80 ºC and 

turns into a solution upon cooling. 

Poly(N-vinylisobutylamide) [72] - 

Poly(vinyl methyl ether)[73] It has a LCST at moderate temperature ~35 °C. 

Poly(N-vinylcaprolactam) [74] 

Shows a dissolution/precipitation transition in water at 

temperatures close to physiological temperatures 

(30±40 ºC) 

Gelatin [75] 

By cooling the temperature the chains transform their 

conformation from random coil to triple-helix, during 

which physical junctions are promoted and gel 

networks occur. 

Gellan benzyl ester [76] 
Double helix conformations via hydrogen bonding in 

aqueous systems 

Elastin-like polypeptides 
Composed of Val-Pro-Gly-Xaa-Gly amino acid repeat 

units (Xaa is a ‘guest residue’ except proline) 
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Poly(N-isopropylacrylamide), PNIPAAm, is probably the most studied  thermoresponsive 

hydrogel. It has low critical solution temperature (LCST), around 32 ºC in an aqueous solution 

[77, 78], close to body temperature and dissolves in water below the LCST; precipitates from the 

aqueous solution above the LCST due to the disruption of hydrogen bonding with water and the 

increasing hydrophobic interactions among isopropyl groups (Figure 1.7). Due to this unique 

property, PNIPAAm gels have been widely used in biomedical fields, for example, as matrices in 

protein-ligand recognition, in drug controlled release, in enzyme and cell immobilization and in 

artificial organs / cell sheet technology [79, 80, 81, 82, 83, 84] . 

 

   

Figure 1.7– Typical behaviour of a thermoresponsive polymer. PNIPAAm case: soluble in a aqueous solution 

below the LCST and insoluble above this temperature   

 

During the last years several thermoresponsive polymers were developed most of them 

copolymers of PNIPAAm (Figure 1.8) in order to optimize some of the properties such as faster 

shrinking rates when heated through the LCST or for instance sensitivity to additional stimuli to 

combine two or more stimuli-responsive mechanisms into one polymer system. In chapter 3 some 

examples will be studied. 
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Figure 1.8 - Examples of thermoresponsive polymers based of PNIPAAm 

 

In general, as the polymer chain contains more hydrophobic constituents the LCST becomes 

lower.  Copolymerization of NIPAAm with a more hydrophilic monomer increases the overall 

hydrophilicity of the polymer, and the stronger polymer–water interactions lead to an increase in 

the LCST. Likewise, copolymerization with a more hydrophobic monomer results in a lower 

LCST than PNIPAAm [85]. Moreover, the phase transition temperature is influenced by the 

presence of salts [86] and pH to a certain extent [87]. 

A good review about the functional copolymers of NIPAAm for bioengineering applications can 

be found in the literature [88].  

 

1.2.2 pH-sensitive polymers 

All the polymers containing pendant groups that either accept or release protons in response to 

changes in environmental are pH sensitive polymers. Such materials, called polyelectrolytes,  

swell or collapse depending on the pH of their environment.  

There are two kinds of pH sensitive materials: one which have acidic group (-COOH, -SO3H) and 

swell in basic pH (Figure 1.9), and others which have basic groups (-NH2) and swell in acidic pH. 

In this work these two types of polymers were applied. 
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Figure 1.9– Typical behaviour of a pH sensitive polymer acidic groups 

 

The response is triggered due to the presence of ionisable functional groups (like -COOH, -NH2) 

which get ionized and acquire a charge (+/-) in a certain pH. As the environmental pH changes, 

the degree of ionization in a polymer bearing weakly ionizable groups is dramatically altered at a 

specific pH that is called pKa. This rapid change in net charge of pendant groups causes an 

alternation of the hydrodynamic volume of the polymer chains. The transition from collapsed 

state to expanded state is explained by the osmotic pressure exerted by mobile counterions 

neutralizing the network charges. There are two types of pH-responsive polyelectrolytes; weak 

polyacids and weak polybases.  

Examples of pH sensitive polymers that are polyacids and polybases are represented in Figure 

1.10 and in Figure 1.11. 

 

Figure 1.10 - Representative pH-responsive polyacids; (a) poly(acrylic acid) (PAAc), (b) poly(methacrylic 

acid) (PMAAc), (c) poly(2-ethyl acrylic acid) (PEAAc), (d) poly(2-propyl acrylic acid) (PPAAc). 
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Figure 1.11 - Representative pH-responsive polybases. (a) Poly(N,N-dimethyl aminoethyl methacrylate) 

(PDMAEMA), (b) poly(N,N-diethyl aminoethyl methacrylate) (PDEAEMA), (c) poly(4 or 2-vinylpyridine) 

(PVP), (d) poly(vinyl imidazole). 

In this thesis special attention will be given to polymethacrylic acid as an example of polyacid 

and to chitosan as a polybase. The preparation of dual stimulus hydrogels will also be attempted. 
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1.3 “Smart” drug/biomolecule delivery devices 

The field of drug delivery is developing rapidly and is gaining the attention of scientists, 

pharmaceutical makers and industry.  

The final aim of pharmacy and medicine is the delivery of any drug at the right time in a safe and 

reproducible manner to a specific target at the required level [89]. With traditional tablets or 

injections, the drug level in the blood follows the profile shown in Figure 1.12. a), in which the 

level rises after each administration of the drug and then decreases until the next administration. 

The problem consists in the fact that the blood level of the agent should remain between 

maximum values, which may represent a toxic level, and a minimum value, below which the 

drug is no longer effective. In controlled drug delivery systems designed for long-term 

administration, the drug level in the blood follows the profile shown in Figure 1.12. b), remaining 

constant, between the desired maximum and minimum, for an extended period of time.  

 

Figure 1.12 – Drug levels in the blood with (a) traditional drug dosing and (b) controlled-delivery dosing. 

 

Another issue is the fact that patients do not always follow the doctor’s orders, so there is a 

concern about patients’ compliance. 

In the last decades several systems were developed in order to overcome these issues.  

Table 1.6 resumes some of the approaches that were used.  

a b
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Table 1.6 – Resume of new technologies for controlled drug delivery 

Technology Application Description 

Drug polymer 

conjugates [90] 

Prepare a form of 

insulin that can be 

given orally. 

Low molecular weight polymers (PEG) are 

attached to specific sites on drug molecules to 

create drug–polymer conjugates 

Usage of 

absorption 

enhancers [91] 

Pulmonary drug 

delivery 

Chitosan powder was tested for 

the nasal administration of insulin and morphine 

Iontophoresis and 

Ultrasound [92] 

 

Transdermal drug 

delivery 

Administration of iontocaine for local dermal 

anesthesis 

Micelles and 

liposomes [93] 

Encapsulation of 

therapeutic active 

molecules 

Transport molecules unto the interior of cells 

Drug releasing 

chambers [94] 

Diabetes, cancer and 

for a range of target 

sites (i.e. eye, brain) 

Delivery of potent drugs for extended periods. 

 

Nanoparticles [95]  

Nanoparticles that can become nanopills taking 

drugs through diminutive capillaries into the 

cell's internal machinery 

 

Herein it is reported the development of a new strategy that could be applied in the preparation of 

smart porous structures with application as controlled delivery devices.  

The work developed in this thesis will focus at combining: (i) production of porous structures by 

clean processes with scCO2; (ii) the potential of CO2 to be used in the in situ polymerization of 
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hydrogels inside the porous structures; (iii) the possibility to impregnate the smart devices with a 

non-residue technology; (iv) the potential of these smart devices to be used in controlled drug 

release.  
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2. Production of porous structures with a CO2-assisted phase inversion 

method 

One the goals in this work, was the development of a CO2-assisted phase inversion method able 

to prepare porous structures, namely membranes. The work here presented will focus in the 

processing of a biocompatible polymer with large applications in the haemodialysis area 

(polysulfone) and in the preparation of membranes and beads of a water soluble biodegradable 

and biocompatible polymer (chitosan).  

2.1 Polysulfone membranes  

Polysulfone is a polymer, with high chemical and mechanical stability and excellent thermal and 

electrical properties over a wide temperature range. Due to its durability to hot water, steam, and 

alcohol, and because it is not noxious, PS is widely used in the manufacture of medical devices 

[1], particularly in the preparation of membranes. In Figure 2.1 it is presented the chemical 

structure of the PS used in this work. 

 

Figure 2.1 – Chemical structure of the polysulfone used in this work 

The application of a CO2 – assisted phase inversion method in the preparation of PS membranes 

is of great interest since scCO2 is a clean and versatile solvent. Reverchon and co-workers [2] 

have prepared this type of structures using this technique. They analyzed the effect of pressure, 
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temperature and polymer concentration in the pore size, using two different casting solutions: 

PS/N-methylpyrrolidone and PS/chloroform and observed that the pore size decreases at higher 

pressures, lower temperatures and using casting polymer solutions with higher concentrations.  

The main goal of this work was to study the solvent affinity and depressurization rate on the 

morphology of PS membranes. It is known that the mutual affinity between solvent and non 

solvent is a key point to obtain the desired membrane structure [3]. Matsuyama et al. [4] studied 

the preparation of porous cellulose acetate membranes using four organic solvents in the 

preparation of the casting solution and noted that as the mutual affinity between the solvent and 

supercritical CO2 decreased, the membrane porosity and the average pore size increased. More 

recently, Reverchon et al. [5] studied the production of poly(methyl methacrylate) membranes 

and evidenced similar results. In addition, the depressurization rate may influence the membrane 

formation. It is reported in the literature the influence of depressurization rate in particle 

formation with supercritical fluids [6, 7] and in the preparation of polylactide membranes when 

scCO2 is used as non solvent [8].   

In this work, six organic solvents and two depressurization rates were tested in the formation of 

PS membranes using a supercritical CO2 to induce the phase inversion. 

2.1.1 Experimental  

2.1.1.1 Materials 

Polysulfone (molecular weight 67,000) was obtained from Sigma-Aldrich in pellet form. N-

methylpyrrolidone (purity ≥ 99.5 %), N,N-dimethylpropionamide (purity ≥ 98 %),  N, N-

dimethylacetamide (purity ≥ 98 %) and dimethylsulfoxide (purity ≥ 99 %)  were purchased from 

Sigma-Aldrich and N,N-dimethylformamide (purity ≥ 95 %) from May & Baker.  Carbon dioxide 

was obtained from Air Liquide with 99.998 % purity. 
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All reagents were used without any further purification. 

2.1.1.2 Membrane production 

The membrane production was undertaken in a high-pressure apparatus schematically presented 

in Figure 2.2. 

 

 

Figure 2.2 - Layout of the high-pressure apparatus for the membrane formation: (1) Gilson 305 piston pump; 

(2) temperature controller; (3) high-pressure cell; (4) pressure transducer (5) back Pressure Regulator 

 

A new high pressure cell, schematically represented in Figure 2.3, was developed in order to 

increase membrane area and allow visual inspection of all production process. This cell was 

fabricated in 316 stainless steel using standard machining techniques. In the core it has a porous 

structure that supports a bed of Raschig rings, which allows the homogeneous dispersion of CO2 

in the top of the casting solution. All the equipment was tested with pressures up to 30MPa and 

no signs of failure were observed. The stainless steel cover of the cell contains openings for the 

inlet valve of CO2 admission and pressure transducer. The cell is immersed in a visual 
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thermostated water bath, heated by means of a controller (Hart Scientific, Model 2200) that 

maintained the temperature within ±0.01 °C. The pressure is monitored with a pressure 

transducer (Setra Systems Inc., Model 204) with a precision of ± 100 Pa. 

In a typical procedure, the casting solution is loaded into the high-pressure vessel which is then 

placed in the thermostated water bath. Approximately 400 mg of solution was spread over the 

sapphire window (with a diameter of 2.4 cm) in order to produce membranes with thickness 

ranging from 450 to 550  µm. CO2 is added until the desired pressure, with an exact flow, using a 

Gilson 305 piston pump. After reaching the normal operational pressure, the supercritical 

solution passes through a back pressure regulator (Jasco 880-81) which separates the CO2 from 

the solvent.  

 

Figure 2.3 - Schematic representation of the new high pressure cell used for membrane preparation. 
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All the experiments were realized at 18.6 ± 0.7 MPa with a CO2 flow of 9.8 g/min during 2 hours. 

At the end the system is depressurized and a thin homogeneous membrane is obtained (Figure 

2.4). 

 

Figure 2.4 – Polysulfone membrane obtained with the scCO2-assisted phase inversion method 

 

2.1.1.3 Membranes characterization  

Membranes were characterized using Scanning Electron Microscopy (SEM) in a Hitachi S-2400, 

with an accelerating voltage set to 15 kV. For cross-section analysis the membrane samples were 

frozen and fractured in liquid nitrogen. All samples were coated with gold before analysis. 

Pore size diameters and porosity were obtained by image analysis using SigmaScan Pro (Systat 

Software Inc.). EasyFit (MathWave Technologies) was used to fit statistical distributions to our 

data (Weibull, Lognormal) and to perform the Kolmogorov –Smirnov [9] and Anderson-Darling 

[10] tests to select the more adequate distribution function to each system under study.  

The permeability to pure water was determined by measuring the water flux trough the 

membranes using a 10 ml filtration unit (Amicon Corp., model 8010) with an effective area of 4.1 
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cm2. All the experiments were carried out varying the applied hydrostatic pressure from 0 to 0.24 

MPa. At least three clean water flux measurements were performed for each membrane.  

2.1.2 Results and discussion 

In this study, all the process parameters were fixed: temperature, pressure and polymer solution 

concentration (45 ºC, 18.6 MPa and 15% w/w, respectively). Different casting solutions were 

prepared using the following solvents: N-methylpyrrolidone, N,N-dimethylformamide, N, N-

dimethylacetamide, chloroform, dimethylsulfoxide and N,N-dimethylpropionamide. The effect of 

depressurization rate was studied comparing membrane morphologies obtained in experiments 

performed with fast (less than one minute) and slow (approximately one hour) depressurization 

rates. 

2.1.2.1 Influence of the casting solution 

Observing the SEM images presented in Figure 2.5 it is possible to note a strong dependence of 

membranes morphology with the solvent used in the casting solution.  
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Figure 2.5 - Scanning electron micrographs of membranes cross sections obtained with fast depressurization. 

Solvents: a) chloroform;  b) N,N-dimethylformamide; c) N, N-dimethylacetamide; d) N,N-

dimethylpropionamide; e) dimethylsulfoxide; f) N-methylpyrrolidone. 

 

The same conclusion can be attempted by the analyses of the pore size distributions presented in 

Figure 2.6 for the six solvents. These profiles were obtained using EasyFit software. A histogram 
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with the percentage of pores having a given diameter is drawn and a statistical function is fitted to 

obtain the distribution curves that are plotted in Figure 2.6.  

 

Figure 2.6 - Pore size distribution of PS membranes produced using different solvents with a depressurization 

in less than one minute. 

Membranes produced with chloroform exhibit the smallest pore size diameter (around 13 µm), 

confined in a narrow range, and followed by the membranes produced with the amide solvents. 

Larger pores were obtained with dimethylsulfoxide and N-methylpyrrolidone (c.a. the 40 µm), 

with pore mean diameters restrained in a broad range. Similar trends were observed for the 

experiments performed with slower depressurization rate and by Reverchon and Cardea [2], for 

membranes produced with chloroform and N-methylpyrrolidone.  

The application of similar solvents to produce de casting solution (N,N-dimethylformamide, 

N,N-dimethylacetamide and N,N-dimethylpropionamide) was the first attempt to correlate the 

pores of membrane and the molecular size of solvents. Despite the similar morphologies, the 

membranes obtained whit the amide solvents present a small variation in the pore size.  With the 
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small increase of solvent molecular size (addition of one methyl group) it is observed an increase 

of (1.4 ± 1.0) µm in the pore size (Figure 2.7). 

 

Figure 2.7 - Influence of the solvent molecular size in the pore size diameter. 

 

 The relative affinity of a polymer and solvent can be assessed invoking the solubility parameter 

concept which is a numerical value that indicates the relative solvency behaviour of a specific 

solvent. Table 2.1 reports the solubility parameter of pure components [11] together with their 

boiling points. 
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Table 2.1- Solubility parameters and boiling points of the pure solvents. 

 δ(MPa)1/2
 

Tboiling (C) 

Carbon dioxide 13.5a)  -78 

Chloroform 19.0 61 

N,N-dimethylformamide 24.8 153 

N, N-dimethylacetamide 22.7 166 

N,N-dimethylpropionamide 22.5 175 

Dimethylsulfoxide 26.7 189 

N-methylpyrrolidone 22.9 202 

a) Value at 318.15 K and 18.6 MPa. 

 

According to Giddings et al., the solubility parameter of the scCO2 and scCO2/solvent is 

calculated by equation 1 as [12, 13, 14]:  

1
r2
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r

1.25
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liq

ρ
δ

ρ
 

=  
 

           (1) 

where δ is the solubility parameter of the supercritical fluid, Pc is the critical pressure of the 

supercritical fluid, ρr the reduced density of the supercritical fluid and ρr(liq) is the typical 

reduced density of the supercritical fluid in the liquid state, assumed to be 2.66 [13]. 

Critical pressures of the binary mixtures were calculated based on experimental data available in 

literature for the mixtures CO2 + Chloroform [15], CO2 + N,N-dimethylformamide [16], CO2 + 

N,N-dimethylacetamide [17] and CO2 + dimethylsulfoxide [18]. Due to the inexistence of critical 

data for CO2 + N,N-dimethylpropionamide and CO2 + N-methylpyrrolidone,  solubility 

parameters  were not estimated to avoid large errors of these values. 
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Table 2.2 - Values of the critical temperatures (Tc), critical pressures (Pc) and acentric factors (ω) used in the 

PR-EOS. 

Solvent Tc (K) Pc (MPa) ωωωω    

Carbon dioxide 304.2 7.38 0.225 

Chloroform 536.4 5.37 0.218 

N,N-dimethylformamide 649.6 5.50 0.367 

N, N-dimethylacetamide 617.2 3.60 0.299 

Dimethylsulfoxide 726.0 5.71 0.294 

N-methylpyrrolidone 723.6 4.78 0.358 

 

Reduced densities were calculated based on Peng-Robinson equation of state with quadratic 

mixing rules for each mixture using the interaction parameters reported in literature (Table 2.2 

and Table 2.3). PE program was applied in these calculations [19].  

Table 2.3 - Binary interaction parameters used in PR-EOS. 

Solvent kij lij 

CO2 + chloroform 0.0561 0.0000 

CO2 + N,N-dimethylformamide 0.0170 -0.0430 

CO2 + N, N-dimethylacetamide a) 0.0500 -0.0300 

CO2 + dimethylsulfoxide 0.0496 -0.0484 

CO2 + N-methylpyrrolidone 0.0198 -0.0352 

a) Ajusted for PR-EOS [17] 

 

Comparing the solubility parameters (δ) of the pure solvents, listed in Table 2.1 it is found that 

the δ values of solvents have the following order: chloroform < N,N-dimethylpropionamide < 

N,N-dimethylacetamide < N-methylpyrrolidone < N,N-dimethyl-formamide < dimethylsulfoxide. 

In Table 2.4, the δ values for mixtures solvent-scCO2 have a similar order, except 

dimethylsulfoxide which presents a smaller solubility parameter than the amide solvents.  
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Table 2.4 - Solubility parameters for mixtures solvent–CO2 (5% w/w), estimated for 318.15 K and 18.6 MPa. 

 δ(MPa)1/2 

CO2 + chloroform 16.5 

CO2 + N,N-dimethylformamide 23.0 

CO2 + N, N-dimethylacetamide 21.4 

CO2 + dimethylsulfoxide 18.7 

 

The difference between the solubility parameter of the solvent and non-solvents is related with 

the mutual affinity of both compounds. The increase of solubility parameter difference means the 

decrease of the mutual affinity [4]. When the mutual affinity is low, the outflow of solvent into 

the supercritical CO2 phase decreases. This means that there is enough time for polymer-lean 

phase formed by the phase separation to grow, which leads to the formation of larger cells. 

Another approach to relate the affinity between solvent and non-solvent is the solubility of the 

solvent into the non-solvent. Figure 2.8 shows the vapour-liquid equilibrium of three solvents: 

chloroform [15], N,N-dimethylformamide [20] and N-methylpyrrolidone [21] in scCO2 obtained 

using Peng-Robinson equation of state (PR-EOS) with quadratic mixing rules. The interaction 

parameters and critical properties, used in the calculations are listed in the Table 2.2 and Table 

2.3. Chloroform presents the highest solubility in scCO2 followed by N,N-dimethylformamide 

and N-methylpyrrolidone. Higher solubility means higher affinity with scCO2. 
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Figure 2.8 - Vapour liquid equilibrium of the mixtures carbon dioxide + chloroform, carbon dioxide + N,N-

dimethylformamide and carbon dioxide + N-methylpyrrolidone at 318.15 K. 

Relating these results with the cell size diameter, in Figure 2.6, it is possible to conclude that an 

increase in solvent affinity will decrease the cell size diameter. 
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Figure 2.9 - a) Schematic representation of an isothermal phase diagram for the ternary system PS–solvent–

CO2. Diagram is not to scale. b) Cross section of the ternary diagram at pressures above the critical point of 

the binary mixture carbon dioxide + solvent. 

 

To better explain these assumptions it is necessary to understand the mechanisms related to this 

process and take into account both thermodynamic and kinetic aspects. A possible schematic 

representation of the phase behaviour for such a ternary system is shown as an isothermal cut in 

Figure 2.9.a. The three sides of the prism are the P-x diagram for each binary pair. The Solvent-

CO2 pair takes the type of behaviour described in Figure 2.8. The following assumptions were 

made: both solvent and CO2 are able to swell the polymer, the polymer presents a reduced 

solubility in scCO2, much lower when compared to that in the liquid solvent, meaning that it is 

possible to extract the solvent without removing the polymer. 

For easier visualization of our process an isobaric cut is presented in Figure 2.9. b with a possible 

operation line (white trace). Such isobaric cut presents five different regions: a Solid + Fluid, a 

Solid + Liquid, a Liquid + Fluid, a Solid + Fluid + Liquid and a homogeneous region. The Solid 

+ Liquid region extends from the Solvent – Polysulfone edge and by addition of CO2 it comes 
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into a three phase region. In this region, a solid phase that is essentially polysulfone with some 

solubilised solvent and CO2, is in equilibrium with a liquid phase, that is a solvent rich liquid 

phase with polymer and CO2, and a vapour phase, which is a scCO2 phase saturated with solvent 

and negligible polymer. From the diagram, it is evident that as we add CO2 to the binary system 

solvent + polysulfone, the solubility of polymer in the liquid decreases signifying the role of CO2 

as non-solvent. On the other side of the ternary diagram, the region marked as Solid + Fluid 

means that polysulfone, with some CO2 incorporated, is in equilibrium with the gas phase (CO2 

with some solvent and negligible polymer). At the pressure of the isobaric cut the mixture CO2 + 

solvent has become supercritical and so the Liquid + Fluid region no longer touches the solvent – 

CO2 edge. The intersection of the three two-phases regions results in the solvent + fluid + liquid 

three phase region as described above. 

The events that lead to the precipitation can be represented by the different mass transfer 

pathways on the ternary phase diagram. When the composition path directly enters into the 

solidification region, the polymer solidifies (gel type). When the path intersects the liquid-liquid 

phase separation region, the casting solution separates into polymer-rich and polymer-poor 

phases and results in porous structure [22] which is our case. 

The membrane formation mechanism in this system is as follows. The polymer solution is placed 

inside the high pressure cell and at this moment some amounts of organic solvent will evaporate 

according to the vapour pressure (A). After the introduction of net CO2 inside the cell the solvent 

will spread out into the supercritical phase (B). CO2 is continuously fed and once achieved the 

desired pressure the back pressure regulator will open the outlet valve and allow the system to 

operate in a continuous mode extracting the organic solvent (C) from the membrane solution. 
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When it reaches point D it will enter in the three phases region promoting the formation of the 

solid.  

The variations obtained with different casting solutions should be related with the difference in 

the ternary diagram of each system: polymer – solvent – CO2.  

If the solvent is highly soluble in scCO2, the liquid-fluid area in Fig. 6b should be relatively 

smaller. This fact will restrain the metastable region limited by the spinodal and binodal curves. 

Smaller metastable regions should induce faster nucleation and growth of the droplets of the 

polymer lean phase with further solidification of the polymer rich phase which forms the 

membrane cellular structure. 

2.1.2.2 Depressurization rate 

SEM pictures of membranes produced using chloroform as the casting solution with different 

depressurization rates are shown in Figure 2.10. 

Figure 2.11 presents the cell size distributions for membranes produced using two different 

casting solutions: chloroform and N,N-dimethylacetamide. As it is evident the depressurization 

rate influences the pore size: higher rates produce larger pores. Similar trends were obtained with 

other solvents used. This is divergent from the results obtained by Xu et al. [8] in the preparation 

of polylactide membranes. They observed an increase of the average pore size and a decrease in 

pore density with prolonged depressurization times, explaining these results with the ability of 

CO2 to act as foaming agent. The main difference between their procedure and ours is in the fact 

that they do not operate the system in a continuous mode. The polymer solution is immersed in a 

vessel with CO2 for a period of one hour and afterwards the cell is vented promoting the 

formation of the solid with the depressurization. In our procedure, when the depressurization is 

done, the polymer precipitation already occurred due to the continuous extraction of the solvent. 
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A homogeneous CO2 concentration profile was established during the film formation which is 

confirmed by the homogeneity of the porosity of the membrane structures.  

 

Figure 2.10 - Scanning electron micrographs of PS membranes produced using chloroform as the casting 

solution. Depressurization rate effect: a) cross section b) surface top view. 
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Figure 2.11 - Depressurization effect in the pore size distribution of PS membranes using two different 

solvents: a) chloroform b) N,N-dimethylacetamide. Doted line - slow depressurization; continuous line - fast 

depressurization 

 

Tang et al. [23] studied the sorption and diffusion of scCO2 into PS, as well as its plasticization 

effect. They observed that at similar temperature and pressure conditions CO2 diffuses well into 

the PS with sorption amounts rounding 10% (w/w).  CO2 is able to plasticize the polymer but as 
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the temperature is bellow its glass transition temperature, Tg, the polymer/CO2 mixture is in a 

glassy state and thus the mechanical properties avoid expansion (foaming) of the polymer, as it 

was possible to confirm by visual inspection of the cell during depressurization. Figure 2.10 b) 

shows the outer skin of a membrane subjected to a slow decompression (1 hour) and rapid 

decompression (1 min). In a slow depressurization the CO2 diffuses slowly out of the polymer 

phase not affecting the polymer structure. A fast depressurization of the large CO2 amount, 

dissolved in the polymer, should shrink the pores and consequently increase in the mean 

diameter. The blowing of some pores, in order to rapidly release the CO2, explains the holes in 

the membrane skin. The analysis of SEM images of the membranes surface confirms the above 

suggested explanation: fast depressurizations tend to increase surface porosity and promote the 

appearance of fissures in the membrane top layer. 
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Table 2.5 - Water fluxes of PS membranes produced using different solvents with low and fast 

depressurization rate. 

Solvent Depressurization 

Water flux 

(x 10-3 L/(m2.h.bar)) 

Chloroform 
low none 

fast 0.004 

N,N-dimethylformamide 
low 0.010 

fast 0.16 

N, N-dimethylacetamide 
low 0.66  

fast 0.72  

N,N-dimethylpropionamide 
low 1.07  

fast 1. 89  

Dimethylsulfoxide 
low 8.18  

fast 8.34  

N-methylpyrrolidone 
low 11.1  

fast 45.1  

 

The information on clean water flux for the all set of porous membranes prepared in this work are 

summarized in Table 2.5. The pure water flux which is defined as the volumetric flow rate 

divided by the membrane area and the pressure difference was determined for all the membranes 

varying the applied hydrostatic pressure from 0 to 2.4 bar. It can be concluded that both 

depressurization rate and the mutual affinity between solvent and CO2 influence the water 

permeability. Water flux through the membranes augments by increasing the rate of the 

depressurization. This trend was expected since as it was discussed previously higher rates 
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produce larger pores which may enhance membrane permeability. Moreover fast 

depressurizations tend to increase the surface porosity and promote the appearance of surface 

fissures.  

The influence of the solvent affinity in the performance of membranes in terms of water flux can 

be discussed by analyzing the results described in Table 2.5 and the pore size distribution curves 

shown in Figure 2.6. The lowest water flux was obtained for PS membrane prepared using 

chloroform in the casting solution, this membrane also presents the smallest mean pore size and 

the narrower pore size distribution curve. As expected, the higher water fluxes were obtained 

with PS membranes prepared in N-methylpyrrolidone and dimethylsulfoxide which are the 

membranes with higher mean pore sizes and broader pore size distribution curves. Moreover, a 

large variation of pore sizes can favor the interconnectivity between the pores and subsequent 

increase in the water permeability of the membranes. This can be confirmed by comparison of the 

SEM images for chloroform and methylpyrrolidone (Figure 2.5 a and f, respectively) which 

present the smallest and highest water permeabilities and, respectively, also the smaller and the 

larger pores. As it can be observed the majority of the pores are closed and do not show any 

interconnectivity holes which explains the low water flux obtained. In contrast the SEM of the 

membrane obtained with methylpyrrolidone shows larger pores where is possible to observe large 

interconnectivities between the pores of the membrane thus explaining the high water flux 

obtained. 

Water permeabilities of membranes produced using dimethylformamide, dimethylacetamide and 

dimethylpropionamide show intermediate values and increase with the molecular size of the 

solvents. This can be explained with the increase of the mean pore size of the membranes (pore 
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diameters: dimethylformamide < dimethylacetamide < dimethylpropionamide) that correlates 

well with the variation of the water flux obtained respectively for those membranes. 

 

 

Figure 2.12 - Surface details of PS membranes. a) 45º cut (N,N-dimethylformamide and fast depressurization) 

b) SEM picture of a pore in the surface (N,N-dimethylacetamide and slow depressurization). 

 

CO2 – assisted phase inversion method is capable to produce homogenous membranes as shown 

in Figure 2.12 with highly regular structures and with good interconnectivity between different 

pores.  

The broad range of water fluxes exhibited by the different PS membranes prepared with different 

casting solutions and the CO2 – assisted phase inversion method proves the versatility of the 

process and its ability to produce membranes for a large number of applications. 

2.1.3 Conclusions 

Most of the works reported in the literature analyse the influence of pressure, temperature and 

polymer concentration and only few works analyse the influence of other important parameters in 

the formation of the structures of membranes, such as solvent affinity and rate of 

depressurization. It was shown that these could be additional parameters in CO2 – assisted phase 

inversion method, to control membrane morphology.  
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In the next section a foaming agent- Polycaprolactone- will be incorporated in the casting 

solution. The high pressure CO2 capability to swell and melt polycaprolactone (PCL) will be used 

to produce and control the porosity and the properties of the membranes. 
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2.2 Polysulfone-Polycaprolactone membranes  

During this work we have also developed a new strategy to manipulate the properties of the 

membranes combining two techniques – foaming with a blowing agent and membrane 

preparation with polymer blends, which opens a new dimension in the control of membranes 

morphology and properties [24]. 

Polymer foaming using environmentally friendly physical blowing agents in their supercritical or 

nonsupercritical state has become significant interest in the past decades [25] especially for 

membrane preparation [26]. In this process the samples are saturated with supercritical CO2 

(scCO2) reducing the glass transition temperature (Tg) and/or the melting temperature (Tm) of the 

mixture, liquefying the polymer.  Upon depressurization the CO2 rapidly expands, causing voids 

and precipitation of the polymer matrix.  

Polycaprolactone (PCL) is a biocompatible and biodegradable aliphatic polyester that is 

bioresorbable and non-toxic for living organisms. Because of its unique combination of 

biocompatibility, permeability, and biodegradability, PCL, has been widely applied in medicine 

as artificial skin, artificial bone, and containers for sustained drug release. 

The CO2 capability to swell PCL, and decrease the Tm [27, 28] was used to produce and control 

the porosity and the properties of the membranes.  

The membranes produced were analysed in terms of morphology, hydrophilicity, transport 

properties and mechanical performance. Membrane hydrophilicity is an important parameter 

because it can significantly contribute to enhance blood compatibility and reduce fouling [29, 

30]. One of the primary factors enhancing the adsorption of a protein is hydrophobic interactions 

between membrane surfaces and protein molecules [31, 32]. Information about the mechanical 

performance of membranes is important in many applications, where the systems are required to 

support mechanical loads. Dynamic mechanical analysis (DMA) is a popular technique that 
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enables to decouple the elastic and viscous components of the viscoelastic properties of materials. 

In this work, DMA will be used to detect the influence of the PCL content in the viscoelastic 

features of the porous membranes. 

2.2.1 Experimental 

2.2.1.1 Materials 

Polysulfone (molecular weight 67,000) and polycaprolactone (molecular weight 65,000) were 

obtained from Sigma-Aldrich in pellet form. Chloroform was also purchased from Sigma-Aldrich 

(purity ≥ 99.8 %) and used without any further purification. Carbon dioxide was obtained from 

Air Liquide with 99.998 % purity. 

2.2.1.2 Membrane preparation 

The experimental apparatus used in this section was the same as reported in the previous section 

2.1. 

2.2.1.3 Membrane characterization 

Membranes were characterized using Scanning Electron Microscopy (SEM) and the pore size 

distribution was obtained by image analysis following the methodology described in section 2.1. 

Water flux permeability to pure water was also performed following the same procedure.  

Membrane hydrophobicity was evaluated through the measurement of the contact angle of water 

droplets Goniometer Ramé – Hart Inc. NRL C.A., Model 100-00-230.  

Differential scanning calorimetry (DSC) measurements were carried out at the REQUIMTE 

associated laboratory using a Setaram (Model DSC 131) equipment. The analyses were 

performed from -125ºC to 220ºC at 5ºC/min under a dry nitrogen atmosphere. 
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The dynamic mechanical analysis experiments were performed in a TRITEC2000B equipment, 

from Triton Technology Ltd. (Nottinghamshire, UK) using the tensile mode. The frequency was 

scanned in the range 0.05 to 100 Hz, at room temperature. The dynamic modulus, E*, was 

measured for a constant strain amplitude of 50 µm in membranes samples with ca. 4 mm width 

and 15 mm length. 
2.2.2 Results and discussion 

In this study, the process parameters that were able to influence membrane formation - 

temperature (40ºC), pressure (20 MPa), casting solution concentration (15% w/w) and 

depressurization rate (30 minutes) - were fixed. All the experiments were performed using a CO2 

flow of 9.8 g/min for 2 hours. Different blends of PS and PCL were produced and their properties 

were analyzed in terms of water flux measurements, contact angles with water, scanning electron 

microscopy (SEM), pore size diameter and dynamic mechanical analysis (DMA). 

Table 2.6 presents a summary of the blends compositions prepared as well as their permeabilities 

and contact angles  

Table 2.6 - Effect of the different amounts of PCL in the water flux measurements and contact angles. 

Entry % (w/w) PCL 
Permeability 

(L/(m2.h.bar)) 
Contact angle (º) 

1 0.0 0* 57 

2 10.3 0.05 72 

3 24.4 9 73 

4 40.4 20000 93 

5 51.6 Too high to be measured 101 

* With an applied pressure of 5 bar 
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Observing the results it is possible to notice a clear dependence from the contact angles and water 

flux measurements with the amount of PCL in the blend. 

It must be noted that contact angle measurements are dependent on both the hydrophilicity of the 

surface as well as the roughness and porosity of the surface. The contact angles that were 

measured are relatively smaller than the ones that were expected for these kind of membranes. 

Wavhal and Fisher [32] performed several experiments in which they used carbon dioxide 

plasmas to modify hydrophobic polysulfone ultrafiltration membranes into hydrophilic. In their 

measurements they have detected a contact angle of 94º for the untreated membranes. In our case 

a contact angle of 57º was observed for the membranes prepared with pure PS and a slightly 

increase was obtained with increasing amounts of PCL. This is probably related with the higher 

porosity and roughness of the surfaces as it can be confirmed in Figure 2d and 2e. According to 

these results the CO2-assisted phase inversion method is able to produce membranes with more 

homogeneous surfaces than the traditional methods, leading to membranes with improved 

hydrophobic properties. 

The pure water flux which is defined as the volumetric flow rate divided by the membrane area 

and the pressure difference was determined for all the membranes varying the applied hydrostatic 

pressure from 0 to 0.5 MPa. The membranes that were exclusively produced from PS tend to 

have an insignificant water flux that was lower than our detection limit. By increasing the PCL 

content the water flux significantly increased. It turned to be impossible to measure the water flux 

for the membrane with the highest PCL content (entry 5 of Table 2.6).  

The broad range of water flux obtained proves that the water permeability of the produced 

membranes has a straight correlation and can be tuned by changing the PCL content of the blend.  
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These results can be explained with the analysis of Figure 2.13 and Figure 2.14. Observing the 

SEM images presented in Figure 2.13 it is possible to note a strong dependence of membranes 

morphology and pore size diameter with the amount of PCL in the blend. Increasing the amount 

of PCL in the blend produces membranes with larger pores. 

The roughness of the membranes is also influenced by the amount of PCL due to the damage of 

the surface during the process of foaming. 
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Figure 2.13 - Scanning electron micrographs of the cross section of the membranes with different PCL weight 

percentage: (a) 0 wt.%; (b) 10.3 wt.%; (c) 24.4 wt.%; (d) 40.4 wt.%; (e) 51.6 wt.%. 
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The same conclusion can be attempted by the analysis of the cumulative distribution functions 

presented in Figure 2.14. These profiles were obtained using EasyFit software and applying a 

Weibull distribution. 

 

 

Figure 2.14 - Pore size cumulative distribution curves. (■) – 0 wt.%; (○) – 10.3 wt.%; (▲)– 24.4 wt.%. 

 

In the previous section 2.1 we have proposed a mechanism for the membrane formation with the 

CO2-assisted phase inversion method that can explain the morphology of membranes when only 

pure PS was used. In the case of the membranes that were produced with polymer blends we have 

the combination of the same mechanism, which relates the pore size diameter with the nucleation 

time, with a different effect induced by the fact that CO2 can act as a blowing agent for PCL. As 

CO2 is highly soluble in PCL [33] it reduces the intermolecular interactions and increases chain 

separation, inducing the melting [28].  In the meantime the nucleation and growth of the PS 

droplets start with the extraction of the solvent promoting the appearing of the polymer lean 
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phase (internal part of the pores) and polymer rich phase (membrane cellular structure). At the 

end of the process when depressurization occurs, CO2 acts as a blowing agent for the PCL in the 

mixture increasing the pores that were previously formed.  

The steps involved in the membrane formation and foaming process: 1) dissolution of gas in the 

polymer and formation of a polymer/gas solution, in this case, dissolution of CO2 in the 

PS+PCL+chloroform solution); 2) in the continuous extraction process the solvent is removed 

and the PS solid phase starts to form but mixed in the molten PCL; 3) after the complete 

extraction of chloroform we have a polymer blend; during depressurization a second cell 

nucleation is induced by thermodynamic instability as a result of decrease in pressure; 4) cell 

nuclei are formed by phase separation between CO2 and polymer phase; 5) cell growth by a 

combination of mass and heat transfer; and  6) cell stabilization when the cell growth process is 

stopped by the end of gas release.  

As PCL is a crystalline polymer it is much more difficult to control the cellular structure during 

foaming compared to amorphous polymers like PS, because gases do not dissolve in the 

crystalline regions and the polymer-gas solution formed during the foaming process is non-

uniform which explains the different morphologies obtained for neat PS and blend membranes. 
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Figure 2.15 – DSC analysis of the blend membranes with different PCL weight percentage. (■) – 0 wt.%; (○) – 

10.3 wt.%; ▲– 24.4 wt.%.; (∇∇∇∇) 40.4 wt.%; (◆◆◆◆) 51.6 wt.%. 

 

In order to investigate miscibility and phase behaviour of polymer blends, differential scanning 

calorimetry (DSC) was used. Determination of the miscibility between two amorphous polymers 

is based on the observation of a single glass transition temperature (Tg), between those of pure 

components, indicative of state of dispersion while the appearance of both Tg’s suggests the 

occurrence of phase separation [34]. 

In this case we have a blend of an amorphous polymer with a crystalline polymer that does not 

present Tg. 
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Table 2.7 - Enthalpy of melting of PCL phase, glass transition temperatures and melting 

point of PS/PCL blends 

% PCL (w/w) Tg  (ºC) Melting Point (ºC) Enthalpy (J/g) 

0 183.14 - - 

10.3 188.97 61.19 5.24 

24.4 186.29 57.19 9.9499 

40.4 188.14 57.11 17.3718 

51.6 184.20 59.46 32.5677 

 

Polycaprolactone is a crystalline polymer which is characterized by an endothermic melting peak 

at about 58-60ºC. DSC results on non processed polycaprolactone show this pronounced peak as 

well as a minor Tg around -60ºC which maybe due to a small portion of amorphous PCL. PS is a 

completely amorphous polymer which could be confirmed by the absence of melting point and 

Tg around 183ºC. The DSC data of the blends show both the melting point peak of the PCL and 

the Tg of the PS. Tg values of the blends scatter around 187ºC showing no compositional 

dependence, suggesting that the phase interactions between polymers are merely physical and not 

chemical. The compositional independence of the Tm of PCL and the Tg of PS indicate a 

substantial immiscibility of the two polymers [35]. 

Despite the lack of chemical interaction between the polymers in the blend, and for that reason 

the name immiscible blend is often used, the resulting material can have interesting 

morphological and mechanical properties and hence different applications according to the blend 

composition. Particularly, in this case we demonstrate that by increasing the PCL content in the 

blend and taking advantage of the particular behaviour of PCL under scCO2 it is possible to 
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change drastically the morphology of the prepared membranes increasing their permeability in 

spite of their lower surface hydrophilicity. In future work compatibilizers, such as block or graft 

copolymers, could be used to increase the polymer miscibility. 

 

Figure 2.16 - DMA spectra of the prepared porous matrixes with different PCL compositions (see legend). 

Tensile frequency scan experiments at room temperature where the storage modulus (a) and the loss factor 

(b) were recorded: (■) – 0 wt.%; (○) – 10.3 wt.%; ▲– 24.4 wt.%.; (∇∇∇∇) 40.4 wt.%; (◆◆◆◆) 51.6 wt.%. 

 

Finally, DMA was used to characterize the viscoelastic properties of the membranes developed in 

this work. This technique allows us to obtain, for example, the dependence of the complex 
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moduli as a function of temperature or frequency, E*=E’+iE”, where i=√(-1). The storage 

modulus, E’, is the elastic, or the real component of E*, which is in phase with the stress, σ, and 

is related to the stiffness of the material. The loss modulus, E”, is the viscous (also called 

imaginary) component of E* which is π/2 out of phase in relation to σ. E” is associated with the 

dissipation of energy, as heat, due to internal friction at the molecular level. The ratio E”/E’ =tan 

δ, the loss factor, is a measure of the damping capability of a material. Figure 2.16 presents the 

frequency dependency, at room temperature, of the storage modulus and the loss factor. In the 

frequency range studied, corresponding to more than 3 decades, E’ did not show any significant 

dependency on frequency, for all formulations analyzed. Such steady behaviour is related to the 

fact that no relaxation process occurs at room temperature around the time scale of the 

experiments. The results in Figure 2.16a) suggest that E’ tends to decrease as the quantity of PCL 

increases. This trend is basically a consequence of the increase of porosity of the membranes 

when more PCL is incorporated; moreover PCL is less stiff than polysulfone. The values of tan δ 

of the membranes with low PCL content are quite small (~0.01) indicating that the materials 

exhibit essentially an elastic behaviour (see Figure 2.16b). However, for the highest PCL contents 

the damping properties of the membranes increase significantly. This should be related to the fact 

that PCL have a much higher viscous nature than polysulfone. The loss factors obtained for the 

membranes with 40 and 50% PCL are, in fact, similar to the ones observed in pure PCL: for 

examples,  tan δ=0.05, at 1 Hz and 37 ºC was reported before for injected moulded PCL [36]. 

2.2.3 Conclusions 

This study has shown that CO2-assisted phase inversion method combined with the capability of 

CO2 to act as a blowing agent can be used to produce PS/PCL membranes. By adjusting the 
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PS/PCL ratio it was possible to vary the morphology, the hydrophilicity and the mechanical 

performance of the membranes. SEMs analysis showed that significant changes in the 

morphological characteristics were obtained upon the addition of PCL. Higher weight percentage 

of PCL in the blend resulted in phase separation and non-homogeneous membranes were 

produced.  It is estimated that the mean pore radius of the PS/PCL membranes increased from 11 

to 26 µm, when the concentration of PCL increased from 0 to 25 wt %. The PCL addition 

increased significantly the damping properties of the membranes and decreased the elastic 

behaviour. 

 Since one of the goals in this chapter is the development of porous structures for biomedical 

applications, the next work will focus the preparation of biocompatible membranes using a water 

soluble polymer with application in drug delivery and cell expansion.  
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2.3 Chitosan membranes  

Biocompatible and biodegradable polymers have various important applications in the 

biomedical field particularly in the development of supports for tissue repair and regeneration 

[37]. These structures have a high level of porosity, with a good interconnectivity among the pore 

network system together with significant mechanical strength and flexibility. Membranes are the 

most widely studied scaffolds for guided bone regeneration. They are useful for repair in sites 

where limited mechanical loading exists, for example, in some cranial or maxillofacial areas, in 

dental applications [38] and as 3D matrices in perfusion bioreactors [39]. Another important area 

of application of such materials is in drug delivery. scCO2 technology potentially allows the 

production of sterile, ready to use devices, due to the high pressure features of this technique. In 

fact, reports in the literature suggest that scCO2 can be potentially used for sterilization of 

biomedical devices, being effective against bacteria [40], viruses [41] and spores [42], although 

additives are required in order to achieve terminal sterilization, namely hydrogen peroxide [42] or 

peracetic acid [43]. A complete review concerning the potentialities of supercritical fluids in the 

processing of polymer systems for drug delivery, as well as tissue engineering/regenerative 

medicine can be found in the literature [44].  

In this work, chitosan, a well-known biodegradable, biocompatible and non-toxic natural polymer 

with possible applications in the biomedical field [45] (e.g. dialysis membranes, contact lenses, 

antitumor uses, drug delivery controlled-release systems and tissue engineering) was processed 

using a CO2-assisted phase inversion method. In particular, chitosan-based membranes have been 

used for medical applications, such as suture thread and artificial skin [46]. Recently, chitosan 

was used as starting material elected to fabricate biodegradable stents that can deliver drugs 

locally [47]. The administration of drugs by a device delivery system has advantages over 
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conventional drug therapies. Depending on the appropriate clinical application, a rational design 

of the system namely concerning the selection of the support material, its morphology and the 

technique to incorporate the therapeutic molecules is decisive.  In this work, we attempted to 

produce a low cost chitosan porous implantable material that would allow the release of an 

antibiotic in an affected region. Gentamicin is a widely used antibiotic in the treatment of gram 

negative infections and its incorporation in a chitosan controlled release device could be useful in 

the prevention or treatment of wound infections thereby facilitating wound healing [48]. In the 

present study, gentamicin was used as a model molecule to be incorporated into chitosan 

membranes by mixing it with the polymeric casting solution. 

Chitosan has also been proposed as a scaffold to sustain cell adhesion and proliferation for 

application in tissue engineering [49]. In this context, human mesenchymal stem cells (MSC) 

from the bone marrow (BM) are a potential source of osteoblasts and chondrocytes for bone and 

cartilage repair, respectively. Many efforts have been performed to design suitable biomaterials 

to support MSC adhesion/proliferation, by attempting to mimic the BM in vivo 

microenvironment and maintaining cell multipotency. However, most of the ongoing research is 

more focused on the controlled differentiation of MSC [50, 51, 52], rather than the ex-vivo 

expansion/maintenance of these multipotent stem cells. Due to the very low number of MSC 

present in the BM, a rapid ex-vivo expansion method is needed to meet the highly demanding 

dose of MSC for clinical application in terms of cellular therapy (e.g. 1-2 million MSC/kg in the 

settings of hematopoietic stem cell transplantation, enhancing the engraftment and/or 

preventing/treating graft-versus-host disease) [53, 54, 55]. Therefore, the successful expansion of 

MSC under strictly controlled conditions would clearly facilitate their potential clinical uses. 

Here, chitosan membranes produced by scCO2 technology were evaluated in terms of 

cytotoxicity following International Standard guidelines, as well as their ability to support MSC 



Production of porous structures 

 

71 

adhesion/proliferation in vitro under static conditions, envisaging the future use of these devices 

as scaffolds to sustain stem cell function and proliferation in vitro in a highly controlled culture 

system for application in clinical settings [56, 57]. 

2.3.1 Experimental 

2.3.1.1 Materials  

Chitosan (75-85% deacetylated, Mw = (190 – 310) kg mol-1), absolute ethanol, glacial acetic acid  

(purity ≥ 99%), gentamicin sulphate (UPS testing specifications), o-phthalaldehyde 

(purity≥97%), sodium 1-heptanesulfonate, thioglycolic acid (purity≥98%), phenol (purity≥95%), 

crystal violet, phosphate buffered saline (PBS), accutaseTM, methanol and acetonitriline (HPLC 

grade) were purchased from Sigma-Aldrich. Isopropanol alcohol (purity ≥ 99%) was purchased 

from Pronalab and sodium hydroxide (purity ≥ 99%) from Riedel-De-Haёn. RPMI-1640 (a 

Roswell Park Memorial Institute medium), Dulbecco’s modified essential medium low glucose 

(DMEM-LG), anti human CD105, trypan blue and fetal bovine serum (FBS) used in cell culture 

were purchased from Invitrogen. L929 cells were obtained from DSMZ, Germany and WST-1 

Proliferation Kit from Roche. Carbon dioxide was obtained from Air Liquide with 99.998% 

purity. All materials and solvents were used as received without any further purification.  

2.3.1.2 Membrane preparation 

 Membranes were prepared in the apparatus previously presented in Figure 2.2.  In a typical 

procedure, the casting solution, normally 4% (w/wt) of polymer in acidified water (1% acetic 

acid) is loaded into a stainless steel cap (with a diameter of 68 mm and 1.5 mm height) and 

placed inside the high pressure vessel. The cell is then immersed in a visual thermostated water 

bath, heated by means of a controller (Hart Scientific, Model 2200) that maintains the 
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temperature within ±0.01 °C and a non-solvent flow is added until the desired pressure is 

reached, with an exact flow, using two Gilson piston pumps model 305 and 306. The non-solvent 

is a binary mixture of ethanol and CO2 with different compositions from 2.5% to 10% of ethanol. 

The ethanol addition mode to the non-solvent stream is a key parameter to control membrane 

morphology. Figure 2.17 presents two variants that were tested in this work: introduction of a co-

solvent (ethanol) in the non-solvent with variable composition (gradient mode) and with a 

constant composition (isocratic mode). 

 

 

 

 

 

Figure 2.17 - (a) Different operational modes that can be used to introduce the co-solvent (ethanol) in the 

non-solvent (CO2) stream. Hatched line-gradient mode; SEM pictures of chitosan membranes prepared (b1) 

isocratic mode and (b2) gradient mode.  

 

After reaching the normal operational pressure (20 MPa), the supercritical solution passes 

through a back pressure regulator (Jasco 880-81) which separates the CO2 from the acidified 

water used in the casting solution. The pressure inside the system is monitored with a pressure 

transducer (Setra Systems Inc., Model 204) with a precision of ± 100 Pa. 

All the experiments were performed at 20 MPa and 60ºC with a non-solvent (CO2+ Ethanol) flow 

of 4.9 g/min during 6 hours. After this time period, a pure CO2 flow is passed through the high 

pressure cell to remove the ethanol. At the end, the system is slowly depressurized during 10 

minutes and a thin homogeneous membrane is obtained. 

(b2)(a) (b1)

%
 

t0 t1 t2 
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2.3.1.3 Membrane characterization 

Membranes were characterized using scanning electron microscopy (SEM) in a Hitachi S-2400, 

with an accelerating voltage set to 15 kV. Then membrane samples were frozen and fractured in 

liquid nitrogen for cross-section analysis. All samples were coated with gold before analysis. The 

tensile properties of the membranes were tested with a tensile testing machine (MINIMAT firm-

ware v.3.1) at room temperature. The samples were cut into strips with 2x15 mm2. The length 

between the clamps was set at 5 mm and the speed of testing set to 0.1 mm/min. A full scale load 

of 20 N and maximum extension of 90 mm were used. Measurements were performed with dried 

membranes, as well as membranes soaked in PBS solution for 1 hour before testing. Load 

extension graphs were obtained during testing and converted to stress strain curves applying the 

following equations: 

Stress = σ = F/A           (1) 

Strain= ε = ∆l/L           (2) 

where F - applied force; A - cross sectional area; ∆l - change in length; L - length between 

clamps. 

The permeability to pure water was determined by measuring the water flux through the 

membranes using a 10 ml filtration unit (Amicon Corp., model 8010) with an effective area of 4.1 

cm2. All the experiments were carried out varying the applied hydrostatic pressure from 0 to 0.5 

MPa. At least three clean water flux measurements were performed for each membrane. 

The porosity of the membrane was determined by mercury porosimetry (micromeritics, autopore 

IV). 
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2.3.1.4 Membrane degradation studies  

The biodegradability of chitosan films in vitro was studied by degrading chitosan structures in 

lysozyme solution (Lys) [58] and PBS (pH=7.4).  After specific time intervals, the films were 

taken out from the solutions, washed with distilled water and freeze-dried.  The weight was 

measured before and after lyophilization. 

2.3.1.5 Drug loading 

Gentamicin was loaded into the chitosan membranes by co-dissolving it with the polymer in 

acidified water. Different amounts of drug, 40, 80 and 160 mggentamicin/gchitosan were used.  The 

membranes were prepared using 2.5 % (w/w) ethanol isocratic mode in the non-solvent.  

For the controlled release studies, a membrane portion, with approximately 3 cm2, was immersed 

in 25 ml of PBS solution (pH = 7.4), at 37ºC and 1 ml aliquots were withdrawn at predetermined 

time intervals. The samples were analysed by HPLC (Knauer Smartline Pump 1000 combined 

with a Low Pressure Gradient, autosampler and UV/Vis SmartLine 2500). To determine the 

amount of gentamicin, a derivatization procedure was applied according to the USP reference 

standards. Briefly, the o-phthalaldehyde (OPA) reagent was prepared by adding 1g of OPA to 5 

ml of methanol, and 95 ml of boric acid solution 0.4 mol/L, previously adjusted with 8 N sodium 

hydroxide to a pH of 10.4, and 2 ml of thioglycolic acid. The resulting solution was adjusted with 

8 N sodium hydroxide to a pH of 10.4. Samples were prepared by adding 1 ml of gentamicin 

solution, 0.5 ml of isopropyl alcohol and 0.4 ml of OPA reagent, mixing and adding isopropyl 

alcohol to obtain 2.5 ml of solution. The mixture was heated at 60ºC for 15 minutes. The mobile 

phase was prepared adding 700 ml of methanol, 250 ml of water, 50 ml of glacial acetic acid, 5 g 

of sodium 1-heptanesulfonate. A C18 column (Knauer) was used in isocratic conditions with a 

flow rate of 1.4 ml/min and a volume of injection 20 µl. Quantification was performed at 330 nm. 

The total mass of released drug was calculated taking into account the aliquots taken. 
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2.3.1.6 Cytotoxicity assay 

 Chitosan membranes were tested for cytotoxicity following the ISO 10993-5 guidelines. Briefly, 

triplicates of 1 cm2 membranes were placed in polystyrene tubes containing 3 ml of RPMI – 1640 

with 10% (v/v) of FBS and kept in an incubator (37ºC, 5% CO2, fully humidified) for 3 days. The 

liquid extracts were used to culture L929 mouse fibroblasts (initial density 80x103 cells/cm2) in 

24-well plates for 2 days. The cell metabolic activity was determined by analyzing the conversion 

of WST-1 (light red) to its formazan derivative (dark red – absorbance at 450 nm after a 2.5 hour 

incubation at 37ºC) using a WST-1 Cell proliferation kit. The results were normalized to the 

negative control for cytotoxicity (fresh RPMI medium) and compared to the positive control 

(0.01 M Phenol).  

In order to evaluate the effect of the direct interaction between chitosan membranes and L929 

cells, membranes were conditioned with RPMI medium (2 cm2/ml) overnight before cell seeding 

in 24 well-plates (6000 cells per well). At day 3 of culture, cells cultured on the membranes were 

stained with crystal violet and then observed under an inverted light-phase microscope 

(Olympus) in order to qualitatively evaluate the morphology, cell-to-cell contact and attachment. 

Briefly, cells were washed with PBS solution and then stained with crystal violet (0.5% (w/v) in 

methanol) for 30 minutes, washed three times with PBS solution and then observed.  

2.3.1.7 Mesenchymal stem cell cultures 

Heparinized human bone marrow (BM) was obtained from healthy donors after informed 

consent. BM mesenchymal stem cells (MSC) were isolated as previously described [59] and kept 

cryopreserved in liquid nitrogen until further use. Passage 3 MSC (negative for the hematopoietic 

markers CD14, CD34, CD45 and over 90% positive for CD73, CD90 and CD105, assessed by 

flow cytometry) were seeded on top of chitosan membranes (2.5% ethanol, isocratic mode Figure 
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2.18–a), previously conditioned overnight at 37ºC with DMEM-LG supplemented with 10% FBS 

(MSC qualified), at a cell density of 3000 cells/cm2 using 24-well plates (in triplicate). Medium 

was replaced twice a week within the 2-week culture period. At days 7 and 15, cells were 

harvested with 0.5 ml accutaseTM, counted and characterized in terms of cell viability using the 

trypan blue exclusion dye test under the inverted light-phase microscope. A control condition 

without membranes was also performed by culturing cells on traditionally used tissue culture 

wells made of polystyrene. 

In order to evaluate the phenotype of the cells cultured on the chitosan membranes, an anti-

human CD105 monoclonal antibody was used, with an appropriate anti-IgG isotype control. At 

each time point, cells were stained with anti-CD105 and analyzed in a FACScalibur equipment 

(Becton Dickinson). In addition, cells were characterized in terms of clonogenic ability by 

performing colony forming-unit fibroblast (CFU-F) assays. At day 0 and 7, cells were plated at a 

density of 10 cells/cm2 in T-25 flasks (250 cells per flask) and cultured for 2 weeks, without 

medium replenishment. They were then stained with crystal violet (0.5% w/v in methanol) for 30 

minutes, washed three times with PBS solution and observed under the microscope. Only 

colonies with more than 50 cells were considered. 

2.3.2 Results and Discussion 

2.3.2.1 Beads/membranes production 

In this study a new strategy was proposed to produce porous chitosan structures (membranes and 

particles) using supercritical carbon dioxide (scCO2) processing. The production of porous 

structures using a CO2-assisted phase inversion method has some requirements. The first one is 

the solubilization of the polymer in a solvent and secondly the solubility of this solvent in scCO2 

that will act has a non-solvent and will induce the precipitation of the polymer. The widespread 
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use of scCO2 to process non-modified chitosan is limited due to the fact that this polymer is only 

soluble in acidified water which is a solvent with very little affinity/solubility in scCO2. To 

overcome this limitation it was necessary to use an entrainer (ethanol) in the supercritical fluid to 

increase the mutual affinity between solvent and non-solvent. The group of solvents used in this 

work (carbon dioxide, water and ethanol) are three of a short (and ever-diminishing) group of 

solvents that may be used without restrictions and for this reason ideal for the generation of 

porous structures. Reverchon and co-workers have used a similar approach, ethanol expanded by 

scCO2, to prepare poly (vinyl alcohol) membranes [60]. In this work the amount of ethanol was 

minimized in order to maximize the advantages of using supercritical fluid technology. 

In a previous section focusing membrane production using scCO2 processing we observed that 

the affinity between solvent and non-solvent was a key-parameter to modulate the morphology of 

the membrane in terms of pore size distribution and also interconnectivity. As the mutual affinity 

between solvent and scCO2 decreases, the membrane porosity and the average pore size 

increases. The ‘tunable’ solvent power of the supercritical fluid, owing to its variable solvent 

density (dependent on pressure and temperature) and viscosity, is an important advantage when 

compared to traditional solvents. In this particular case, the mutual affinity between the solvent 

and non-solvent is very low since water and CO2 are from two completely different natures. To 

overcome this drawback, a co-solvent or entrainer was added to the non-solvent following an 

isocratic or a gradient mode (Figure 2.14 a). The introduction of the co-solvent is crucial to 

control the morphology, as it is shown in Figure 2.14  (b1 and b2), where the comparison of the 

two SEM images clearly shows the differences observed when changing from gradient to 

isocratic mode. When the gradient mode was used (Figure 2.17 - b2) starting from 5% ethanol at t 

= 0 min and ending with 0% ethanol at t = 300 min, membranes with large pores were obtained; 
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however, when the co-solvent composition remained constant the pore size diameter decreased. 

Similar results were observed by changing the ethanol composition from 2.5% to 10% (Figure 

2.18). When the ethanol ratio reaches a certain level, particle agglomerates were obtained (Figure 

2.18b), highlighting the broad potential of this technology.  

 

Figure 2.18 - SEM pictures of the membranes cross section prepared with different co-solvent compositions: 

a1) – 2.5% isocratic; a2) – 2.5% gradient; b1) – 10% isocratic; b2) – 10 % gradient. 

 

Overall, the CO2 induced phase inversion technique can create porous structures in a membrane 

shape, but also particle agglomerates or beads with interesting potential applications. Membranes 

produced by isocratic and gradient mode exhibited structures with low porosity, 40 to 30% 

respectively, while particle agglomerates present higher levels of porosity around 65-50%. The 

decrease in porosity from isocratic versus gradient mode can be attributed to the different 

morphologies that were obtained. The ethanol composition in the non-solvent stream and 
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operational mode used, isocratic or gradient, and the resulting morphology and water 

permeability of different chitosan structures are summarized in Table 2.8.  

Table 2.8 - Influence of nonsolvent composition in devices morphology and water permeability. 

% (wt ethanol/ wt Total) Mode  Morphology 
Water flux 

(L/(m2.h.bar)) 

2.5 Isocratic Porous membrane 1.02 ± 0.19 

2.5 Linear gradient Porous membrane 0.18 ± 0.01 

5 Isocratic Porous membrane 0.42 ± 0.03 

5 Linear gradient Porous membrane 0.39 ± 0.05 

10 Isocratic Particle agglomerates N/A 

10 Linear gradient Particle agglomerates N/A 

 

Clearly, permeability through a porous material is an important parameter for its function, 

particularly considering the operation of a polymeric membrane under dynamic conditions. Fluid 

flow through the membranes decreased when the addition mode of ethanol changed from 

isocratic to gradient, in agreement with the relative membrane porosities. These structural 

differences are related with the thermodynamics and kinetics of the phase-inversion process. The 

richness of the solvent-non-solvent interactions and operational conditions that can be selected to 

control for the solubilization or precipitation of polymer structures is represented in a simplified 

hypothetical quasi-ternary phase diagram for the system Polymer – Solvent – Non-solvent (see 

Figure 2.19 and its caption). All possible composition combinations of the components can be 

plotted in a triangle. The corners represent each intervenient: i) the polymer – chitosan; ii) the 

solvent – acidified water and iii) the non-solvent – (scCO2 + ethanol); the axes represent the three 

pseudo-binary systems and a point in the triangle is the overall mixture. In the liquid + fluid 

region a primary envelope (binodal curve) and a secondary envelope (spinodal curve) enclose 
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demixing boundary. Both curves coincide at the critical point and the region between them 

corresponds to a metastable state. The phase diagram is pressure and temperature dependent. 

 

Figure 2.19 - Hypothetical ternary phase diagram for the system Polymer – Solvent – Non-solvent. a) 

Composition paths that can occur during membrane formation; b) Possible structure formation in the 

different paths of the gelation/vitrification region and liquid-liquid demixing gap: dense structure formation 

(1), nucleation and growth of droplets of the polymer lean phase with further solidification of the polymer-

rich phase, leading to a cellular structure (2), bicontinuous morphology due to spinodal decomposition (3) 

microparticles due to nucleation and growth of droplets of the polymer-rich phase, followed by solidification 

of the polymer-rich phase (4). 

 

As far as liquid – liquid demixing of polymer solutions is concerned, two different mechanisms 

have to be considered: nucleation/growth and spinodal decomposition [61]. The type of structures 

obtained and pore dimension depend on the path followed through the ternary diagram [62, 63]. 

Nucleation and growth (usually a slow process) is the expected mechanism when a system leaves 



Production of porous structures 

 

81 

the thermodynamically stable condition and slowly enters the metastable region (region between 

the spinodal and the binodal) and can be represented in the ternary diagrams by the two 

distinguished paths (4 and 2) (please refer to Figure 2.19. Path (4) – when demixing is started 

somewhere below the gas-liquid critical point – nucleation and growth of concentrated phase 

(polymer-rich phase) occurs followed by solidification of the polymer-rich phase. Therefore, low-

integrity powdery agglomerates (beads like structure) would be produced as it is exemplified in 

Figure 2.18b where chitosan powder agglomerates can be observed.  

Considering Path (2) – ternary polymer solution becomes metastable; nucleation and growth of 

droplets of the polymer lean phase occurs with further solidification of the polymer-rich phase, 

leading to a cellular structure. The former pathway originates porous structures while the latter 

one results in a porous solid matrix as it is exemplified in Figure 2.18a. 

The second mechanism, much less considered in literature, is spinodal decomposition that takes 

place in a fast quench into the two phase region limited by the spinodal curve or even in a slower 

transition crossing the metastable region near the critical point. In this case, phase separation 

initiates with concentration fluctuations of increasing amplitude, giving rise to two continuous 

phases (Path 3). An example of this type of membranes was presented by Reverchon and co-

workers [64] who prepared cellulose acetate membranes using a supercritical fluid assisted 

process. Finally, it is also possible to obtain a membrane when polymer molecules solidify by 

gelation or crystallization giving rise to the formation of dense structures (Path 1).  

Chitosan devices were characterized in terms of mechanical properties and biodegradability. 

Tensile tests provide an indication of the strength and elasticity of the membranes which are 

important considering their potential applications; for instance, it is suggested that films suitable 
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for wound dressing should be preferably strong, though flexible [65]. Figure 2.20 presents the 

stress-strain curves under dry and wet conditions.  

 

 

Figure 2.20 - Stress-strain curves for chitosan membranes under a) dry conditions and b) wet conditions 

(soaked in PBS for 1 h). 

Under dry conditions (Figure 2.20a) films revealed an elastic behavior for 8% strain and after this 

value the stress exceeds a critical value, undergoing plastic, or irreversible, deformation. 

Membranes prepared with gradient mode exhibited a very high stress break (50-70MPa, for 2.5% 

and 5% ethanol respectively) in accordance with literature values [66, 67] while the ones that 

were produced with isocratic mode 2.5% and 5% revealed the ability to undergo a longer 

elongation at the break, probably due to their higher porosity.  Under wet conditions (Figure 
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2.20b) membranes revealed an exclusive elastic behavior with appreciably different stress-strain 

behavior relative to the dry samples with higher elongation values (50-75%) and a lower break 

stresses (8-16 MPa) also in agreement with the data from literature [66, 67]. The different 

mechanical properties allow us to conclude that CO2-assisted phase inversion is able to prepare 

membranes with a wide range of tensile properties. 

In the human body, chitosan is mainly degraded by lysozyme and its in vitro biodegradability is 

generally investigated by using a lysozyme containing PBS solution (LysS) [58]. Our results in 

Figure 2.21 show that the supercritical processed devices have different degradation profiles 

when immersed in LysS or in PBS solution.  
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Figure 2.21 - Degradation of the different chitosan porous structures. (a) Lysozyme solution and (b) 

Phosphate buffer solution. 

 

Analyzing Figure 2.21a we can observe that after 10 days membranes kept 95% of its initial 

weight, while for the particle agglomerates there was a loss of 30%. The higher porosity of the 

latter structures facilitates enzyme access to chitosan. Longer immersion periods lead to faster 

degradation rate of membranes prepared with 5% ethanol (isocratic mode) and 10% ethanol 

(either isocratic or gradient mode), and after 20 days of immersion, all these devices had lost 
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approximately 50% of its initial weight. However, the ones produced with 2.5% ethanol kept 

more than 90% of their initial weight. In terms of immersion in PBS (Figure 2.21b), after a 10 

days period, it is possible to observe a negligible loss of weight for the structures that were 

prepared by the CO2 assisted phase inversion method contrary to the membrane that was prepared 

by evaporation, that shows a completely loss of weight after a 3 days immersion. Chitosan 

membranes prepared with 2.5% ethanol, either following isocratic or gradient mode kept more 

than 95% of their weight even after a 20 days immersion period but other chitosan structures 

degraded faster, loosing 30 to 50% of its weight after the same time period. Usually chitosan 

dissolution of scaffolds or membranes is prevented by rehydrating samples in either diluted 

NaOH, or in an ethanol series. In our methodology, scCO2 is able to remove the acetic acid 

vestiges and prepare structures without additional post-treatment processes avoiding some of the 

disadvantages of the post-treatments: for instance, scaffolds hydrated in NaOH exhibited some 

shrinkage and distortion, probably caused by base-induced changes in crystallinity and associated 

structural stresses [68]. Another possibility is the use of reticulation procedures, but since 

crosslinking agents are usually toxic compounds that might detrimentally affect bioactive 

substances or cells attached to the surface of the material [69], therefore these were avoided in 

this work. 

2.3.2.2 Drug release devices 

Apart from their biological activity, one of the more important properties of polysaccharides, in 

general, is their ability to form hydrogels and their application as drug release devices. ScCO2 has 

the potential to be an excellent environment to form controlled release systems [70]. In this work, 

gentamicin was used as a model drug, being incorporated into the membrane by bulk loading in 

the casting solution. The membrane prepared with 2.5% ethanol isocratic mode was selected for 
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these particular studies due to the relative high porosity and water permeability. The mechanical 

properties, specially the high elasticity of this particular membrane type, were also an important 

feature for this particular choice.   

Figure 2.22 shows the release profiles exhibited by membranes loaded with different amounts of 

gentamicin. Three different loadings were introduced in the casting solution. After membrane 

preparation the release profiles were determined using membrane areas of approximately 3 cm2. 

The total amount of drug released was proportional to the amount of drug initially dissolved with 

the polymer into the casting solution which allows us to confirm that the amount of drug released 

can be easily controlled by the amount of drug that it is loaded.  

 

Figure 2.22 - In vitro drug release profiles for chitosan membranes loaded with 40, 80 and 160 mg gentamicin 

/gchitosan 

 

Membranes prepared with 40 and 80 mggentamicin/gchitosan released 90% of its gentamicin in PBS at 

37ºC in 25 min with a total dosage of 329 and 630  µg/cm2 respectively, while the membrane 

loaded with 160 mggentamicin/gchitosan displayed the 90% release in only 7 minutes. These profile 

features are due to the nonexistence of a crosslinking procedure with a reticulation agent (e.g. 

glutaraldehyde). Indeed, when Thacharodi and co-workers [71] reported the preparation of 
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chitosan membranes and their use has as transdermal delivery system for nifedipine, they 

observed higher rates in the membranes that were not crosslinked and attributed this to the higher 

permeability of this type of membranes. These results might be explained by the inexistence of 

chemical bonds between the drug and the polymer and the prevalence physical interactions as 

reported by Reverchon and co-workers [72]. Another possible explanation is the high swelling 

degree of these membranes, around 260% ((weight after 24 hour immersion– dried weight) / 

dried weight*100) in aqueous physiological conditions which makes the drug highly accessible 

and fasten released. ScCO2 process was able to efficiently prepare an implantable membrane 

incorporating a small antibiotic molecule, gentamicin, with a broad dosage range (up to 160 

mggentamicin/g chitosan) within a 3D stable and controlled morphologic matrix. However, 160 

mggentamicin/g chitosan is by no means an upper limit, as incorporation in the bulk solution is only 

limited by the chitosan and gentamicin solubilities in the acidified water. 

2.3.2.3 Cytotoxicity Assay  

The use of biomaterials in the settings of tissue engineering and regenerative medicine requires a 

cytotoxicity evaluation to test cell responses when interacting with the material. Chitosan 

membranes prepared using different ethanol concentrations - isocratic mode (2.5, 5 and 10% - 

Figure 2.17b2,  2.16a1 and 2.16b1) were tested.  
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Figure 2.23 - Representative images of L929 fibroblast cells cultured on chitosan membranes (2.5% isocratic) 

(a) and polystyrene control (b) after 3 days in culture, presenting their characteristic morphology. (c) 

Cytotoxicity tests of the chitosan membranes following the ISO standards for biomaterials. Negative control: 

tissue culture plate control (polystyrene); Positive control: 0.01 M phenol. 

 

In Figure 2.23a and b it is possible to observe that cells cultured on chitosan membranes 

presented their characteristic fibroblastic morphology. Figure 2.23c presents the metabolic 

activity of the L929 cells (normalized to control) after 48 hours of culture with medium extracts 

of the different structures. No cytotoxic effect was observed for any of the chitosan membranes 

prepared, when compared to commonly used tissue culture grade polystyrene (negative control). 

These results are in agreement with previously reported data attesting the non cytotoxicity of 

chitosan-based materials [73]. Therefore, the non-cytotoxicity of chitosan membranes enables 

their potential use as scaffolds to sustain human stem cell adhesion and proliferation in vitro. 



Production of porous structures 

 

89 

2.3.2.4 MSC adhesion and proliferation 

 Although MSC have been studied for more than 20 years, only recently their true potential for 

clinical use is being explored. The use of MSC in Cellular Therapy, taking advantage of their 

trophic and immunoregulatory activities is now considered a practical procedure in the clinical 

field with promising results, whereas tissue engineering approaches using MSC as starting cell 

source for their controlled differentiation to form bone and cartilage stands at a research level 

[74]. Therefore, it is of great interest to have a suitable material that would allow successful MSC 

expansion in vitro to obtain clinically relevant numbers. 

 

 

Figure 2.24 - Output of MSC culture on chitosan membranes (2.5% isocratic) in terms of fold increase in total 

cell number (a) and CD105 expression (%) (b) in comparison to cells cultured on tissue culture plate control 

(polystyrene). 

 

Results presented in Figure 2.24a) indicate that 2.5% ethanol (isocratic mode) chitosan 

membranes allowed successful MSC adhesion and proliferation, similar to the control condition 

during the 2-week culture period (9 versus. 6-fold increase at day 15). Due to limited cell 

numbers, immunophenotypic analyses at day 7 and 15 were performed only for CD105 
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expression. Expanded cells maintained their characteristic immunophenotype, with over 85% 

positive cells for CD105. CD105 (endoglin) is typically expressed by endothelial and 

hematopoietic cells [75] but also by MSC, which are consistently negative for endothelial and 

hematopoietic markers [74]. Endoglin contains the three peptide motif Arg-Gly-Asp (RGD) in its 

extracellular domain which is associated with the extracellular matrix protein fibronectin. The 

slight decrease observed in the expression of CD105 by cells cultured on chitosan membranes 

compared to control condition (86 versus 98%) might be due to the need to expose cells attached 

to the membranes to a longer period with the enzymatic agent (accutase) in order to harvest the 

cells (2 cycles of 10 minutes incubation at 37ºC were needed). It was previously reported that a 

prolonged exposure of cells to proteases is potentially harmful and/or might damage surface cell 

receptors, namely by decreasing the number of functional integrins available [76]. Ongoing 

studies testing a range of different scaffolds impregnated/coated with chemomechanical 

polymers, e.g. poly(N-isopropylacrylamide), to acquire direct response to pH levels or 

temperature changes are being performed. In particular, the incorporation of a thermoresponsive 

polymer in the scaffold should provide other possibilities such as controlling cell 

adhesion/detachment, facilitating cell harvesting upon cell expansion in vitro [77]. 

The clonogenic potential of the cultured cells as assessed by the CFU-F assay at day 7 showed  

37 and 43 colonies respectively for the chitosan expanded cells and control expanded cells.  

Overall, it is envisaged that chitosan membranes might represent suitable structures to support 

MSC expansion in vitro. 

2.3.3 Conclusions 

In summary, we were able to make stable and sterile chitosan porous devices with controlled 

morphology using the more sustainable supercritical carbon dioxide induced phase-inversion 

process. The results here obtained showed that by changing process conditions we can modulate 
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cell size and membranes morphology from porous membranes to highly porous microparticles 

and decrease degradation rates of chitosan-based structures in vitro physiological conditions by 

processing them with scCO2. We also used the new process to incorporate therapeutic quantities 

of gentamicin into the 3D structures. The methodology described in these studies provide a 

starting point for the design and production of polymeric molded scaffolds, that will be able to 

incorporate other biologically active molecules such as adhesion molecules and growth factors. 

We have demonstrated that the supercritical CO2-induced phase inversion technique can be 

harnessed in the field of solid-state porous biomedical materials to make different chitosan 

devices with a potential to be used as drug delivery systems and scaffolds to sustain in vitro cell 

adhesion and proliferation for possible applications in tissue engineering and regenerative 

medicine. In particular, we envisage the future use of these stable and sterile, ready-to-use, 

porous chitosan devices, with defined morphology and pore size, as scaffolds for expansion of 

human stem cells in vitro under highly controlled culture conditions [56, 57].  
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3. "Green" preparation of smart polymers 

In this chapter one of the most studied polymer families were hydrogels, widely used in the 

biomedical field due to their tuneable chemical and three-dimensional physical structure, 

biocompatibility properties and possibility to respond to changes in surrounding conditions, such 

as pH, temperature, ionic strength, and electric field. Special emphasis was applied to 

temperature and pH sensitive polymers. 

3.1 Poly(N-Isopropylacrylamide) 

Poly(N-isopropylacrylamide), PNIPAAm, is a thermoresponsive hydrogel that has a low critical 

solution temperature (LCST), around 32 ºC in an aqueous solution [1, 2], close to body 

temperature. It dissolves in water below the LCST and precipitates from the aqueous solution 

above the LCST due to the disruption of hydrogen bonding with water and the increasing 

hydrophobic interactions among isopropyl groups. Due to this unique property, PNIPAAm gels 

have been widely used in biomedical fields, for example, as matrices in protein-ligand 

recognition, in drug controlled release, in enzyme and cell immobilization and in artificial organs 

/ cell sheet technology [3, 4, 5, 6, 7, 8]. 

The preparation of hydrogels from soluble polymers requires typically a cross-linking procedure 

that will allow the system to swell water without compromising the integrity of the material. N,N-

methylenebisacrylamide (MBAM) is the cross-linking agent normally used to prepare 

PNIPAAm-based hydrogels. The synthesis of PolyNIPAM using this cross-linker was first 

reported by Pelton and Chibante in 1986 [9] and since then many publications describing the 

preparation, characterization and application of temperature-sensitive hydrogels have been 

reported in literature [10, 11, 12, 13, 14].  
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During the last years, an effort has been made to modify and improve the properties of 

PNIPAAm hydrogels. In many attempts the strategies involve the use of organic solvents or toxic 

additives, which should be then recovered and recycled [15, 16]. In this section we report the 

precipitation polymerization of PNIPAAm in supercritical carbon dioxide (scCO2). Our scCO2-

assisted method to produce PNIPAAm hydrogels present an enormous advantage when compared 

with conventional polymerization since there is no need of an intensive drying action before 

further processing or characterization steps. 

The use of scCO2 as a polymerization medium offers many advantages over conventional 

solvents: CO2 is nontoxic, non-flammable, inexpensive and readily available in high purity from 

a variety of sources [17, 18]. Since it is a gas at normal pressure by simply reducing the pressure 

of the system, it is possible to easily separate the solvent from the polymer, leading to highly pure 

materials [19] ideal for medical applications. 

The synthesis of other acrylamides in scCO2 is already reported in literature [20]. These polymer 

syntheses are normally performed in the presence of highly expensive surfactants to emulsify the 

insoluble monomer in scCO2. In our case as the monomer is highly soluble in scCO2 the 

polymerization could be realized without any surfactants.  

Chitosan, as mentioned in the previous chapter, is a well known natural polymer that is 

biodegradable, biocompatible and non-toxic [21, 22, 23] with possible applications in the medical 

field, including dialysis membranes, contact lenses, antitumor uses, drug delivery controlled-

release systems and tissue engineering.  

The production of smart partially-biodegradable scaffolds for tissue engineering applications 

combining the thermoresponsive properties of PNIPAAm, the biocompatible properties of 

chitosan with the green aspects of polymerizations in scCO2 is a desired goal.  
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In this work it is presented a new strategy for the polymerization of PNIPAAm that provides new 

possibilities for the impregnation/coating of these hydrogel in porous structures (membranes and 

scaffolds). 

3.1.1 Experimental 

3.1.1.1 Materials 

N-isopropylacrylamide (NIPAAm, 97% purity), N,N-methylenebisacrylamide (MBAm, purity ≥ 

98 %), chitosan (∼85% deacetylated, medium molecular weight) and 2,2`-azobis 

(isobutyronitrile) (AIBN, 98% purity) were purchased from Sigma-Aldrich and used without 

further purification. 

Carbon dioxide was obtained from Air Liquide with 99.998 % purity.  

 

3.1.1.2 Preparation of PNIPAAm hydrogels 

Polymerisation reactions were carried out in a high-pressure apparatus already described 

elsewhere [19] and schematically presented in Figure 3.1. 
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Figure 3.1 - Schematic representation of the apparatus used in the polymerisation reactions. 1- nitrogen 

cylinder; 2-gas regulator; 3-rupture disc; 4- high-pressure manometer; 5- check-valve; 6- line filter; 7-water 

bath; 8-immersible stirrer; 9-high pressure cell 

 

In a typical procedure monomer, cross-linking agent (if included), and initiator (2 wt%) are 

loaded into the high-pressure cell then sealed and nitrogen is added to purge the cell and test 

leaks. The nitrogen is slowly released and liquid carbon dioxide is loaded into the cell using a 

high-pressure compressor. The cell is immersed in the water bath and temperature and pressure 

are allowed to rise to the required experimental conditions. Additional CO2 may be added to 

reach the exact desired pressure. The reaction was allowed to proceed for 24 hours under stirring. 

 

Scheme 1 



 "Green" preparation of smart polymers 

105 

 

Table 3.1 - Effect of cross-linker ratio on the PNIPAAm polymerization in scCO2. 

a weight of MBAM/Total weight (NIPAAm, AIBN, MBAM) 

 

The reactions were performed at 65ºC and 20 MPa, according to scheme 1. At these experimental 

conditions we have a homogeneous phase with all the reactants completely soluble in the 

supercritical medium. Different concentrations of cross-linker were tested as summarized in 

Table 3.1. Two hours after the beginning of the reaction the mixture turned yellow, then soft 

orange (Tyndall effect) and within few minutes white particles of polymer started to precipitate. 

The reaction was then stopped and the resulting polymer was washed with fresh high-pressure 

CO2 (65ºC, 20 MPa for one hour) in order to extract the remaining residues of unreacted 

monomer and cross-linker. When cross-linker was added the polymers were conformed closely to 

the interior of the reaction vessel as a dry, white polymer with a soft consistence.  No significant 

shrinkage was observed upon venting the CO2. When no cross-linker was used the polymer 

precipitated at the bottom of the cell as a fluffy, dry, white, free flowing powder. 

3.1.1.3 Structural/Morphological Analysis 

The synthesized polymers were analysed by Nuclear Magnetic Resonance (NMR) and Matrix 

Assisted Laser Desorption /Ionization- Time Of Flight Mass Spectrometry (MALDI-TOF MS). 

NMR spectra were performed in a Bruker equipment (ARX 400 MHz), using deuterated 

Entry wt% MBAM a Yield (%) 
LCST 
(ºC) 

∆H 
(J.g-1) 

Surface area 
m2/g 

Polymer 
morphology 

1 0.0 74.7 33.3 51 6.1 Highly 

2 1.2 89.6 31.7 37 10.6 Defined particles 

3 2.4 86.9 30.5 16 14.3 Defined particles 

4 4.5 94.6 30.7 10.3 17.3 Defined particles 
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chloroform (CDCl3) as solvent and internal reference. MALDI-TOF MS was used to obtain the 

molecular weight and it was performed in a AUTOFLEX Bruker using Dithranol (1,8,9-

anthracenetriol) as matrix. Polymer yield was determined gravimetrically. 

Differential scanning calorimetry (DSC) was applied to investigate the thermal features. The 

LCST of the hydrogel samples was determined in a PerkinElmer DSC 7. The thermal analyses 

were performed from 15 to 40 °C at 3 oC/min under a dry nitrogen atmosphere (flow rate = 20 

ml/min). Calibration for the temperature and energy scale was carried out using a pure indium 

standard. 

Specific surface areas of the networks were determined by adsorption of N2 according to the BET 

method. An accelerated surface area and porosimetry system (ASAP 2010 MICROMERITICS) 

was used under nitrogen flow. 

The morphology of hydrogel particles was also evaluated using Scanning Electron Microscopy 

(SEM) in a Hitachi S-2400, with an accelerating voltage set to 15 kV. Particles size diameters 

and porosity were obtained by image analysis using SigmaScan Pro (Systat Software Inc.). 

EasyFit (MathWave Technologies) software was used to fit statistical distributions to our data 

(Weibull, Lognormal) and perform the Kolmogorov – Smirnov and Anderson – Darling tests to 

select the more adequate distribution function to each system under study24. 

 

3.1.1.4 Swelling measurements  

Equilibrium hydration or swelling degree (W,%) of  synthesized samples was determined as 

defined by equation 1: 

     (1) 
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where Wd is the weight of the dried polymer sample and Wt is the weight after 24 hours of 

immersion.  

3.1.1.5 In situ polymerization inside Chitosan Scaffolds 

PNIPAAm was synthesized inside chitosan scaffolds using scCO2 assisted polymerizations in 

order to investigate the feasibility of this technology to produce smart partially-biodegradable 

matrices for tissue engineering applications. 

Chitosan scaffolds were previously prepared by dissolving medium molecular weight chitosan in 

0.2 M acetic acid solution at a concentration of 3 wt%. The solution was then placed in 

cylindrical silicon moulds, freezed at -80 ºC and lyophilized (Telstar-Cryodos-80, Spain) up to 4 

days to complete remove the frozen solvent. Then, the scaffolds were neutralized using a 0.1 M 

NaOH solution and freeze-dried again. 

For the in situ polymerization of PNIPAAm, scaffolds and reactants were placed inside the high 

pressure vessel and scCO2 was used as carrier of the monomer/initiator/cross-linker into the 

porous structures as well as reaction medium. The reaction was performed in the same conditions 

that were tested in the preparation of PNIPPAAm hydrogels. 

 

3.1.2 Results and discussion 

In the absence of cross-linking agent, the precipitation polymerization of PNIPAAm in scCO2 

resulted in a low molecular weight polymers (Mw = 660) with 75% yield (entry 1 in Table 3.1). 

Figure 3.2 shows the NMR and MALDI-TOF MS spectra of PNIPAAm synthesised without 

cross-linker.  
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Figure 3.2- Characterization of the PNIPAAm hydrogel polymerized without cross-linker a) 1H NMR in 

CDCl3 b) MALDI-TOF MS spectrum. 

 

NMR spectrum confirms the structure of PNIPAAm as well as its high purity after the efficient 

high-pressure CO2 washing step at the end of the reaction. The NMR and MALDI-TOF MS 

spectra of the cross-linked synthesized polymers were not used in the discussion due to the low 

solubility of these hydrogels in the solvents generally used in these techniques, such as 

chloroform, hexane, acetone and water. By increasing the cross-linker concentration from 1 to 5 

%, the yield increased up to 95 % (entries 2 to 4 in Table 3.1). This trend might be due to the 

ability of the cross-linker MBAM to enhance the solubility of the growing polymer in scCO2 

leading to higher yields. Cooper et al. observed a similar behavior in the synthesis of cross-linked 

polystyrene in scCO2 [25 ].  
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Figure 3.3- Scanning electron microscopy images of the hydrogels prepared in different conditions. Samples: 

a) 0 wt% MBAM, b) 1.2 wt% MBAM, c) 2.4 wt% MBAM, d) 4.5 wt% MBAM. 

 

In precipitation polymerization, [26,26,27] both monomer and initiator are soluble in the 

continuous phase but as the polymer grows the insoluble polymer chains precipitate and the 

particles tend to group forming an undefined, agglomerated powder. By increasing the 

concentration of cross-linker the number of nuclei generated in the reaction increases thus 

reducing the particle size diameter. Even a small increase of cross-linker (from 1 to 5%) leads to 

a significant decrease of the particle diameters (from 2.7 to 2.1 µm). PNIPAAm synthesized 

without cross-linker showed larger particles (5.4 µm), although quite agglomerated (Figure 3.3a), 

while when cross-linker was added the particle diameters were significantly reduced (2.1 µm). 

This trend can be clearly observed by comparing SEM images from Figure 3.3 and particle size 

distributions from Figure 3.6. The small variation in cross-linker concentration explains the 
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visual similarity between Figure 3.3 b, c and d. All samples show some agglomeration which is 

typical in a precipitation polymerization without the use of a stabiliser. Usually higher cross-

linking degree results in less agglomerated polymers since particles are stabilised against 

coagulation by their cross-linked surfaces rather than by added stabilizers [26]. This trend is also 

easily observed in our work. As it can be seen in Figure 3.3 the sample synthesised in absence of 

cross-linker shows a higher degree of agglomeration when compared with the cross-linked 

samples. It is expected that the morphology of the materials, and their corresponding properties, 

could be tailored by changing the processing conditions, which makes this strategy a versatile 

way for preparing thermoresponsive gels. 

 

Figure 3.4- DSC thermograms of the hydrogels prepared. 1- 0 wt% MBAM; 2- 1.2 wt% MBAM; 3- 2.4 wt% 

MBAM; 4- 4.5 wt% MBAM. 

 

Figure 3.4 shows the DSC thermograms of each sample, which were previously soaked in 

distilled water for 24 h. An endothermic peak is clearly observed around 32 ºC, resulting from the 

cleavage of the hydrogen bonds between –NH and –C=O groups of PNIPAAm chains and the 
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surrounding water molecules. The values of the peak temperature (defined as LCST) and 

endothermic enthalpies (∆H) are shown in Table 3.1. For the first three formulations a continuous 

decreasing in the LCST is observed. We can then conclude that the cross-linking influences the 

phase behaviour of PNIPAAm. The strong variation in the enthalpy clearly suggests that cross-

linking highly suppress the thermoresponsive intensity of such hydrogels, as the cross-linking 

regions will not participate in this event, and may even repress its occurrence. It should be 

remarked that for linear polymers (without cross-linker) the enthalpy obtained is of the same 

order of previously results [1], where values of 6.3 kJ/mol (55.8 J/g) were reported for PNIPPAm 

with different molecular weight distributions, and recognized to be typical for hydrogen bond 

interactions. 

 

Figure 3.5- Equilibrium swelling at 37ºC and 25ºC for PNIPAAm hydrogels. 2- 1.2 wt% MBAM; 3- 2.4 wt% 

MBAM; 4- 4.5 wt% MBAM 

 

The swelling degree of a thermoresponsive hydrogel is an important property to be characterised 

because it will determine properties such as the absorption and diffusion of solutes through the 
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hydrogel, mechanical properties under wet conditions and water uptake capability. Figure 3.5 

shows the swelling behaviour, at 25ºC and 37ºC, of the PNIPAAm samples produced in scCO2. 

In the swelling process, the water molecules penetrate the dry hydrogel, wetting the polymer 

chains. They are weakly adsorbed on the hydrophilic polymer chains or are connected with 

hydrogen bonds to each other, being trapped in the hydrophilic polymer matrices. All of these 

interactions lead the hydrogel to swell well at a temperature lower than the LCST. In 

temperatures above the LCST, this balance is disturbed, and the interactions among the 

hydrophobic groups begin to play a dominant role, and so the polymer chains aggregate together. 

As a result, the entrapped water is squeezed out. In our case 300-700% w/w differences were 

observed which indicates that water is entrapped inside the gel network via hydrogen bonds and 

influenced by the LCST. In all samples the differences in swelling for the two temperatures 

analysed are statistically significant with 95% confidence. The differences observed for the 

different samples are due to the influence of the cross-linker in the morphology of the hydrogels. 

As suggested by the DSC results, with increasing of the cross-linking degree, the effect of 

temperature in the water up-take should be smaller, being consistent with the data of Figure 3.5.  

The average particle size, the particle size distribution, and the porosity are also important factors 

in solute permeation into and out of a hydrogel. The porosity of all the hydrogels produced in this 

work where essentially the same, around 40% even though they present quite different particles 

diameters and surface areas. 
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Figure 3.6- Particle size distributions of the different samples.   

 

The surface areas obtained by multipoint BET method (type II) are collected on Table 3.1. 

According to the isotherms analysis there is an hysteresis (H3 type) confirming an agglomerated 

material with slit-pores. These areas are in agreement with the particle size distribution presented 

in Figure 3.6. The hydrogel synthesized without cross-linker has the highest mean diameter (entry 

1 in Table 3.1), and presents the smallest surface area per gram. The particles of the hydrogels 

produced with different amounts of cross-linker show smaller mean diameters. There is a clear 

trend between the hydrogels cross-linking and surface area/particles sizes. By increasing the 

cross-linker concentration a decrease of particles size diameters, as well as an increase of their 

specific surface areas are observed. This behaviour was already observed by other authors in 

conventional polymerization [28]. 
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Figure 3.7- SEM pictures of PNIPAAm hydrogel impregnated in a chitosan scaffold. 

 

This work demonstrates the feasibility for synthesizing thermoresponsive polymers and 

hydrogels in a scCO2 environment. It would be interesting to extend this strategy towards the 

surface modification or impregnation of previously prepared polymeric systems with a 

thermoresponsive polymer. This could help in preparing novel smart films, membranes or porous 

bulky devices with surface properties that could change with temperature. The implementation of 

such strategy was tested in this work, where PNIPAAm was impregnated in situ within a 

biodegradable porous structure, made of chitosan, using supercritical fluid technology. 

Biodegradable foams can be used, for example, in tissue engineering applications where it is 

required an adequate non-permanent support for cell adhesion and proliferation prior 

implantation in a regenerative medicine context [29, 30, 31]; porous biocompatible and 

biodegradable polymers have been widely used for this purpose. The incorporation of a fraction 

(mainly in the surface) of a thermoresponsive polymer could provide to the scaffold other 

possibilities, including improved or switchable release control of bioactive agent, such as growth 

factors, or to control cell adhesion/detachment. Porous structures of chitosan can be easily 

prepared by freeze-drying, where the final structure may be controlled by the processing 

conditions [32]. PNIPAAm was synthesized within a previously prepared chitosan scaffold. 
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Figure 3.7 presents two SEM images of the materials prepared. Such preliminary results clearly 

show that the hydrogel is uniformly distributed in large amounts inside the pores of the scaffolds. 

3.1.3 Conclusion 

In summary, we have developed a novel, simple and green method to synthesize PNIPAAm 

hydrogels without using organic solvents or any other additives (e.g. surfactants). In addition a 

chitosan scaffold was used as a matrix for the in situ polymerisation of NIPA in scCO2. This 

would allow producing matrices with thermoresponsive capability that could be used as porous 

membranes for advanced purification/separation applications, systems for switchable release of 

molecules or scaffolds for tissue engineering applications. An application of this work will be 

presented on chapter 4. 
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3.2 Decreasing the LCST 

An important and useful feature of thermosensitive polymers is the possibility of controlling their 

LCST by various means. It has been shown that the LCST of PNIPAAm-solutions can be 

changed by adding cosolvents [33], salts [34], surfactants [35], polyelectrolytes [36] or by 

copolymerization with other polymers [37] especially with others hydrogels. In this work only 

this last strategy will be presented. Copolymerization of NIPAAm with a more hydrophilic 

monomer increases the overall hydrophilicity of the polymer, and the stronger polymer–water 

interactions lead to an increase in the LCST. Likewise, copolymerization with a more 

hydrophobic monomer results in a lower LCST than PNIPAAm [38]. 

Poly(2-hydroxyethyl methacrylate) (PHEMA) is one of the hydrogels that presents more interest 

due to it biocompatibility[39, 40]. It was used as a soft contact lens material due to its high water 

content at equilibrium, rubbery behavior and good biocompatibility, resembling natural tissues 

more closely than other synthetic materials [41]. Several authors have reported the synthesis of 

copolymers of PNIPAAm and PHEMA [42, 43, 44].  

The polymerization of PHEMA was already performed in scCO2 by Shiho and DeSimone [45]. In 

that work the dispersion polymerization took place in a carbon dioxide continuous phase with a 

diblock copolymer of polystyrene and poly(1,1-dihydroperfluorooctyl acrylate) as the stabilizer.  

In the present, the polymerisation of a thermosensitive random copolymer of NIPAAm and 2-

hydroxyethylmethacrylate (HEMA) was performed in supercritical CO2. 

3.2.1 Experimental 

3.2.1.1 Materials 

N-isopropylacrylamide (NIPAAm, 97% purity, Sigma-Aldrich), 2-hydroxyethyl methacrylate 

(HEMA, > 99% purity, Sigma-Aldrich) and 2,2`-azobis (isobutyronitrile) (AIBN, 98% purity, 
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Sigma-Aldrich) were used as received. Carbon dioxide and nitrogen were obtained from Air 

Liquide with 99.998 % and 99.995% purity respectively. 

3.2.1.2 Phase-behaviour studies 

Phase behaviour studies were performed for the HEMA+CO2 system in order to verify the 

solubility of the monomer in the supercritical medium. As one of the most usual polymerization 

temperatures is 65ºC, cloud points were measured for several mixtures of CO2 + HEMA at 40ºC, 

50ºC, and 65ºC and pressures up to 21.1 MPa.  

The cloud point apparatus used in this work is similar to the one described in our earlier 

publications [46, 47] and is schematically represented in  

Figure 3.8. The cloud-point measurements were undertaken in a high-pressure variable volume 

steel cell with a front sapphire window and a bottom screw-tap connected to a teflon piston that 

can be moved with water under pressure. Pressure was generated via a hand pump (High Pressure 

Equipment Co., Model 37-6-30) and monitored with a pressure transducer (Setra Systems Inc., 

Model 204) with a precision of ±0.0001 MPa. The high-pressure cell was immersed in a 40 L 

thermostated water bath, heated by means of a PID controller (Hart Scientific, Model 2000) that 

maintained the temperature within ±0.01 ºC. Carbon dioxide was introduced in the high pressure 

and added to the monomers using a high-pressure compressor (NWA PM-101). The mixtures 

were prepared in the cell and the composition was determined by weighing the cylinder in a 

balance (Precisa, 1212 M) to within ± 0.001 g. 
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Figure 3.8 - Cloud point measurements apparatus scheme. HPC, high-pressure cylinder; MC, manual 

controller; C, cell; M, manometer; DB, decantation blister. 

 

The pressure was increased with the hand pump and the system was allowed to equilibrate for 15 

minutes at the desired temperature to guarantee that a homogeneous phase was present. A good 

mixing was provided by means of a magnetic bar. The measurements were undertaken at constant 

temperature and the pressure was slowly decreased until two phases were observed. The cloud 

point pressure recorded was the pressure at which the cell became completely cloudy (white 

opaque). Cloud points were measured and reproduced at least three times to within ± 0.3 MPa. 

Using a non-commercially program for high-pressure phase equilibria, PE [51], experimental 

data were correlated using Soave-Redlich-Kwong (SRK) equation of state [48] (EOS) with the 

Mathias-Klotz-Prausnitz (MKP) mixing rule [49,50]. The Soave-Redlich-Kwong EOS is a 
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modification of the simple Redlich-Kwong EOS where the parameter a was made temperature 

dependent. This equation is given by: 
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The Mathias-Klotz-Prausnitz mixing rule, includes three adjustable interaction parameters, kij, λij 

and lij: 
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with lij = lji  

The Soave-Redlich-Kwong equation requires three input parameters per pure compound: critical 

temperature, Tc, critical pressure, Pc and accentric factor, ω [51]. The critical properties of carbon 

dioxide are available in the literature, yet, for hydroxyethyl methacrylate, however, no 

information was available. Therefore estimated data had to be used. Using Chem Draw program 
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it was possible to obtain the required values. In Table 3.2 it is presented the critical constants and 

accentric factors used in the modelling experiments. 

Table 3.2 - Critical constants and accentric factor for CO2 and HEMA 

Component Tc/ºC Pc/ MPa ω 

CO2 31.0 7.38 0.225 

HEMA 368.73 3.673 0.986 

 

The minimum difference between experimental and calculated values was obtained for kij equal 

to - 0.0085, λij equal to 0.004 and lij equal to - 0.003. Many other parameter values were tested 

but the best fit was achieved with this optimized set.  

3.2.1.3 Polymers preparation 

Polymerization reactions were carried out using an apparatus already described previously for the 

polymerization of PNIPAAm. In a typical procedure the cell is loaded with monomer(s) and 

initiator (2%wt), sealed and nitrogen is added to purge and test leaks. The nitrogen is slowly 

released and liquid carbon dioxide is loaded into the cell using a high-pressure compressor. The 

cell is immersed in the thermostatted water bath at 65ºC and temperature and pressure are 

allowed to rise to the required experimental conditions. Additional CO2 may be added to reach 

the exact desired pressure. The reaction is allowed to proceed for 24h under stirring. Different 

proportions of HEMA and NIPAAm were tested as described in Table 3.4. 

3.2.1.4 Polymer characterization  

Nuclear magnetic resonance (NMR) analysis was used to confirm the structure and purity of the 

polymer. NMR spectra were performed in a Bruker equipment (ARX 400 MHz), using deuterated 

chloroform (CDCl3) as solvent and internal reference. 
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Differential scanning calorimetry (DSC) was applied to investigate the thermal features. Analyses 

were performed from 0 to 40 °C at 3 oC/min under a dry nitrogen atmosphere (flow rate = 20 

ml/min). Calibration for the temperature and energy scale was carried out using a pure indium 

standard. 

Specific surface areas of the networks were determined by adsorption of N2 according to the BET 

method. An accelerated surface area and porosimetry system (ASAP 2010 MICROMERITICS) 

was used under nitrogen flow. 

The morphology of hydrogel particles was also evaluated using Scanning Electron Microscopy 

(SEM) in a Hitachi S-2400, with an accelerating voltage set to 15 kV. 

3.2.2 Results and Discussion 

3.2.2.1 Phase behaviour studies 

Experimental data for CO2 + HEMA system at 40ºC, 50ºC and 65ºC are shown in  

Table 3.3 and are graphically presented in Figure 3.9. 

 

Table 3.3 - Experimental data for the CO2 + HEMA system. BP-bubble point, CP-critical point. DP-dew point  

T/ºC x HEMA x CO2 P/MPa Transition 

40 0.579 0.421 5.30 BP 
 0.466 0.534 6.80 BP 

 0.387 0.613 7.59 BP 

 0.323 0.677 8.48 BP 

 0.215 0.715 9.95 BP 

 0.180 0.820 11.29 BP 

 0.154 0.846 12.55 BP 

 0.122 0.878 13.87 BP 

 0.093 0.907 14.26 CP 

 0.055 0.945 14.00 DP 

 0.042 0.958 12.98 DP 

 0.035 0.965 12.09 DP 

 0.030 0.970 11.48 DP 

 0.026 0.974 10.99 DP 
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T/ºC x HEMA x CO2 P/MPa Transition 

   0.00  

50 0.851 0.149 2.88 BP 
 0.579 0.421 5.83 BP 

 0.466 0.534 7.45 BP 

 0.387 0.613 8.81 BP 

 0.323 0.677 10.61 BP 

 0.215 0.715 11.92 BP 

 0.18 0.820 13.64 BP 

 0.154 0.846 15.06 BP 

 0.122 0.878 16.30 BP 

 0.093 0.907 16.65 CP 

 0.055 0.945 16.32 DP 

 0.042 0.958 15.33 DP 

 0.035 0.965 14.63 DP 

 0.030 0.970 13.87 DP 

 0.026 0.974 13.43 DP 

   0.00  

65 0.851 0.149 2.75 BP 

 0.579 0.421 7.00 BP 

 0.466 0.534 8.89 BP 

 0.387 0.613 10.71 BP 

 0.323 0.677 14.12 BP 

 0.215 0.715 16.90 BP 

 0.18 0.820 17.25 BP 

 0.154 0.846 18.27 BP 

 0.122 0.878 19.42 BP 

 0.093 0.907 21.04 CP 

 0.055 0.945 19.39 DP 
 0.042 0.958 18.35 DP 

 0.035 0.965 17.76 DP 

 0.030 0.970 16.89 DP 

 0.026 0.974 16.41 DP 
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Figure 3.9 - Comparison of experimental data (symbols) for the CO2 + HEMA system with calculated data 

(solid lines) obtained with the Soave-Redlich-Kwong equation of state with kij = - 0.0085, λλλλij = 0.004 and lij = - 

0.003. The black symbols (●, ■ and ▲) represent experimental data obtained in this study at 40ºC, 50ºC and 

65ºC, respectively. 

 

Solubility dependence with temperature is a well known phenomenon [52]. In general, for 

systems with a supercritical fluid as a component, temperature increase yields to solubility 

decrease. As expected, as the temperature increased the critical pressure of the mixture also 

increased. In fact as the temperature increased, a higher pressure was needed to obtain a single-

phase solution from a two-phase solution. This means that the solubility decreases with the 

temperature increase. 
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3.2.2.2 Polymerizations reactions 

A series of copolymers of HEMA and NIPAAm were prepared using scCO2 as solvent. All the 

process parameters were fixed except the composition of the monomers that were used according 

to Table 3.4. 

Table 3.4 - Experimental results obtained in the polymerization of HEMA and NIPAAm and 

copolymerization of HEMA with NIPAAm. 

Entry 

w (monomer) 

Yield 2 (%) w (HEMA) (g) w (NIPAAm) (g) 

PHEMA 0 1 - 0.9604 75 

PHEMA 20 0.2184 0.7765 42 

PHEMA 40 0.4559 0.5122 68 

PHEMA 60 0.6203 0.3570 73 

PHEMA 80 0.8058 0.1734 73 

PHEMA 100 1 0.9861 - 82 

1 These entries correspond to PNIPAAm and PHEMA homopolymers respectively 

2 (collected material/(monomers +initiator weight))x100 

 

With the addition of some HEMA proportions to the copolymerization, it was observed a 

decreased in the yield (75 to 42%) followed by an increase, which can be explained probably due 

to the loss of efficiency during copolymerization. 

To confirm this supposition, NMR spectra for all the prepared polymers were obtained (Figure 

3.11).  
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Figure 3.10 shows the 1H NMR spectrum of PHEMA, which is consistent with the work 

presented by Ruckenstein and Zhang [53]. The NMR spectra also confirmed the structure, as well 

as its high purity after the efficient high-pressure CO2 washing step at the end of the reaction.  

 

Figure 3.10 - 1H NMR spectrum for PHEMA 
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Figure 3.11 - NMR for the different HEMA-NIPAAm copolymers. Labelling according to Table 3.4 

 

In Figure 3.11 is presented the 1H NMR spectra of the entries in Table 3.4. As expected an 

increase in the amount of monomer promotes the insertion in the random copolymers, which is 

particularly evident for the peak corresponding to the hydroxyl group (peak (e) from Figure 

3.10). 

The morphology of the polymers is also an important parameter to characterize. Figure 3.12 

presents the typical morphology of the hydrogels produced, where it can be seen that these 

polymeric materials are formed by agglomerates of small and discrete particles. Particle size 

tends to decrease with the addition of the thermoresponsive polymer. 
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Figure 3.12 – Scanning electron microscopy images of the hydrogels prepared in different conditions. 

Samples: a) PHEMA 0; b) PHEMA 20; c) PHEMA 40; d) PHEMA 60; e) PHEMA 80; f) PHEMA 100. 

 

In precipitation polymerization [54] both monomer and initiator are soluble in the continuous 

phase but as the polymer grows the insoluble polymer chains precipitate and the particles tend to 

group forming an undefined, agglomerated powder. 

Spherical particles would be obtained if a stabilizer was added to the initial mixture of 

monomer(s) and initiator [55]. 

Finally to confirm the influence of HEMA in the LCST several DSC runs were performed 

(Figure 3.13). In these tests the polymers were mixed with a small amount of water in order to 

observe the first order transition that is characteristic of a LCST. 
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Figure 3.13 – DSC thermograms of the thermoresponsive hydrogels prepared 

 

It was observed that hydrogels with less than 60-70 w/w % NIPAAm  (PHEMA 60, PHEMA 80 

and PHEMA 100) do not present any thermoresponsive behavior which is in accordance with 

literature [56]. For the polymers labeled with the name PHEMA 20 and PHEMA 40 a decrease in 

the LCST from 32.2 ºC to 30.1 ºC and 27.7 ºC respectively was observed. This behavior is in 

accordance to what is reported in the literature [57]. Nevertheless there are also papers in the 

literature that report an increase in the LCST with the copolymerization of   NIPAAm with 

HEMA [58, 59, 60]. A possible explanation to the contradictions is the influence of molecular 

weight in the LCST transitions. In the case of scCO2, without any surfactants, only low molecular 

weight polymers should be produced. 
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3.2.3 Conclusions 

Phase behavior studies for the system CO2 + HEMA were performed in order to optimize the 

operational conditions for the HEMA polymerization. The SEM images showed that the 

synthesized polymeric materials are formed by agglomerates of small and discrete particles and 

an efficient decrease in the LCST was possible to attain with the copolymerization of NIPAAm 

with HEMA. 
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3.3 Increasing the LCST 

In this section it was investigated the polymerisation of NIPAAM with a more hydrophilic 

monomer in scCO2 medium in order to produce a polymer with higher gelation temperature. PEO 

also known as poly(ethylene glycol) (PEG), is a good example of an hydrophilic polymer. It is 

also one of the most commercially important type of polyether and one the polymers with more 

applications in the medical field. 

Several works have been published reporting the graft, block or the copolymerization of 

Polyethylene oxide with PNIPAAm [61, 62, 63, 64, 65, 66]. In this work it is presented the graft 

polymerization of NIPAAm with varying amounts of ethylene oxide olygomers in scO2. The 

effect of copolymer composition on swelling and thermal behaviour was evaluated. 

3.3.1 Experimental 

3.3.1.1 Materials 

N-isopropylacrylamide (97% purity), poly(ethylene glycol) methyl ether acrylate ( Mn ∼454 

g/mol) and 2,2`-azobis (isobutyronitrile) (AIBN, 98% purity, Sigma-Aldrich) were used as 

received. Carbon dioxide and nitrogen were obtained from Air Liquide with 99.998 % and 

99.995% purity respectively. 

3.3.1.2 Polymers preparation 

Poly N-isoprpylacrylamide-graft-poly(ethylene oxide) (PAN-g-PEO) was synthesized by free 

radical polymerization following a the previous procedure. 

The polymerization procedure and the operational conditions 65ºC and 25 MPa were similar to 

the ones that were used in previous chapters (2% w/w initiator). The reaction started in a 

homogeneous phase. In Table 3.4 it is summarized the conditions that were used. 
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Table 3.5 – Details of feed composition, sample designation for grafted polymers prepared  and experimental 

results obtained in the graft polymerization of EO and NIPAAm  

Entry 

w (monomer) 

Yield 1 (%) w (PEO) (g) w (NIPAAm) (g) 

PNIPAAm-g-PEO 10 0.100 0.885 77% 

PNIPAAm-g-PEO 20 0.200 0.791 63 % 

PNIPAAm-g-PEO 30 0.300 0.707 62 % 

1 (collected material/(monomers +initiator weight))x100 

 

3.3.2 Results and discussion 

Thermal characterization of the gels was done using DSC. Fully swollen gels were taken for 

recording DSC scans in the temperature range of 0 to 80 ºC at a heating rate of 3 ºC/min. 

The DSC thermograms for the prepared hydrogels are shown in Figure 3.14. 
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Figure 3.14 – DSC thermograms of the PNIPAAm-PEO hydrogels  

 

With the introduction of the PEO chains the phase transition temperature shifted from the usual 

value of 32 ºC to 34.3 ºC and 37.7 ºC for PNIPAAm-g-PEO 10 and 20 respectively. Hydrogels 

with 30% w/w did not presented any temperature responsive behaviour. 

Incorporation of hydrophilic comonomers reduces the ratio of hydrophobic groups allowing more 

water and hydrophilic group interactions to be established. As the temperature is increased, 

hydrophobic domains aggregate to minimize the hydrophobic surface area contacting the bulk 

water, reducing the amount of structured water surrounding the hydrophobic domains and 

maximizing the solvent entropy. The temperature at which gelation occurs depends on 

concentration of the polymer, the length of the  hydrophobic block, and the chemical structure of 

the polymer: the more hydrophilic the segment, the smaller the entropic cost of water structuring, 

the lower driving force for hydrophobic aggregation and therefore the higher the gelation 

temperature [67, 68]. 
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3.3.3 Conclusion 

On the basis of the present investigations it can be concluded that it is possible to prepare graft 

thermoresponsive polymers in supercritical medium and that it is possible to increase the gelation 

transition temperature (LCST) by copolymerizing PNIPAAm with other hydrophilic monomers. 

 

3.4 Dual stimulus – pH/Thermoresponsive polymers 

Recently, a much great attention has been drawn to the development of dual-stimuli-responsive 

hydrogels, especially for the delivery vehicles that respond to localized conditions of pH and 

temperature in the human body. These hydrogels may be prepared by combining PNIPAAm with 

other monomers containing weakly acidic groups, such as acrylic acid [69]. Poly (methacylic 

acid) (PMAA) is a hydrophilic polymer  that exhibits a greatly pH-dependent swelling behaviour 

due to the ionization / deionization of the carboxylic acid groups, swelling to high degrees in 

basic solutions (pH >7) and collapsing in acidic pHs. Due to their drastic swelling in response to 

pH changes, these polymeric hydrogels have been studied for many biomedical applications [70] 

such as intelligent matrices in the controlled or targeted drug release. 

This section reports the copolymerization of NIPAAm and MAA, in different proportions, in 

scCO2, using AIBN (2% wt/wt) as initiator at 65 ºC and pressures up to 22 MPa. A model drug 

(5-Fluorouracil) was used to access the ability to control drug release by external stimulus – pH 

and temperature. 

3.4.1 Experimental 

3.4.1.1 Materials 

Methacrylic acid (MAA), N-isopropylacrylamide (NIPAAm, 97% purity), N,N-

methylenebisacrylamide (MBAm, purity ≥85%), 2,2´-azobis(isobutyronitrile) (AIBN, 98% 
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purity), ethylene glycol dimethacrylate (EGDMA),  5-Fluorouracil (5-FU) were purchased from 

Sigma Aldrich and used without further modifications. Carbon dioxide was obtained from Air 

Liquide with 99.998% purity. 

 

3.4.1.2 Synthesis of poly (NIPAAm-co-MAA) 

Polymerization reactions were carried out in the high-pressure apparatus previously described 

(Chapter 3.1, Figure 3.1). As a typical procedure, the monomers (NIPAAm and MAA) the cross-

linking agent (MBAm or EGDMA, 1%) and initiator (AIBN, 2 wt%) are loaded into the high 

pressure cell, which is then sealed and nitrogen is added to purge the cell and test leaks. The 

nitrogen is slowly released and liquid carbon dioxide is loaded into the cell using a high-pressure 

compressor. The cell is immersed in a water bath (65ºC) and the pressure is allowed to increase 

slowly at the required experimental conditions (22 MPa). At these conditions all the monomers 

are soluble what can be confirmed by the existence of a single phase inside the high pressure cell. 

Reactions were allowed to proceed for 24 hours, under continuous magnetic stirring.  

After polymerization a continuous flow of high pressure CO2 was passed through the cell, during 

1 hour, in order to remove / wash the unreacted monomers, the cross-linker and the initiator 

(65ºC and 22MPa). After this time, the cell was slowly depressurized for 10 minutes. Different 

concentrations of MAA were tested as summarized in Table 3.6. 
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Table 3.6 - Formulations used for the synthesis, sample designations and experimental results obtained in the 

copolymerisation of NIPAAm and MAA 

1Weight of cross-linker / total weight (NIPAAm, MAA, AIBN, cross-linker)  

3.4.1.3 Structural/Morphological Analysis 

The morphology of hydrogel particles was also evaluated using Scanning Electron Microscopy 

(SEM) in a Hitachi S-2400, with an accelerating voltage set to 15 kV. 

Because these hydrogels were crosslinked during polymerization it was possible to study the 

swelling degree (W,%) of  synthesised the hydrogels impregnated/coated with PNIPAAm was 

determined as defined in chapter 3.1. 

The measurements were performed with 3 replicas in order to verify the reproducibility of the 

experimental data. Phosphate-buffered solution (pH 7.4) and acetate-buffered solution (pH 5.5) 

with the same ionic strength were used. The oscillatory swelling experiments were conducted to 

investigate whether the hydrogels present any response to the environmental pH and temperature 

changes and if this changes were reversible and to examine how fast the hydrogels could respond 

to the stimuli.  

Formulations Crosslinker (1%)1 MAA (mg) NIPAAm (mg) Yield (%) LCST ºC 

MAA 0 MBAm 0 978 95 32.2 

MAA 20 MBAm 160 839 89 29.3 

MAA 40 MBAm 337 662 90 - 

MAA 90 MBAm 890 103 88 - 

MAA 100 EGDMA 1000 0 83 - 
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3.4.1.4 Drug loading  

The dried hydrogels were immersed in 1mg 5-FU / ml distillated water solution (100 ml) at 20ºC, 

for at least 24 hours to reach the equilibrated state. During this period, the drug diffused into the 

hydrogel network with the water. After this, the solutions were filtered using filter paper and 

washed with fresh distilled water. The hydrogel was collected from the filter paper and then 

lyophilized for 24 hours (Telstar cryodos-50). 

3.4.1.5 In vitro drug release study 

5-FU release experiments were monitored under pulsatile conditions into pH buffered solutions 

(pH 2 and 7.4). The pH was adjusted by adding HCl 4M to obtain acid media (pH = 2), or by 

adding NaOH 8M to obtain basic media (pH = 7.4). The experiments were conducted by 

immersing the drug loaded hydrogels into buffer solutions (100 ml). Temperature was varied 

between 20 ºC and 37 ºC. At a series of different time points, 1 ml of sample was removed 

without reposition of additional solution. The release period was extended over several cycles 

until no further drug was released. Samples were frozenat − 20 °C until analyzed. The 5-FU 

released was monitored at 266 nm, using the UV spectrophotometer (Helios Alpha Double-Beam 

UV / VIS Spectrophotometer). Calibration curve was obtained by using 5-FU standard samples 

with concentrations between 0.001 and 0.05 mg/ml in the same buffer. Before measuring the 

absorvance, samples were centrifuged (Sigma Santorius 1-15K, 10.000 rpm, for 30 min at 5ºC). 

3.4.2 Results and discussion 

The morphology of the hydrogels is very similar to the previous results (Figure 3.15) with 

particles with undefined shape agglomerated. The decrease in the particle size is also observed 

with the addition of the pH sensitive monomer.  
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Figure 3.15 – Scanning electron microscopy images of the hydrogels prepared with different monomer 

proportions. a) MAA 0; b) MAA 20; c) MAA 40; d) MAA 90; e) MAA 100 

 

In relation to the LCST, it is reported in the literature that in the case of copolymerization of 

PNIPAAm with acid monomers, the effect on the LCST behavior of PNIPAAm by random 

copolymerization is very delicate and depends not only on copolymer composition but also on 

ionization degree and especially on the chemical identity of the comonomer [71]. For the 

particular case of copolymerization with methacrylic acid a decrease in the LCST should be 

expected [72] as it is presented in table Table 3.6. 

In order to analyze their applicability as drug delivery vehicles, these hydrogels were crosslinked. 

With the exception of MAA 100 (Figure 3.15 e) that was crosslinked with EGDMA all the other 
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reacted with MBA. This was due to the loss of efficiency in the reticulation procedure of the 

homopolymerization of methacrylic acid polymerization. 
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Figure 3.16 – Equilibrium volume swelling ratio of a ) thermoresponsive hydrogels (MAA0, MAA20 and 

MAA40)  in a PBS solution at 37 °C as function of temperature and b ) Pulsatile swelling behavior in response 

to a stepwise pH change between 2.1 and 7.4 at 37°C. 
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The swelling degree of a drug delivery hydrogel is an important property to be characterized, 

since it will determine properties such as the absorption/ diffusion of solutes through the hydrogel 

and the ability to respond to external stimulus.  In Figure 3.16 it is presented the swelling under 

different pH and temperature conditions.  

As reported before in the previous sections, we should not expect that the hydrogels, with lower 

contents of PNIPAAm, possess any response to temperature changes. This was observed with the 

swelling (Figure 3.16 a) and DSC measurements that confirmed the thermoresponsive behavior 

only in the hydrogels MAA0, MAA20 and MAA40. A small decrease in the LCST was also 

observed. The introduction of MAA groups allowed higher swelling without compromising the 

ability to respond to temperature. This phenomenon is due to the desprotonation of the 

methacrylic acid groups at the swelling conditions (pH=7.4). To compensate the negative charges 

the hydrogel incorporates more water in its structure. This is confirmed with the results of Figure 

3.16 b) that presents the swelling vs pH. The hydrogels with higher MAA content present intense 

pulse effect as expected due to the presence of a higher content of carboxylic acid groups. 

As proof of concept, that the swelling could be used to control the release of drugs, Flurouacil 

was incorporated in the hydrogel network and the controlled released was performed with 

temperature and pH pulse. 

In Figure 3.17a) it is shown the release profiles for the three thermoresponsive hydrogels MAA0, 

MAA20 and MAA40. The initial drug release (first time point) was subtracted to eliminate the 

effect of burst release directly related with the drug that it is not present in the hydrogel structure 

but it is directly available in its surface [73].  
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Figure 3.17 – Fluorouacil release profiles for the PNIPAAm-co-MAA hydrogels at different pH and 

temperature conditions. a) Temperature pulse effect at pH 7.4; b) pH pulse effect at 37ºC. 

 

It is interesting to observe the temperature pulse. At 37ºC only a small amount of drug is released 

to the phosphate buffer solution. This is explained due to the shrunken state of the hydrogel that 

does not allow the release of the drug. In opposition when the temperature is decreased and the 

transition from the shrunken state to a swelled state occur almost all the drug is released 

immediately. The differences between the amount of drug released (~2 mg 5-FU/ g hydrogel in 
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MAA 40 and ~4 mg 5-FU/ g hydrogel in MAA 0) can be explained due to the different 

electrostatic charges of the drug and hydrogel. The in vitro drug release with a pH stimulus 

(Figure 3.17b) confirmed that this stimulus could be used to control the drug release. Even the 

hydrogel with the lowest amount of metacrylic acid (MAA20) presented a pulse effect.  

 

3.4.3 Conclusion 

The hydrogels investigated in this work were shown to display both temperature and pH- 

sensitivity. The transitions from the collapsed to the swollen state influenced drug released. 

Fluorouacil was used as proof of concept in order to investigate the influence of temperature and 

pH pulses in the release of drugs. 
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4. Production of smart porous structures 

4.1 Dual stimuli responsive scaffolds for drug release  

Specific delivery of drugs to a target site is essential to increase their efficacy and decrease their 

side effects. The development of external regulated delivery systems designed to deliver drugs 

and/or active agents at a constant rate over a certain period of time results from this demand of 

better control and also from the need of prolonged drug administrations [1, 2].  During the last 

years several devices were presented as being able to control release of drugs with different 

stimulus: pH [3, 4, 5], temperature [6,7] , magnetic [8, 9] and electric field [10]. Particular 

interest has been given to pH or temperature sensitive materials because these two factors can be 

easily controlled and applicable both in vitro and in vivo conditions. 

For biomedical applications it is important to circumvent, whenever possible, harmful solvents 

during polymer synthesis or processing and the accumulation of toxic low molecular weight 

compounds. In this chapter supercritical carbon dioxide (scCO2) was used to prepare dual 

stimulus chitosan scaffolds by coating them with a thermoresponsive polymer, Poly(N-

isopropylacrylamide) (PNIPAAm).  

The application of scCO2 as a carrier to homogeneously distribute the hydrogel monomer within 

the chitosan scaffolds and as solvent to perform the polymerization reaction was introduced in 

this chapter[11]. The developed procedure can extended the green aspects of polymerizations 

using scCO2 (eliminating the use of toxic organic solvents) to the production of smart devices for 

controlled drug release by using the biocompatible chitosan scaffolds as microreactors for in situ 

PNIPAAm synthesis. 

Chitosan (CHT) scaffolds impregnated/coated with the hydrogel were characterized with 

different techniques including FT-IR and SEM. Swelling data of the produced devices were 
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obtained as a function of time and temperature and pulsatile swelling profiles were obtained 

testifying the reversible changes of structure according to the switching of the external variables. 

The performance of the obtained structures as controlled releases devices was undertaken using a 

model drug, ibuprofen, and a model protein, bovine serum albumin (BSA). Two different 

strategies were tested to incorporate the model compounds into the scaffolds: (i) mixing the BSA 

to the polymeric solution (before freeze-drying), and (ii) supercritical fluid impregnation of the 

model low molecular weight drug. The release profiles were analysed to study the influence of 

pH and temperature. 

4.1.1 Experimental 

4.1.1.1 Materials 

Chitosan (75~85% deacetylated, medium molecular weight), N-isopropylacrylamide (NIPAAm, 

purity > 97%), N,N-methylenebisacrylamide (MBAm, purity ≥85%), 2,2´-

azobis(isobutyronitrile) (AIBN, purity > 98%), Bovine Serum Albumin (BSA, purity ≥98)%), 

ibuprofen (purity  ≥ 98%),  glutaraldehyde (GA, 50 wt.% in water), Ibuprofen and acetic acid 

(purity ≥ 99 %) were purchased from Sigma Aldrich. Carbon dioxide was obtained from Air 

Liquide with 99.998% purity. All materials and solvents were used as received without any 

further purification. 

4.1.1.2 Scaffolds preparation 

Scaffolds were prepared following the procedure described by Madihally and Matthew [12]. In a 

typical procedure 3% (w/w total) chitosan solutions were prepared by dissolving the polymer in 

diluted acetic acid aqueous solution (1% v/v). The solution was placed in glass tubes and freezing 

was accomplished by immersing the tubes, containing 3/5 ml of solution, in a freezing baths 

maintained at -20 ºC. The samples were then lyophilized (Telstar cryodos-50) until dry. 



 Smart porous structures 

153 

 

CO
2 

psi

Refrigeration 

fluid

º

(1)

(2)

(4)

(8)

(3)

(6)
(7)

(5)  

Figure 4.1- High-pressure apparatus for scaffold reticulation: (1) Gilson 305 piston pump; (2) high pressure 

cell with crosslinker; (3) high pressure cell with the scaffolds; (4) pressure transducer; (5) temperature 

controller; (6) recirculation pump; (7) thermostated water bath;  (8) back pressure regulator 

 

The 3D structures were reticulated using a CO2 flow saturated with GA applying an apparatus 

schematically represented in Figure 4.1. Typically a GA solution 1% v/v in water is placed in a 

high pressure vessel (2) and the scaffolds are located in the second vessel (3). During 10 minutes, 

a constant CO2 flow rate of 9.8 g/min (saturated with GA) passes through the vessel containing 

the scaffolds inducing the crosslinking. After this procedure, a pure CO2 flow is passed through 

the vessel where the scaffolds are found during one hour to remove any traces of GA. The 

pressure in the apparatus is monitored using a pressure transducer  (Setra Systems Inc., Model 

204) and is controlled to 20MPa using a back pressure regulator (8) (Jasco 880-81). The 

temperature is also maintained constant (40ºC), by means of a controller (5) (Hart Scientific, 

Model 2200), during the whole process. At the end of operation, the system is slowly 

depressurized during 10 minutes.  
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4.1.1.3 Scaffolds Coating/impregnation with PNIPAAm 

Coating/impregnation with the thermoresponsive polymer was undertaken in a high pressure 

apparatus already described in previous works (chapter 3) [11,13]. In a typical polymerization 

procedure, monomer, scaffolds, cross linking agent (MBAm, 1% w/w) and initiator (AIBN, 2% 

w/w) are loaded into the high pressure cell which is then sealed and nitrogen is added to purge 

the cell and test possible leaks. The nitrogen is slowly released and liquid carbon dioxide is 

loaded into the cell using a high-pressure compressor. The cell is immersed in the water bath and 

temperature and pressure are allowed to rise to the required experimental conditions. Additional 

CO2 may be added to reach the exact desired pressure. The reactions were performed at 65ºC and 

20 MPa. At these experimental conditions we have a homogeneous phase with all the reactants 

completely soluble in the supercritical medium. CO2 is used as a carrier of the monomer / 

initiator / cross-linker into the porous structure as well as a reaction medium. The reaction was 

allowed to proceed for 24 hours under stirring. After this period, the reaction was stopped and the 

resulting PNIPAAm coated scaffolds were ´´washed´´ with fresh CO2 (65°C, 20 MPa), during 

one hour, in order to extract the remaining residues of unreacted monomer and cross linking 

agent. 

4.1.1.4 Scaffolds characterization  

Scaffolds before and after coating were characterized using Scanning Electron Microscopy 

(SEM) in a Hitachi S-2400, with an accelerating voltage set to 20 kV. For cross-section analysis 

scaffolds samples were frozen and fractured in liquid nitrogen. All samples were coated with gold 

before analysis. 

Fourier transform infrared (FTIR) was used to study the interactions between chitosan and 

PNIPAAm after impregnation. FTIR measurements were made using a Winfirst Lite equipment, 
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16 scans at a resolution of 1cm-1. The samples were prepared by adding little portions of the 

sample to dried KBr. 

Equilibrium hydration or swelling degree of PNIPAAm impregnated/coated scaffolds was 

determined using the procedure already described in Chapter 3. Equilibrium and oscillatory 

swelling studies were conducted on these devices as functions of environmental pH and 

temperature, to examine the behaviour of the scaffolds upon swelling in pH buffer solutions at 20 

ºC and 37 ºC. Three 3 replicas were performed in order to verify the reproducibility of the 

experimental data. Phosphate-buffered solution (pH 7.4) and acetate-buffered solution (pH 5.5) 

with the same ionic strength were used.  

Mercury intrusion porosimetry (micromeritics, autopore IV) was used to study the pore structure 

of the scaffolds before and after coating. 

The in vitro biodegradability of the scaffolds was followed in 20 ml of 0.1 M PBS with pH 7.4 at 

37 ºC containing 2µg / ml lysozyme. The initial weight of each sample was determined (Wi). 

After 3, 6, 12, 18 and 24 days, samples were removed from the medium, washed with distilled 

water, lyophilized for 4 hours and then weighted (Wf). The lysozyme solution was refreshed 

weakly to ensure the continuous enzyme activity over the scaffolds degradation. To differentiate 

between the enzymatic degradation and the dissolution of the porous structure, control samples 

were stored for 24 days under the same conditions as the previous ones, but without adding 

lysozyme [14]. 

The weight percentage of scaffold remaining was calculated using equation 1: 

-
Weight remaining ( ,%)=100-

i f

i

W W
W

W

 
 
 

      (1) 
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where Wi is the dry weight of the sample before starting the degradation test, Wf is the dry weight 

of the sample after degradation at a certain moment of time since the starting of the degradation 

test. Values are expressed as the mean ± standard deviation. 

4.1.1.5 Drug loading  

Bulk drug loading 

BSA was loaded into the chitosan scaffolds by co-dissolving it with the polymer in the solvent 

(acidified water) and the scaffolds were prepared in the same mode as reported previously. Due 

to the negligible solubility of the BSA in scCO2 it was assumed that the initial amount of protein 

added to the solution remained unmodified in the smart “scaffolds” after the reticulation and 

impregnation/coating procedures. 

Supercritical fluid impregnation 

The impregnation was performed in a discontinuous apparatus using a modified version of the 

high pressure cell described by Sampaio et al.[15] with two sapphire windows on top and bottom 

and a Teflon O-ring to provide the seal at both ends. The polyacetal washer and the stainless-steel 

washer avoid damage to the window. The interior is divided in two parts with a porous structure 

in order to avoid any contact of scaffolds (in the superior part) with the drug inferior part. 

Impregnations were performed at 40 ºC and 20 MPa using an excess of ibuprofen. After 24 hours 

of continuous stirring the high pressure vessel was fasten depressurized. 

4.1.1.6 Controlled release studies 

A small portion of the scaffold (around 20 mg) was placed inside a 100 ml of buffer solution (pH 

7.4- 5.5) and at different temperatures (37-20ºC). 1 ml aliquots were withdraw periodically from 

the solutions and collected in Eppendorf tubes. 
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Quantification of the released drug takes into account the portion of solution that was removed 

from the released solution. Ibuprofen was quantified by UV spectroscopy (Helios Alpha Double-

Beam UV / VIS Spectrophotometer) at the maximum absorbance around 220 nm and BSA at 280 

nm. 

4.1.2 Results and Discussion 

4.1.2.1 Scaffold preparation and morphological characterization 

 

In this study, we have applied our group background in the synthesis of thermoresponsive 

polymers using supercritical fluid technology [11].  The incorporation of a fraction of a 

thermoresponsive polymer could provide other properties, to the scaffolds, including improved or 

switchable release control of impregnated bioactive agents, such as growth factors, or to control 

cell adhesion/detachment.  

ScCO2 was used as a carrier to homogeneously distribute the monomer, initiator and cross-linker 

within the micropores of a polymeric substrate and there act as reaction medium for the 

polymerization reaction using the pores  as micro-reactors. Figure 4.2 presents SEM images of 

the materials prepared in this work before and after coating (Figure 4.2a vs Figure 4.2 b).  
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Figure 4.2 - SEM pictures of CHT scaffolds. a) previous to impregnation/ coating; b) after 

impregnation/coating c) detail of a pore d) pore surface coated with the thermoresponsive polymer. 

 

These results show that large amounts of hydrogel (~300% weight increase) are uniformly 

distributed inside the pores of the scaffolds and that large empty volumes remain inside the pores. 

A very small number of pores were completely full with the hydrogel (Figure 4.2c) in opposition 

to a completely coating of the pores surface with the thermoresponsive polymer (Figure 4.2d) 

which is an important role since pore size diameter is a relevant parameter to enable cells 

adhesion to the materials. FTIR analysis confirmed that hydrogel and the scaffolds where 

physically but no chemically bound. 

Mercury intrusion porosimetry (Figure 4.3) was used to characterize the microstructures. Before 

coating the raw scaffolds presented a median pore diameter of 17.9 µm while after reaction this 

value decreased to 16.3 µm. No significant differences were observed in terms of porosity that 
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was constant around a value of 85% confirming that the coating was efficient enough in the halls 

but the pores were not blocked.  
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Figure 4.3 - Mercury porosimetry results of CHT scaffolds and PNIPAAm coated CHT scaffolds. 

 

The swelling degree of the dual stimulus scaffolds is also an important property to be 

characterized because it will determine properties such as the absorption and diffusion of solutes, 

mechanical properties under wet conditions and water uptake capability. 
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Figure 4.4- Equilibrium volume swelling ratio of CHT scaffolds and PNIPAAm coated scaffolds with a ) 

temperature pulses between 20°C and 37°C in PBS (pH=7.4); b ) pH pulses between 5.5 an 7.4 in a buffered 

solution at 37 °C. 
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 Figure 4.4a) shows the swelling behaviour, at 20ºC and 37ºC, of the smart devices produced in 

scCO2. As it was expected the swelling increased with a decrease in the temperature [11]. It is 

well known that the hydrophilic/hydrophobic balance of the PNIPAAm hydrogels is due to the 

existence of the amide hydrophilic groups and the isopropyl hydrophobic groups in the side 

chains [16]. When the temperature is above the LCST hydrophobic interactions among 

hydrophobic segments are strong and the hydrogen bond interaction with water is weak. When 

the temperature decreases, the hydrogen bonding between the hydrophilic segments of the 

polymer chain and water molecules are dominant, what leads to a swelling increase. This 

suggests that it should be possible to control the release of molecules by simply adjusting the 

temperature. No temperature sensitivity was observed in the chitosan scaffolds that were not 

coated. 

It would also be a desirable characteristic to have pH-sensitive controlled-release scaffolds with 

controllable swelling ability. As it can be seen in Figure 4.4b) the results demonstrate that the 

impregnated and the non impregnated scaffolds change their ability to absorb solution when the 

environmental pH is altered. The Donnan theory states that the swelling ability is basically 

determined by the osmotic pressure gradient between the inside and outside of a gel [17]. 

Therefore, from a macroscopic point of view, the swelling phenomenon appears to be a balance 

of the osmotic pressure gradient or concentration gradient between the interior of the hydrogel 

and the external solution. At higher pH, the degree of ionization is reduced, due to the 

deprotonation of chitosan amino units [18, 19] and the samples swelling decrease as the osmotic 

pressure and charge repulsion decrease. As it was expected this behaviour is more pronounced in 

the scaffolds that were not coated. 
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Figure 4.5 -  Biodegradability of the CHT scaffolds coated and non coated with PNIPAAm (a)PBS with 

Lysozyme (b) PBS  

 

To analyze the structures biodegradability they were immersed during 24 days in a phosphate 

buffer solution (PBS) containing lysozyme (Figure 4.5 a), the main enzyme responsible for 

chitosan degradation in the body [20]. An accelerated mass loss was observed for both types of 

scaffolds. This loss is higher in the coated scaffolds probably due to some losses of PNIPAAM 

that was not efficiently crosslinked. This was confirmed in the biodegradability tests performed 

in the absence of the enzyme (Figure 4.5 b) where only the coated scaffolds exhibited a weight 

loss. 
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4.1.2.2 Drug/protein release studies 

From the point of view of the potential utility of PNIPAAm/chitosan matrixes as drug delivery 

systems, it is crucial to know the drug release kinetics under different physiological conditions 

and to analyze if they are capable of encapsulate and release of molecules when triggered by a 

small change in temperature or pH. First, it was tested the possibility of using scCO2 as a solvent 

to perform the impregnation of a model drug (ibuprofen).  

Supercritical mixing and impregnation is simple and highly more attractive as it avoids the use of 

organic solvents [21] According to the report of Kazarian et al. [22], there are two mechanisms of 

supercritical fluid impregnation of drugs into polymer matrixes, i.e. simple deposition and 

preferential partitioning. In this work ibuprofen was efficiently impregnated into the chitosan 

porous matrix due to the high solubility of the drug in the supercritical fluid and preferential 

deposition on the hydrogel structure although the high chitosan Tg. This could be a major 

advantage for drugs that are highly soluble in scCO2 such as the case. In the tested conditions, 

approximately 160 mg of drug was loaded per gram of scaffold. 

This was efficiently achieved due to the high solubility of the drug in the supercritical fluid [23]. 

This could be a major advantage for drugs that are highly soluble in scCO2 such as the case. In 

the tested conditions, approximately 160 mg of drug was loaded per gram of scaffold. 

Drug dissolution tests were conducted to investigate the drug release behaviours from the 

chitosan- ibuprofen impregnated-scaffolds. 
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Figure 4.6 - a) Release of Ibuprofen from PNIPAAm coated CHT scaffolds; b) Different charges that are 

present in the scaffold and in the drug in the tested conditions. 

 

In Figure 4.6  it is presented the overall drug release of this model drug at different pH (5.5 and 

7.4) and temperature (20 ºC and 37 ºC) conditions. After 6 days all the drug was released from 

the scaffold. . Immediate drug release in the first few minutes is mainly governed by dissolution 

of the unimpregnated drug particles and/or the amorphous drug bonded or dispersed on the 

chitosan matrix surface. After the initial drug release stage, the swelling effect, resulting from 

different stimulus, become more important. To evaluate the influence of the different stimulus in 

the diffusion of the drug a simple model was developed. 
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The Fick’s second law in cylindrical systems, considering axial and radial mass transfer, may be 

used to describe the drug transport. In the case of cylinders (considering axial as well as radial 

mass transport) [24, 25]: 

 

(3) 

 

 

where Mt and M∞ denote the absolute cumulative amounts of drug released at time t and at 

infinite, respectively; n and p denote dummy variables; the qn are the roots of the Bessel function 

of the first kind of zero order [J0(qn) = 0], D is the diffusion coefficient and R and H denote the 

radius and height of the cylinder. 

Table 4.1 - Parameters used to adjust Fick law of diffusion to ibuprofen and BSA release 

 Ibuprofen BSA 

R (mm) 2.5 

H (mm) 5 

D (m2/s) 

20 ºC; pH 7.4  2 x 10-11 1 x 10-12 

37 ºC; pH 7.4 1.2 x 10-11 4 x 10-14 

20 ºC; pH 5.5  4 x 10-12 2 x 10-14 

37 ºC; pH 5.5 5 x 10-12 5 x 10-15 

 

In Table 4.1 it is presented the diffusion coefficients (D) and the parameters (R and H) that were 

used to adjust the ibuprofen release in the different environments. A good fitting was achieved 

which suggest a Fick’s behaviour for the release of the model drug. Confronting these results 

with ibuprofen experimental release profiles it is possible to observe that ibuprofen is released at 

a much slower rate at pH 5.5 (D = 4 x 10-12
 and 5 x 10-12 for 20 ºC and 37 ºC respectively) than at 

pH 7.4 (D = 2 x 10-11 and 1.2 x 10-11 for 20 and 37 ºC respectively), contradicting what should be 
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the expected. If swelling was paramount higher diffusion coefficients should be obtained at lower 

pH. We believe that this may be caused by the different charges that are present in the scaffold 

and in the drug (Figure 4.6b). Under acidic conditions, pH below the pKa of chitosan (6.5), the 

amino groups are almost completely protonated, and thus the charge density of chitosan is 

positive in opposition to ibuprofen that has carboxylic acid groups with a pKa of 4.4 which 

indicates that in the experiments at pH 5.5 the negative charges predominate in the molecule. The 

ionic attraction between them prevails and withdraws the effect of swelling. 

 The results obtained with the studied temperatures are contradictory. For a pH of 7.4 as expected 

the drug release was mainly controlled by diffusion of the drug out of the swollen chitosan matrix 

with  faster rate (D = 2 x 10-11 vs 1.2 x 10-11 for 20 ºC and 37 ºC, respectively). In contradiction at 

the lower pH, despite only a small variation being observed) the diffusion coefficient is bigger at 

the higher temperatures (D=4 x 10-12 vs 5 x 10-12 for 20 ºC and 37ºC respectively) which suggests 

that other effects should be influencing rate of ibuprofen dissolution. 

With the impregnation of a model protein we intended to test a second approach for the 

impregnation of high molecular weight bioactive molecules. The loading of the bioactive 

molecules with this approach allow us to control with a high accuracy/ precision the amount of 

protein that remains in the scaffolds. For these tests it was used approximately 1 gram of protein 

per gram of scaffold. BSA was loaded previous to the supercritical coating/impregnation 

procedure with the thermoresponsive polymer which means that protein is only available in the 

chitosan walls of the scaffold. Release profiles at different pH and temperature are reported in 

Figure 4.7.   
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Figure 4.7 - Release of BSA from PNIPAAm coated CHT scaffolds. 

 

We can observe that for such relatively large molecule as BSA the PNIPAAm layer is able to 

control the amount of protein that is released to the medium. At 20 ºC and pH 5.5 the scaffold 

presents the maximum swelling and the PNIPAAm chains are in the hydrophilic state interacting 

predominantly with water. In this case, the surface of unit cells become less crowded and the 

PNIPAAm chains extend outside the unit cell allowing enough space for the protein to cross the 

thermoresponsive layer and be released to the surrounding environment. In contrats, when the 

“smart” scaffolds are placed at 37 ºC and pH 7.4 the protein is retained.  In these conditions the 

PNIPAAm chains are tangled interacting with their one blocking the protein passage through 

scaffold walls. When compared with the overall data it is possible to attain the following order of 

drug release: (20 ºC, pH5.5) > (20 ºC, pH7.4) > (37 ºC, pH5.5) > (37 ºC, pH7.4). The adjusted 

diffusion coefficients (Table 4.1) perfectly agree with these conclusions. Nevertheless the 

adjustment of the Fick’s diffusion law can not explain all the results and a possible explanation to 
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the poor fitting is the existence of other factors that were not taken into account in the simplified 

model proposed, such as protein adsorption in the surface walls of the scaffolds.  

It is interesting to notice that the isoelectric point of BSA is reported to be between 4.5 and 5 

meaning that at a pH of 5.5 chitosan is positively charged and BSA is negatively charged, even so 

despite the strong interactions between protein and polymer the drug diffuses much faster than in 

the other cases due to the inexistence of the PNIPAAm barrier.   

This means that PNIPAAm barrier is the predominant mechanism to drug release, nevertheless 

the swelling, the adsorption of active molecules, and the electrostatic charges of the different 

species involved have to be considered. 

4.1.3 Conclusions 

In summary, we have developed a novel, simple and green method to produce smart devices with 

possible applications as switchable release devices for molecules or scaffolds for tissue 

engineering applications. The coating was efficiently achieved without compromising the 

porosity and the biodegradability of the materials. 

The results, demonstrate that we are able to control the swelling with external stimulus as pH 

and/or temperature. For large molecules such as proteins a thermoresponsive layer can be used as 

barrier to retain drugs until the exact stimulus is applied.  
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4.2 Thermoresponsive membranes 

4.2.1 Introduction 

Stimuli-responsive polymeric-based membranes received large interest during the last decade 

from various scientific fields because their permeation properties can be controlled or adjusted 

according to the external chemical and physical stimulus, such as pH [26], temperature [27], 

electric field [28], concentration of chemical species, light [29], or ionic strength [30] of their 

environments. They have found a broad range of applications, as controlled drug delivery devices 

[31], in bioseparation processes [32] chemical separation, water treatment, chemical sensors [33] 

and tissue engineering applications [34, 35]. 

A special interest has been given to thermoresponsive membranes since, in many cases, 

environmental temperature fluctuations occur naturally and because temperature stimulus can be 

easily designed and artificially controlled. Several techniques were used to prepare temperature 

sensitive polymeric-based membranes such as the vacuum filtration method [36], the adsorption 

method [37], the coating method [38], by the introduction of nanosized thermoresponsive 

particles into the membranes [39] or by simply grafting thermoresponsive polymers onto porous 

membranes substrates by different grafting techniques [40]. An advantage of such membranes is 

that the porous substrate acts as a dimensionally stable matrix for mechanical support, while the 

conformational changes of the graft thermoresponsive polymer induced by environmental stimuli 

lead to permeability changes. Temperature-[41,42,43] or pH-[41] polymers have been grafted 

onto porous substrates. The grafted polymers may be located mainly on the external membrane 

surface or be homogeneously distributed inside the pores. In some reports of plasma-induced 

graft polymerization active species are generated mainly near the membrane surface [44].  

In chapter 3.1 and 4.1 it was proposed new strategy for the solvent-free impregnation/coating of 

polymeric surfaces and porous structures with thermoresponsive polymers. It was proved that 
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supercritical carbon dioxide (scCO2) can be used as a carrier to homogeneously distribute the 

monomer, initiator and cross-linker within the micropores of a polymeric substrate and act as 

reaction medium for the polymerization reaction using the pores as microreactors. We strongly 

believe that this technique can be used to prepare membranes with high response performance to 

environment stimulus for advanced purification/ separation applications or systems for 

switchable release of molecules.   

The phase behaviour of PNIPAAm in aqueous solutions was studied with several techniques, 

including turbidity [45, 46], light scattering [47] and IR spectroscopy [48]. The vast majority of 

these studies confirmed that free PNIPAM chains have its hydrophilic-hydrophobic phase 

transition (LCST in water at 32ºC) and that this transition is a very sharp transition (about 5 °C). 

Grafted chains of PNIPAM have shown promise for creating responsive surfaces. 

Conformational changes of the polymer are likely to play a role in some of these applications, in 

addition to changes in local interactions. However, the conformational change of the grafted 

PNIPAM brushes varies greatly with molecular weight and grafting density. The maximum 

conformational change was observed for PNIPAM brushes with high molecular weight and 

intermediate grafting density [49]. This trend was also predicted with a self-consistent-field 

calculation by Mendez and coworkers [50]. More recent experimental findings show that, under 

some grafting conditions, end-anchored PNIPAAm does not become insoluble and does not 

collapse above 32ºC.  

In order to address the issue of temperature-responsive behaviour in PNIPAAM coated 

microporous substrates, we explored the ability of supercritical CO2-assisted technology to 

produce “smart” polysulfone membranes. Our focus was to evaluate the temperature response 

performance of membranes that were coated /impregnated with PNIPAAm chains produced by in 

situ polymerisation in comparison to the PNIPAAm chains grafted to membranes in advanced 
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purification/ separation applications. The procedure developed is schematically represented in 

Figure 4.8.  

 

Figure 4.8 - Schematic description of thermoresponsive membranes preparation methodology 

 

In a first step, the matrixes, porous membranes of polysulfone (PS), were prepared using the 

methodology developed in chapter 2 [51]. Secondly, the PS membranes with well defined pores 

in the micrometer range are coated/impregnated by in situ N-isopropylacrylamide (NIPAAm) 

polymerisation in scCO2. To avoid compromising the integrity of the “smart” surface coating, 

PNIPAAm synthesis can be done in the presence of a cross-linking agent, N,N-

methylenebisacrylamide (MBAM) [52], to allow the system to swell in aqueous media and to 

open and close the pores, without dissolving the thermoresponsive polymer. The use of scCO2 as 

polymerisation medium offers many advantages when compared with conventional 

polymerisation since there is no need for an intensive drying action before further processing or 

characterization steps and it is possible to easily separate the solvent from the engineered matrix, 

leading to highly pure materials. In addition, permeation of bovine serum albumin (a model 

protein) through the thermoresponsive porous PS membranes is investigated. 
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Protein diffusion was selected as a case study because of its applications in biotechnology and 

food industries with unlimited business opportunities [53]. This is also a demanding process due 

to the complexity of proteins themselves and their biological environments. 

4.2.2 Experimental  

4.2.2.1 Materials 

Polysulfone (PS) (Mw 67,000) in pellet form, N-isopropylacrylamide (NIPAAm, purity ≥ 97%), 

N,N-methylenebisacrylamide (MBAm, purity ≥ 98 %) and N, N-dimethylacetamide (purity ≥ 98 

%) and bovine serum albumin (BSA) (MW=66kDa, purity ≥ 98 %) were obtained from Sigma-

Aldrich. CO2 was obtained from Air Liquide with purity higher than 99.998 %. 

 

4.2.2.2 Membrane production 

 

Polysulfone membranes were prepared following the procedure described in detail in chapter 2 

[51, 54]. A supporting disk for the casting solution with 1 mm of thickness was used. The casting 

solution was prepared by solubilising a certain amount of polymer into a specific solvent 

(dimethylformamide, dimethylacetamide or dimethyl propionamide) in order to prepare a 15% 

w/w solution. In a typical procedure CO2 is added until the desired pressure, with an exact flow, 

using a Gilson 305 piston pump. After reaching the normal operational pressure, the supercritical 

solution passes through a back pressure regulator (Jasco 880-81) which separates the CO2 from 

the solvent.  

All the experiments were performed at 18.6 ± 0.7 MPa with a CO2 flow of 9.8 g/min for 2 hours. 

At the end the system is depressurized (1min) and a thin homogeneous membrane is obtained. 
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4.2.2.3 In situ polymerization inside polysulfone membrane.  

In a typical procedure, the in situ polymerization of PNIPAAm within the membrane pores is 

performed by loading the membranes and reactants, monomer, cross-linking agent (1 wt%) and 

initiator (2 wt%), into the high-pressure cell. The reactor is then sealed and nitrogen is added to 

purge the cell and test the leaks. The nitrogen is slowly released and liquid carbon dioxide is 

loaded into the cell using a high-pressure compressor. The cell is immersed in the water bath and 

temperature and pressure are allowed to rise to the required experimental conditions. Additional 

CO2 may be added to reach the exact desired pressure. The reaction were performed at 65 ºC and 

20 MPa, as reported in the previous chapter and proceeded for 24 hours under stirring.  

4.2.2.4 Membranes characterization  

Scanning Electron Microscopy (SEM) was performed in a Hitachi S-2400, with an accelerating 

voltage set to 15 kV. For cross-section analysis the membrane samples were frozen and fractured 

in liquid nitrogen. All samples were coated with gold before analysis.  

X-ray photoelectron spectroscopy (XPS) analyses were performed on a XSAM800 X-ray 

spectrometer, operated in the fixed analyser transmission (FAT) mode, with a pass energy of 20 

eV, a power of 130 W and using a non-monochromatic radiation from Mg anode (hυ = 1253.6 

eV). Spectra were collected with a step of 0.1 eV, and 60 s of acquisition by sweep, using a Sun 

SPARC Station 4 with Vision software (Kratos). The curve fitting for component peaks was 

carried out with a non-linear least-squares algorithm using a mixture of Gaussian and Lorentzian 

peak shapes. Sensitivity factors used were: C 1s - 0.25, O 1s   0.66, N1s - 0.44 and S2p – 0.54. 

Membrane porosity and pore size distribution was determined by mercury porosimetry 

(micromeritics, autopore IV). Membrane hydrophobicity was evaluated through the measurement 

of the contact angle of water droplets in a KSV Goniometer model CAM 100 at two different 

temperatures 20 and 40 ºC. 
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The permeability to pure water, of the membrane, was determined by measuring the water flux 

trough the membranes using a 10 ml filtration unit (Amicon Corp., model 8010) with an effective 

area of 4.1 cm2. All the experiments were carried out varying the applied hydrostatic pressure 

from 0 to 0.5 MPa.  

 

4.2.2.5 Protein diffusion 

A stirred cell consisting of two identical cylindrical chambers, with 50 cm3, was used (Figure 

4.9). A thermoresponsive membrane with 4.1 cm2 was placed between the chambers and 

temperature was controlled by means of a thermostated water bath. In a typical procedure, one of 

the chambers is filled with a protein in phosphate buffer solution (PBS) (3mg/mL), at a certain 

temperature. The receptor chamber was filled with PBS at the beginning of the experiment. 1 mL 

aliquots were withdrawn periodically from the solutions and collected in Eppendorfs tubes. 

 

Figure 4.9 - Schematic representation of the filtration cell. 

Vigorous stirring of each cell compartment was carried out to eliminate the thermo convective 

effect on permeation. BSA was quantified by UV spectroscopy (Helios Alpha Double-Beam UV 

/ VIS Spectrophotometer) at a wavelength of 280 nm.  To relate the absorbency to the 

concentration of the BSA, calibration measurements were performed.   
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4.2.2.6 Modelling experiments 

To predict the diffusion of BSA through the pores at two different temperatures (above and below 

the LCST) a simple model was developed.  

The protein flux through the membrane is the result of two different types of transport: diffusion 

and convection. The first one corresponds to the diffusion flow and can be calculated from the 

first Fick’s law (Eq. (1)) while the contribution of convection Js (solute flow) is assumed to be 

the protein that is transported due to the osmotic pressure difference,      

(1) 

 

where Jdiff is the diffusion flux (kg.m-2.s-1), D is the diffusion coefficient (m2.s-1), cmx) is the 

concentration across the membrane (in kg.m-3) and x is perpendicular to the membrane surface 

(m). 

The flux of water (Jw) and solute (Js) are given by: 

     

   (3) 

where Lp(m3/m2.s.Pa), ∆π (Pa) and σ are the pure water permeability, osmotic pressure, and 

selectivity, respectively. The osmotic pressure of BSA was obtained from the following 

correlation [55]: 

  (4) 

 

In many protein filtration processes the protein adsorption is not negligible. This equilibrium can 

be represented by the Langmuir equation: 
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where qm (kg/m2) is the monolayer adsorption capacity and K (m3/kg) is the Langmuir constant or 

association constant, which is a measure of the apparent affinity of the protein with the surface. 

The total protein permeation can be estimated using the following equation derived from eq. 1 to 

5: 

 

                      (6)  

with 

(7) 

 

where ACP (m2) and VCP (m
3) are the cross section area and volume of a hypothetical cylindrical 

pore [56, 57] that crosses the membrane and APore and VPore are the volume and internal area of a 

pore. From mercury intrusion porosimetry (MIP) data it was obtained a median pore diameter of 

0.0119µm. 

The material balance to the amount of protein is defined by: 

 

(8) 

 

with Cbi (kg/m3), Cb, and Cp, the bulk initial concentration, the permeate concentration and the 

bulk concentration, respectively, at the different time points. Vsolution and V are the volumes of the 

solution in contact with the membrane and the volume of solution inside the pores with a 

thickness x and A is the area where the protein is adsorbed, obtained from the MIP (14.1 m2/mg).  

The following boundary conditions were used: 
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The system of partial differential equations of the model was solved by uncoupling the spatial 

and time discretisation; the original partial differential equations of the model were converted 

into a system of ordinary differential equations (ODEs) using the control volume method, as 

used elsewhere [58], to which an efficient stiff-integrator was subsequently applied for time 

integration. The ODE system obtained after spatial discretisation was integrated in time using 

the commercial process simulation software package gPROMS [59]. 

4.2.3 Results and discussion 

In this study, we have applied our group background on the preparation of porous structures and 

synthesis of temperature responsive polymers to fabricate smart membranes. The 

thermoresponsive PS membranes were prepared according to Figure 4.8: i) preparation of PS 

membranes from commercial polysulfone casted in different solutions by scCO2 induced phase 

inversion method; ii) the impregnation/coating of porous PS matrixes by in situ synthesis of 

PNIPAAm in supercritical media. 

Polysulfone membranes were prepared fixing all the main parameters that influence membrane 

morphology: depressurization time (1 min); temperature (45 ºC) and pressure (18.6 MPa). Three 

casting solutions were prepared, using the following solvents: dimethylformamide (DMF), 

dimethylacetamide (DMA) and dimethylpropionamide (DMPA) in order to prove our ability to 

control membrane morphology. In chapter 2.1 [51] we have presented the tuning of the water 

permeability by simply modifying the solvent in the casting solution. The water permeability and 

the pores increased with the molecular size of the solvents (DMF < DMA < DMPA). Due to the 

intermediate behaviour observed for the membranes prepared with DMA, they were selected in 

the case study of protein permeation control; nevertheless the results of water permeability will 
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be compared to verify if the pore size diameter is a paramount in the control of the 

coating/impregnation process. 

Microscale manipulation of polysulfone membranes structure was achieved by 

coating/impregnating membrane pores and surface with PNIPAAm. 

4.2.3.1 Morphological and chemical characterization 

Figure 4.10 shows the membranes surface and cross-section SEM images before and after the in-

situ PNIPAAM polymerization. 

 

 

 

 

 

Figure 4.10 - Scanning electron micrographs of: (a) membranes surface morphology and (b) membranes cross 

section morphology. (1) unmodified polysulfone membranes and (2) PNIPAAm-coated membrane. 
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The results showed that the membranes internal and surface microstructures suffered 

modifications due to the pores and surface filling with PNIPAAm network. Mercury intrusion 

porosimetry (Figure 4.11) confirmed these observations. For the polysulfone membranes it was 

observed an average pore diameter of 23 µm and a porosity of 72% while for the 

thermoresponsive membranes these values decreased for 0.36 µm and 57% respectively.  
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Figure 4.11 - Pore size distribution of membranes before and after coating with PNIPAAm. 

 

The effectiveness of the supercritical assisted polymerization procedure for coating the pores on 

membrane surface was also evaluated by XPS analysis.   
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Figure 4.12 - XPS spectrum of unmodified polysulfone membrane and polysulfone membrane coated with 

PNIPAAm; (a) Sulphur (S 2p) peak, (b) Nitrogen (N 1s) peak, (c) Carbon (C 1s) peak and  π→ππ→ππ→ππ→π transition. 
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XPS is a technique able to identify and quantify the elemental composition at the surface region 

with an analysis depth of the order of 3-10 nm. In Figure 4.12 (a) we could notice the absence of 

sulphur after PNIPAAm synthesis, although being present in polysulfone back bone chain, 

confirming that the surface was completely coated with the temperature sensitive polymer. The 

relative amount of nitrogen and carbon existing in the surface of the coated membranes was 

quantified for different sliced membrane samples. It was detected in the surface of the coated 

membranes an amount such that the atomic ratio N/C=0.137 is in accordance to PNIPAAm 

composition. These results are consistent with the nitrogen spectra (N 1s) presented in Figure 

4.12 (b). Moreover, as expected, differences were observed in the carbon (C 1s) spectra in Figure 

4.12 (a) and (b). For a carbon bonded with electron attractive groups such as the amide group 

from NIPAAm, a shoulder peak with a higher binding energy would appear besides the position 

corresponding to C-C and C-H bonds, which was visible in the spectrum of the coated 

membranes. Simultaneously, the typical π−π∗ transition from the aromatic rings of polysulfone 

disappeared. Another important consideration is the fact that these results revealed that we were 

able to prepare porous structures without any residues of organic solvents. No contaminations 

from dimethylacetamide were observed. 
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Figure 4.13 - Temperature dependence for dynamic contact angle changes on polysulfone membrane 

unmodified and coated with PNIPAAm. 

 

Membrane hydrophobicity can also be assessed with contact angle measurements.  Figure 4.13 

presents the contact angles variations with temperature for the membranes before and after 

coating. Unmodified membranes had a constant behaviour at 20º and 40 ºC with contact angles of 

74-70º and 90-80º respectively. This slight membrane hydrophobic behaviour when prepared by 

the CO2 assisted phase inversion method was observed in chapter 2 [60]. These values, somewhat 

smaller than the ones obtained in other publications [61], are related with the different 

interactions solvent-non/solvent during the phase-inversion process and as a consequence 

different chemical groups appear in the surface of the membrane. The addition of PNIPAAm to 

the membranes increased their hydrophilic character and revealed that the thermoresponsive 

membranes present different behaviour when the temperature is above or below the LCST. The 

contact angles presented at 20 ºC were slightly smaller than the ones at 40 ºC which reflects the 

interactions with water that occur below the LCST. The decrease in the contact angle is due to the 
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hydrogel nature of PNIPAAm which will allow it to absorb more water and as a consequence the 

contact angle decreases.  

4.2.3.2 Temperature dependent water permeability 

The incorporation of the thermoresponsive polymer should provide other possibilities to 

polysulfone membranes including improved or switchable release control of bioactive molecules 

(protein) through membrane pores. 

The pure water flux, which is defined as the volumetric flow rate divided by the membrane area 

and the pressure difference, is an important parameter to characterize. The flux of aqueous 

solutions through PNIPAAm-coated PS membranes was investigated as a function of temperature 

(in the range of 25−40ºC). 
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Figure 4.14 - (a) Phosphate buffer solution flux variation with temperature; (b) a schematic representation of 

stimuli-responsive porous membrane to control pore size, at temperatures below the lower critical solution 

temperature, T < LCST, expanded polymer chains 

 

The results obtained for membranes prepared from three different casting solutions (DMF, DMA, 

and DMPA) are shown in Figure 4.14 (a). The temperature-dependent permeability is the direct 

regulatory effect of the PNIPAAm chains on the membranes and pore surfaces. In all examples 

when the temperature is below the LCST only a small amount of water is able to cross the 

membrane (water permeability ~ 0 L/(m2.h.bar)), in contradiction with the results observed for 

temperatures above the LCST (water permeability > 300 L/(m2.h.bar)). To the best of our 

knowledge this increase of several orders of magnitude was the biggest on-off ratio for water 

permeability data upon temperature changes reported in the literature. Meaning that at the surface 
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densities and molecular weight used in this study, the hydrophilic PNIPAAm chains assume a 

highly extended conformation below 32 ºC, leading to a remarkable reduction of the effective 

pore size. On the other hand, above LCST, the chains become less hydrophilic on the membrane 

and pore surface, assuming a much collapsed conformation resulting in the opening of the pores 

and hence the observed increase in the permeation rate. The mechanism of on-off valve pore 

aperture is schematically explained in Figure 4.14 (b). 

These results demonstrate that the supercritical PNIPAAm coating method albeit leading to a low 

molecular weight polymer network produced a thermoresponsive matrix with a very sharp 

hydrophilic-hydrophobic phase transition (LCST in water at 32º±5ºC). Recent experimental 

findings [49] showed that, grafted PNIPAAm coatings only show temperature-triggered 

conformational changes depending on the grafting density and molecular weight. Indeed, it is 

known that the transition might be suppressed for low molecular weight (Mw < 75 000) end-

grafted PNIPAAm. These chains therefore remain swollen above the LCST rather than attract.  

It is also interesting to notice the correlation between the mean pore size diameter, the water 

permeabilities previously reported28 and the tuning in the permeability after coating/impregnation 

with PNIPAAm. The membranes that presented higher permeability before coating continued to 

present this behaviour after impregnation. 

 

4.2.3.3 Protein permeation 

Permeation studies were carried out in a two compartment diffusion cell. Two chambers are 

separated by a circular thermoresponsive membrane having a diameter and thickness of 11 mm 

and 700 µm, respectively. For the monitoring of the smart PS membrane stimuli-responsive 

nature the bovine serum albumin (BSA) was the permeate studied.. Figure 4.15(a) shows the 

concentration profile of BSA through the coated membrane at two different temperatures: 20 ºC 
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and 40 ºC, below and above the transition temperature of PNIPAAm, respectively. It is evident 

that below the LCST the transport is much smaller in opposition to a high rate above the LCST.  

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 1 2 3 4

Time (days)

P
ro

te
in

 C
o

n
c
. 
(m

g
/m

l)

15

20

25

30

35

40

45

T
e

m
p

e
ra

tu
re

 (
ºC

)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 2 4 6

Time (days)

P
ro

te
in

 C
o

n
c

. 
(m

g
/m

l)

40ºC

20ºC

a)

b)

 

Figure 4.15 - (a) Diffusion cell experiment with 3 mg/ml BSA, pH 7.4 and 0.1M PBS at 20 and 40 ºC. (b) Effect 

of step temperature gradient on protein filtration. The curve fitting was performed according to the 

mathematical model developed in this work. 

 

This is also a dynamic mechanism as we can observe in Figure 4.15 (b). As the temperature of 

the solutions surrounding the clamped smart PS membrane was changed, the permeability 

changed drastically. Inducing temperature pulses from 20-40 ºC it is possible to close and open 

the pores of the membrane for several days. Protein adsorption is also an important factor to have 



 Smart porous structures 

187 

in account. At 20 ºC when the PNIPAAm chains are more hydrophilic they will have a higher 

adsorption capability due to the fact that they are untangled. At 40 ºC, due to the more favourable 

interactions between the polymers chains they will be mostly tangled decreasing the adsorption 

capability [62]. 

To understand this process a simple mathematical model was developed. The bulk initial 

concentration, Cbi , the monolayer adsorption capacity, qm, and the Langmuir constant or 

association constant, K, listed in Table 4.2 constitute the model input parameters along with 

median pore diameter and total pore area obtained from MIP data. 

 

Table 4.2 - Bulk initial concentration, Cbi, monolayer adsorption capacity, qm, and Langmuir constant or 

association constant, K, used in the model. 

 Cbi (mg/ml) qm(ng/m2) K (ml/mg) X (µm) 

20 ºC 3 220 1.36 700 

40 ºC 3 150 a) 27.57 700 

Ref. - 62 62 b) 

a) In ref. [62] this value is 188±22. 
b) Measured from the SEM images 

 
It was assumed that the protein concentration in the boundary layer next to the membrane was the 

same as the bulk concentration in both sides of the membrane and that Cm(x) was in equilibrium 

with qx. To adjust the model to the experimental data it was necessary to use higher water 

permeability (Table 2) than the ones that were obtained for the pure water system (Figure 4.14 a). 

This is related with the introduction of a third compound (BSA) that interferes in the hydrophilic-

hydrophobic equilibrium established between water and PNIPAAm. It would be interesting to 

extend this strategy towards the study of using the smart membranes with surface properties that 

could change with temperature in the separation of different high value bioactive molecules. 
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Table 4.3 summarizes the parameters that were optimized in order to adjust the mathematical 

model to experimental protein diffusion.  

 

Table 4.3 - Estimated values for protein diffusion coefficient, D, pure water permeability, Lp, and selectivity, 

σσσσ, in this work. 

 D (m2.s) Lp (m
3/m2.s.Pa) σ 

20 ºC 1x10-11 7.3x10-12 
0.9927 

40 ºC 7.7x10-10 7.3x10-10 

 

 

The transport mechanism for these membranes is a consequence of two different types of 

transport: protein diffusion - which is the predominant mechanism when the pores are close 

below the LCST- and bulk transport of the protein by the solvent, predominant when the pores 

are open above the LCST. To test the stability of the PNIPAAm-coated membranes, the water 

and protein permeability measurements were repeated after 2 months and the on-off ratios were 

reproduced.  

4.2.4 Conclusions 

This work represents a new “green” alternative for the production of high-tech porous structures 

namely thermoresponsive membranes without any solvent residues. Besides these advantages the 

membranes prepared in this work exhibited a good performance in terms of valve mechanism in 

the pores with a complete on-off control of water permeability. The transport of a model protein 

was used as a proof of concept and the mathematical model was developed, based on the Fick’s 

law and in Langmuir adsorption. Protein diffusion at temperatures below and above LCST 

showed sharp variation but the on-off control is different from pure water fluxes. This behaviour 
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is due to the PNIPAAm chain conformational changes caused by protein presence in the media 

introducing different water-protein-PNIPAAm interactions.  

The approach used in this work is not merely limited to temperature responsive hydrogels. This 

concept can also be used to develop smart membranes whose pores can open and close by 

electronically induced external triggers such as pH, light or electrical field. 
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4.3 PMMA loaded membranes for drug delivery 

In the last decade there has been an intensive research on polymeric delivery systems such as 

spherical particles and polymeric films, with the goal of improving efficacy and control of in vivo 

drug release [63]. One of the objectives of a controlled drug delivery system is to maintain a 

desirable concentration of drug in tissues and blood as long as possible.  This concentration must 

be above a certain value, the therapeutic limit, and also be lower than the upper limit of toxicity. 

Therefore in order to be effective, the drug release must be between these two limits for an 

extended period of time, avoiding large fluctuations and reducing the need of several 

administrations [64]. The most common mechanisms by which a drug releases from a polymeric 

system are dissolution, diffusion and erosion. Each one of these mechanisms can be dominant but 

not exclusive, thus making the release of the drug a complex process to control. Depending on 

the matrix, type of drug and incorporated drug dose, preparation technique, geometry etc, many 

phenomena can be involved in the control of drug release processes such as wetting of the 

system`s surface, water penetration into the device through pores, drug and matrix solubility and 

degradation among many others [65]. Problems in controlling drug release from polymeric 

matrixes are common, such as, burst release of the drug, lack of drug solubility in the release 

medium, drug distribution within the carrier, etc. The incorporation of cyclodextrins into the 

polymeric matrixes can influence the mechanism of drug release and overcome this kind of 

problems. Cyclodextrins and their derivatives have been frequently incorporated into polymeric 

drug delivery devices with the purpose of controlling drug release [66]. 

Cyclodextrins are cyclic oligosaccharides able to accommodate drug molecules in their cone-

shaped cavity forming inclusion complexes which are stabilised by intermolecular forces such as 

hydrophobic interactions, van der Waals forces and hydrogen bonding.  Inclusion can occur when 

the cyclodextrin partially or fully entraps a guest compound in its cavity [67]. Physically 
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entrapped cyclodextrins in polymeric matrixes can modify drug solubility, promote erosion of the 

matrix or increase hydration.  Bibby et al. [63] published a good review on how cyclodextrins 

can modify the drug release from these matrixes.  Depending on the system, type of cyclodextrin 

and drug, the incorporation of cyclodextrins can result either in the increase of the release rate or 

in the decrease, being a complex process and with many variables able to interfere. Moreover, 

cyclodextrins are known to improve blood compatibility of polymeric biomaterials since they 

lead to an increase of the material hydrophilicity [68]. 

Membranes are of major importance in medical applications such as in drug delivery, tissue 

regeneration, artificial organs, diagnostic devices, coatings for biomedical devices and 

bioseparation [69]. Leprête et al. developed polyvinylidene difluoride membranes with fixed 

cyclodextrins for several applications, such as, guided tissue regeneration, and antiseptic delivery 

for periodontal applications [70].                  

Polymethylmethacrylate (PMMA) is a nonbiodegradable, biocompatible, hydrophobic and highly 

biostable polymer thus presenting a great variety of applications in biomedicine such as in 

dentures, cranioplasties, orthopaedic prostheses, etc. Temporary antibiotic loaded-PMMA spacers 

are commonly used for the treatment of bacterial infection, the major complication that can occur 

in total hip replacement [71]. PMMA is also used as part of polyphasic materials used in bone 

filling implants [72]. The controlled release of an anti-inflammatory drug from the implanted 

polymeric materials is an alternative to attain an effective drug concentration to fight the 

inflammatory response that often occur after the implantation.  

As proven before scCO2 is an important solvent in the processing of polymers for biomedical 

application. This technology has also shown to be a greener alternative to form drug-cyclodextrin 

inclusion complexes [73]. Natural cyclodextrins and some substituted ones such as HP-β-CDs are 

insoluble in scCO2 [74]. Ibuprofen is a very common nonsteroidal anti-inflammatory drug 
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(NSAID), and known to form efficient inclusion complexes with HP-β-CDs [75]. Ibuprofen is 

very soluble in scCO2 compared to other drugs [76] and thus suitable to be impregnated into a 

polymer using supercritical fluid technology without the need of co-solvents. Moreover, PMMA 

as the majority of polymers is able to absorb CO2 and swell in scCO2 [77]. 
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Figure 4.16 - Hydroxypropyl-beta-cyclodextrin chemical structure. R=CH2CHOHCH3 and H 

 

In this work, PMMA membranes functionalized with different contents of HP-β-CDs were 

produced using a scCO2-assisted phase inversion method.  The polymeric membranes were 

further impregnated with ibuprofen using scCO2 in batch mode. The membranes were then tested 

as controlled drug delivery devices by performing in vitro tests in a buffer solution at pH 7.4. The 

drug release data was modelled using a mathematical theory based on Fick’s second law of 

diffusion. 
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4.3.1 Materials and methods 

4.3.1.1 Materials 

Poly(methyl methacrylate) (PMMA) (molecular weight 120,000), acetone (purity ≥ 99.5%) were 

purchased from Sigma-Aldrich. Hydroxypropyl-β-cyclodextrin (HP-β-CD) was obtained from 

Janssen Biotech with average molar substitution of 0.4. Methanol-d4 and water-d2 were 

purchased from Fluka and acetonitrile from Scharlau Chemie (both purity ≥ 99.8%). Carbon 

dioxide was obtained from Air Liquide with purity better than 99.998 %. All materials were used 

as received without further purification. 

 

4.3.1.2 Membrane preparation 

Membranes were produced as already described in Chapter 2. Different contents of HP-β-CD, up 

to 9.2 wt%, are added to the casting solution.  This solution is then loaded into a stainless steel 

cap (68 mm diameter and 1 mm height) and placed inside the high pressure vessel. The cell is 

then immersed in a visual water bath thermostatted by means of a temperature controller (Hart 

Scientific, Model 2200) within ±0.01 °C. The CO2 is added up to the desired pressure using a 

Gilson 305 piston pump. After reaching the desired experimental conditions, the process starts 

running in continuous. The supercritical solution passes through a back pressure regulator (Jasco 

880-81) which separates the CO2 from the casting solvent. The pressure inside the system is 

monitored with a pressure transducer (Setra Systems Inc., Model 204) with a precision of ± 100 

Pa. 

All the experiments were performed at 20 MPa and 40 ºC, with a CO2 flow of 9.8 g/min for 2 

hours. At the end the system is slowly depressurized during 30 minutes and a thin homogeneous 

membrane is obtained, as shown in Figure 4.17. 
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Figure 4.17- Appearance of a PMMA membrane prepared with the CO2-assisted phase inversion method. 

4.3.1.3 Impregnation experiments 

The membranes produced were impregnated with ibuprofen using the same apparatus as for 

membrane production. The cell has a porous support which divides it in two compartments. 

Ibuprofen was placed under the porous support with a magnetic stirrer bar, in quantity enough to 

obtain a saturated solution at the p,T impregnation conditions [76]. The membrane is placed over 

the support. The cell is then closed and immersed in the thermostatted water bath at 40 ºC. CO2 is 

loaded at the desired pressure of 20 MPa. The impregnation is undertaken in a batch mode for 4 

hours. At the end, the cell is rapidly depressurized within approximately 1 min. Impregnated 

ibuprofen was calculated gravimetrically by weighting the membranes in a Sartorious balance 

(precision ±0.00001g) prior and after the impregnation. 

The cyclodextrin content as well as the impregnated ibuprofen in the final membranes was 

confirmed by 1H-NMR spectroscopy using a Bruker Avance II 400 equipment (400.15 MHz). 1H-

NMR spectra were acquired with 256 scans over a 8000 Hz spectral window with a 30 degree flip 
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angle excitation pulse, the time between each repetition was set to 10 s to allow full relaxation of 

the proton magnetization. Solutions of the impregnated membranes were prepared in deuterated 

methanol using acetonitrile (4.92×10-7 M) as internal standard at 298 K. The quantification was 

done by integration of the peaks corresponding to the protons of the methyl group of acetonitrile 

(singlet at δ 2.04), the hydroxypropyl groups of HP-β-CD (multiplet at δ 1.14) and the methyl 

groups of the ibuprofen isopropyl moiety (doublet at δ 0.90). The peak corresponding to HP-β-

CD has the contribution of an average of 8.4 protons (0.4 of degree of substitution). NMR results 

confirm the cyclodextrin content in the membrane and the impregnated ibuprofen mass 

determined gravimetrically (deviation lower than 5% and 11% respectively) being reasonable to 

say that no significant cyclodextrin is leached out during the membrane preparation by CO2 

inversion method neither during the impregnation step.  

4.3.1.4 Membranes characterization  

The surfaces and cross-sections of the membranes were characterized using Scanning Electron 

Microscopy (SEM) in a Hitachi S-2400 equipment, with an accelerating voltage set to 15 kV. For 

cross-section analysis the membrane samples were frozen in liquid nitrogen and fractured. 

Samples were mounted on aluminium stubs using carbon tape and were gold coated. 

Pore size diameters and porosity were obtained by image analysis using SigmaScan Pro (Systat 

Software Inc.). EasyFit (MathWave Technologies) was used to fit statistical distributions to 

experimental data (Weibull, Lognormal) and to perform the Kolmogorov-Smirnov [78] and 

Anderson-Darling [79] tests to select the more adequate distribution function to each system.  

Differential scanning calorimetry (DSC) measurements of the produced membranes were carried 

out at the REQUIMTE associated laboratory using a Setaram (Model DSC 131) equipment. The 

analyses were performed from 0 to 350ºC at 5ºC/min under dry nitrogen atmosphere. 
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4.3.1.5 In vitro controlled drug release 

Small square pieces of each membrane (200 mg) were placed inside 200 ml phosphate buffer 

solutions (pH 7.4). Solutions were kept at 37 ºC for 40 days. 500µL aliquots were withdrawn 

periodically from the solutions and collected in Eppendorf tubes. In each sampling procedure the 

same volume of fresh buffer solution was added to the solution. Quantification of the released 

drug takes into account the dilution of the solution by adding the fresh buffer solution. Ibuprofen 

was quantified by UV spectroscopy at the maximum absorbance around 220 nm. 

 

4.3.1.6 Modelling of ibuprofen release 

The release of ibuprofen was modelled using a mathematical model based on Fick’s second law 

of diffusion.  

The diffusion of a drug from a thin film with negligible edge effects (high surface area: thickness 

ratio) is given by equation 1 [65]. 
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Where Mt is the drug release at time t, M∞ is the drug release at equilibrium and Mt/M∞ is the 

fraction of drug released at time t. D is the diffusion coefficient of the drug through the 

membrane and L the half-thickness of the film. In order to avoid the use of infinitive series of 

exponential functions, an approximation for this equation, described in eq.(2),  (Ritger and 

Peppas, 1987) can be used for Mt/M∞ ≤ 0.6.  
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No significant porosity and swelling changes in the matrix are considered during drug release, 

drug release is primarily controlled by diffusion through the carrier matrix and perfect sink 

conditions are maintained over the release period. 

4.3.2 Results and discussion 

Membranes were produced with different HP-β-CD contents according toTable 4.4.  

Table 4.4- HP-ββββ-CD content in the casting solution and in the produced membranes and corresponding glass 

transition temperatures of PMMA. 

 
wt%  HP-β-CD, 
casting solution a 

 

wt%  HP-β-CD b Tg/ºC c 

Entry 1 0.0 0.0 102.07 

Entry 2 1.5 5.1 102.73 

Entry 3 2.6 8.7 111.72 

Entry 4 4.0 13.7 114.21 

Entry 5 9.2 33.4 * 

a weight of HP-β-CD / total weight (Solvent+PMMA+ HP-β-CD). Ratio solvent/PMMA kept constant. 

b weight percentage of HP-β-CD with respect to PMMA. 

c not possible to measure due to a more pronounced dehydration peak of HP-β-CD compared to the other 
membranes. Tg of PMMA used in the casting solution: 102.48ºC. 

 

Figure 4.18 shows SEM images of the surface and cross-section of a PMMA membrane.  
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Figure 4.18 - Scanning electron micrographs of a PMMA membrane produced: a) surface top view; b) cross-

section. 

All membranes show analogous highly uniform porous structures. Pore size distributions of the 

membranes produced are shown in Figure 4.19. Similar pore size distributions were obtained, 

nevertheless an increase in the mean pore size diameter was observed, from around 14.9 µm to 

18.4 µm, while increasing the content of HP-β-CDs in the casting solution up to 9.2 wt%. This 

increase, in the mean pore size diameter, could be explained by the interference of the 

cyclodextrin in the nucleation process of the polymer during the membrane formation as was also 

observed by other authors [80].  There is an obvious compositional dependence of PMMA’s Tg 

with the cyclodextrin content in the membrane as it is shown in  

Table 4.4, suggesting that there is a good miscibility of PMMA with the cyclodextrin. Tg 

increases with increasing cyclodextrin content meaning that there is an increase in the hardness of 

the membranes. Another possible explanation is the formation of inclusion complexes between 

cyclodextrins and PMMA [8182].  
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Figure 4.19 - Pore size distribution of PMMA membranes produced using different amounts of HP-β-CDs. 

Entries correspond to table 4.4. 

The morphology of the membranes is not altered during the impregnation process as it can be 

seen from SEM images of the membranes before and after impregnation, presented in Figure 

4.20. Just a slight pore elongation is observed, which could be a result of the plasticization and 

swelling of the polymeric matrix followed by rapid decompression at the end of impregnation, as 

it was also reported elsewhere for fast depressurizations from polysulfone membranes in chapter 

2 [51]. The percentage of impregnated ibuprofen was analogous for all membranes, around 3 

wt%, therefore the cyclodextrin content does not seem to influence the impregnation step. This 

can be explained by the high diffusivity of scCO2 into the polymer matrix including the 

cyclodextrin cavities. ScCO2 has already shown to be very effective in impregnating drugs into 

polymers and a good medium to include ibuprofen into cyclodextrins [83]. 
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Figure 4.20- Scanning electron micrographs of PMMA membranes produced with 9.2 wt% of HP-β-CDs in 

the casting solution: a) before; b) after impregnation. 

In order to study the influence of the PMMA membrane functionalization with the cyclodextrins, 

the release profile of the ibuprofen from the films was investigated towards the content of 

cyclodextrin.  

 

Figure 4.21- Ibuprofen release profile from the different membranes into buffer solution pH 7.4. ♦: 33.4 wt% 

of HP-ββββ-CD; ∆: 13.7 wt%; ●: 8.7 wt%; ■: 5.1 wt%; ◊: 0 wt%. 
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Figure 4.21 shows in vitro release rates of ibuprofen from the membrane samples over time, into 

a 7.4 pH phosphate buffer solution at 37ºC. For all the membranes studied no burst release was 

observed. The initial slopes decrease rapidly and then monotonically which clearly indicates that 

the membranes are able to release the ibuprofen in a very controlled way including the one that 

does not contain cyclodextrin. The membrane with the highest content of cyclodextrin reached 

about 12 wt% of drug release in 40 days, six times more than the one with the lowest content, 

corresponding to 3.6×10-3 mg of ibuprofen released/mg of membrane compared to 6.7×10-4 mg 

ibuprofen/mg membrane. Figure 4.21 also shows the fitting of Equation 2 to the experimental 

drug release data, which follows the experimental trend and agree reasonably. As it can be seen 

release rates increase with increasing HP-β-CD content. Table 4.5 shows the diffusion 

coefficients that were optimized to fit the experimental data. 

Table 4.5- Optimized diffusion coefficients to adjust the mathematical model to drug release data. 

 

wt% HP-β-CDa D/m2s-1 

0.0 6.01×10-18 

5.1 2.88×10-18 

8.7 1.10×10-17 

13.7 2.08×10-17 

33.4 1.30×10-16 

a weight percentage of HP-β-CD with respect to PMMA in the membranes. 

Comparing the release profiles of the membranes with and without cyclodextrin we can see that 

the increase in drug delivery is directly related with the increase of CD content. However all 

membranes were impregnated with the same percentage of ibuprofen (~3wt%) what means that 

there are no preferable impregnation/inclusion of drug in the CD cavities due to the increase of 

cyclodextrin content. As it was mentioned above the entire matrix is likely to be uniformly 
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impregnated due the high diffusivity of CO2 within the matrix and consequent swelling of the 

PMMA.  

On the other hand when the membranes are put into the buffer solution no swelling or 

degradability of the PMMA membranes is observed as it was expected since this polymer is 

hydrophobic and highly biostable, as it was pointed out in the introduction. 

The release of the drug from the membrane without cyclodextrins is mainly due to the high 

porosity of the matrix as observed in the SEM images, which allow the wetting within the matrix 

promoting the dissolution and diffusion of the drug from the membrane.  

By adding cyclodextrins there is a significant increase in the drug release, which can be tuned by 

varying the cyclodextrin content. We believe that this might have two main contributions: i) the 

ability of the cyclodextrin to act as a hydrating agent, due to their hydroxyl groups, promoting 

diffusion of water into the matrix. HP-β-CDs are able to form hydrogen bonding, and thus 

interfere in the conformation of the polymeric chains during the membrane formation, turning the 

matrix less hydrophobic. The presence of the cyclodextrin restrains the degrees of freedom in the 

organization/conformation of the polymeric chains, and a less random organization is obtained, 

which also explains the increment of Tg temperature while increasing cyclodextrin concentration; 

ii) the release of ibuprofen from the cyclodextrin cavities, which are more accessible to the 

release medium than the PMMA itself.  

Our NMR studies confirmed that no leaching of the HP-β-CD occurred upon the process of 

membrane formation nor during impregnation as it was expected since this cyclodextrin 

derivative is completely insoluble in scCO2. However as HP-β-CDs are hydrophilic one could 

expect that they would be also released to the medium alone or by forming ibuprofen-(HP-β-CD) 

inclusion complexes. 1H-NMR experiments of drug release from the membranes were performed 

in deuterated water at 37ºC. Although cyclodextrins are soluble in water, 1H-NMR spectra do not 
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show any traces of cyclodextrin even after several weeks, which confirms that no cyclodextrin 

leaching from the membranes occurs. This means that the cyclodextrin is entrapped physically 

within the matrix.  

Our results demonstrate that the drug release from the membrane is increased by incorporating 

cyclodextrins and that it can be further tuned by varying the cyclodextrin content, which could 

have potential applications as implant materials and as drug release devices. 

4.3.3 Conclusions 

By varying the content of HP-β-CDs in the casting solution during the scCO2-assisted membrane 

production process, it is possible to obtain PMMA membranes functionalized with different 

cyclodextrin contents. The introduction of cyclodextrins physically entrapped in the PMMA 

matrix, leads to an increase of drug release to the buffer solution at pH 7.4 when compared to the 

neat PMMA membrane. Also by controlling the amount of cyclodextrin entrapped in the 

membrane, the ibuprofen release rate from the membranes can be tuned. Therefore we 

demonstrate that the supercritical fluid-assisted membrane formation is a greener alternative to 

produce porous polymeric matrixes containing cyclodextrins, with controlled drug release ability, 

which might have promising biomedical applications.  
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5. Conclusions and Prospects  

5.1 General conclusions 

New technologies and approaches are needed to manufacture devices capable to deliver drugs at 

the right time in a safe and reproducible manner to a specific target at the required level. The use 

of carbon dioxide as a solvent presents a range of interesting opportunities in this field. In 

addition to reducing the need for toxic volatile organic solvents, CO2 allows the synthesis and 

processing of a broad range of polymeric materials with well defined structures and properties. It 

is not certainly the answer to all the problems, neither the solution to all the environmental issues 

but it is an alternative that should be always considered.  

The formation of well defined porous structures for controlled drug release or tissue engineering 

applications has been an important area of research as it is evidenced by the number of different 

technologies that were developed (foaming, emulsion, phase inversion) and the growing number 

of scientific papers and patents. Even with a better knowledge of the many fundamental 

principles underlying these techniques the number of industrial successes is to date still very low. 

As mentioned by Val Krukonis, one of the supercritical fluid mentors, in the First International 

Symposium on Supercritical Fluids in 1988 “There is no point in doing something in a 

supercritical fluid just because it`s neat. Using the fluids must have some real advantages.” 

The purpose of this thesis was to study the possibility to use scCO2 to process and prepare 

“smart” systems with applicability in the medical field. A new high pressure apparatus for the 

preparation of non residue membranes was developed and different materials, for different 

applications were successfully processed. Polysulfone membranes for filtration purposes, 
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chitosan membranes for cell expansion and poly methyl methacrylate membranes for drug release 

are examples of these structures.  

The bigger advantage of CO2 assisted phase inversion is the introduction of additional parameters 

to control the morphology of the membrane, particularly due to the fact that CO2 properties can 

be easily adjusted by simply tuning temperature and pressure conditions. Depressurization rate, 

solvent-non solvent affinity and incorporation of a blowing agent were efficiently used in this 

work to modify the structure of the membranes. There are not many solvents with this capability.     

The second advantage is the ability to remove undesirable residues (process solvents in the case 

of polysulfone membranes or acetic acid vestiges in the case of chitosan membranes) which is 

particularly important if we consider the safety requirements of medical products, for example 

addressed in the International Conference on Harmonisation of Technical Requirements for 

Registration of Pharmaceuticals for Human Use (ICH) guidelines restrictions [1].  This was 

confirmed in chapter 4 where the membranes that were analyzed by XPS (a highly sensitive 

technique) revealed no solvent residues. 

Similarly, it was proved the potential use of scCO2 in the coating/impregnation of small pores 

either with thermo or pH responsive polymers or with active molecules such as drugs or peptides. 

There are not many solvents that present low viscosities and high diffusivities associate a good  

and tunable solvent power and that are able to transport molecules into the interior of small pores 

without collapsing them. The “smart” porous structures, membranes and scaffolds that were 

successfully prepared in this work are a proof of the advantages of supercritical fluids and how 

pH and temperature response can be used to control the diffusion/release of model proteins and 

model drugs. 

Nevertheless due to the high costs associated, only the processing of high valuable materials for 

very specific applications is economically viable and may lead to future industrial applications.  



 Conclusions and Prospects   

 

217 

5.2 Future perspectives 

Science is in a continuous mutation where it is always possible to improve. In order to “exploit” 

the whole potential of CO2 phase inversion it is necessary to obtain more thermodynamic data for 

the construction of reliable ternary diagrams that could be used to predict and improve the 

morphology of the porous structures. This is of great importance to improve porosity and pore 

interconnectivity, which are crucial aspects, when we are dealing with porous structures for tissue 

engineering applications. 

The preparation of asymmetric membranes with applications in filtration field should become a 

subject of research because this structure could improve the mass transfer properties. A lot of 

knowledge from the traditional technologies can be applied for the preparation of this type of 

structures with a broad range of success. An example is surface modification by graft 

polymerization or plasma technology. 

Finally, in terms of coating/impregnation of the porous structures there is still a lot of work to be 

performed in order to control the whole process, particularly the morphology and thickness of the 

stimuli responsive material layer that are paramount when these structures are used in tissue 

engineering applications (e.g. cell sheet technology).  
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Annexes 

A- Gproms Model applied in chapter 4.2 

 

PARAMETER 

 x   AS REAL DEFAULT 700e-6   # membrane tickness; m   

DISTRIBUTION_DOMAIN 

 axialf AS [ 0: x ]      

 VARIABLE 

 Cb AS  Conc # concentration in bulk (first reservoir) - this concentration will decrease 

with time as part of the BSA permeates through the membrane or is absorbed by the membrane; 

kg/m3. 

 Cbi   AS Conc   # initial concentration of BSA in the first reservoir; kg/m3. 

 Cp    AS Conc   # concentration in permeate (second reservoir); kg/m3. 

 Cm   AS Distribution(AxialF) of Conc # concentration throughout the membrane; kg/m3. 

 Lp      AS Coefs  # water permeability coefficient; kg.m-2.h-1.bar-1 

 Diff    AS Coefs  # diffusion coefficient (to be estimated) 

 Jv      AS Distribution(AxialF) of Flux 

 Js      AS Distribution(AxialF) of Flux 

 Temp    AS Temperature # temperature; ºC. 

 Select   AS Coefs  # Membrane selectivity 

 DeltaPI AS Distribution(AxialF) of Conc # osmotic pressure; bar 

 K    AS Coefs # mass transfer coefficient in the membrane interface with the bulk liquid 
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II 

A       AS Coefs   # membrane total surface area; m2. 

 q       AS DISTRIBUTION(AxialF) OF conc # protein adsorbed; (kg/m2). 

 qm      AS Coefs # maximal monolayer adsorption; (kg/m2). 

 Kd      AS Coefs # Langmuir constant; m3/kg. 

 V       AS Coefs # Volume of each cut through the membrane; m3 

 DeltaQ   AS Distribution (AxialF) OF conc # variation of the amount of protein that it is 

adsorbed; Kg.m-2 

  

EQUATION 

 V = 2 * 3.1416 * (1/2 * 1.103013E-2) * x / 12; ## Volume of each cut on the membrane length 

## 

A = 150E-3 * 14.108 / 12;  #  mass. Mercury porosimetry area 

 

FOR y := 0|+ TO x DO 

$Cm(y)=Diff*PARTIAL(Cm(y),AxialF,AxialF)+Js(y)*3.14*((0.0000000119/2)^2)/(3.14*((0.00

00000119/2)^2 * x /12 )) - DeltaQ(y) * 0.013933069; 

END 

 

FOR y := 0 TO x DO 

DeltaQ(y) = qm * ( Kd * (1+ Kd * Cm(y)) - Kd * (Kd * Cm(y)))/((1 + Kd * Cm(y))^2) ; 

Jv(y) = Lp * (Select * DeltaPI(y)) ; 

Js(y) = (1-Select) * Jv(y) ;   

DeltaPI(y) = (204.78 * PARTIAL(Cm(y),AxialF) + 2 * (PARTIAL(Cm(y),AxialF))^2 + 8.44E-3 

* (PARTIAL(Cm(y),AxialF))^3) ; 
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q(y) = qm * Kd * Cm(y) / (1 - Kd * Cm(y)) ; 

 

END 

 

Cbi * 40E-6 = cb * 40E-6  + Cp * 40E-6 + Sigma(Cm(0:x) * V) + (Sigma(q(0:x) * A)) ; 

Kd = exp(  -13807.182 / (temp + 273.15) + 47.4081289) ;   # m3/kg 

Cm(0) = K * Cb ; 

Cm(x) = K * Cp ; 

 

 




