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Resumo 

 

A necessidade premente de desenvolver novos polímeros com capacidade para 

libertar compostos com actividade terapêutica mais eficientemente, diminuindo a 

quantidade de fármaco administrada e conseguindo orientar a sua libertação no local de 

acção específico, tem levado a comunidade científica e a indústria farmacêutica a 

desenvolver novos métodos de síntese para produzir estes polímeros inteligentes.  

A administração controlada de fármacos a órgãos ou outros locais específicos do 

organismo é um dos grandes desafios desta investigação. Foi com esse objectivo, que 

se desenvolveram neste trabalho dois novos tipos de matrizes poliméricas para a 

libertação controlada de moléculas bioactivas sendo elas: a) hidrogéis termossensíveis 

à base de polioxazolinas e, b) micropartículas mesoporosas para inalação pulmonar 

com potencial para libertação de substâncias com actividade terapêutica por longos 

períodos de tempo, possibilitando a acção terapêutica por períodos que podem variar 

desde algumas horas a alguns dias. 

Para o desenvolvimento dos hidrogéis, foram testados vários métodos para a 

funcionalização terminal com uma unidade metacrílica de polímeros vivos de 2-etil-2-

oxazolina, previamente preparados em dióxido de carbono supercrítico. A terminação 

com ácido metacrílico em meio fortemente básico demonstrou ser a via mais adequada 

para este fim. O macromonómero obtido, P(EtOxMA), foi depois copolimerizado com 

diferentes percentagens (25 e 80%) de glicidil de metacrilato (GMA). Os copolimeros 

foram caracterizados por FTIR, 1H NMR e cromatografia de permeabilidade em gel 

(GPC). A temperatura crítica mínima de solução (LCST) aquosa contendo o polímero foi 

avaliada por turbidimetria demonstrando a possibilidade de manipular este parâmetro 

entre os 80 e os 55,7 ºC dependendo da percentagem de GMA utilizada. 

A síntese de micropartículas mesoporosas de glicerilo de dimetacrilato (GDMA) foi 

desenvolvida através de polimerização radical num único passo. Foi também estudado 

o efeito da adição de dois estabilizadores (Krytox e Fluorolink C). Os polímeros 

sintetizados foram caracterizados por FTIR, CP-MAS 13C RMN do estado sólido, 

microscopia electrónica de varrimento (SEM), microscopia electrónica de transmissão 

(TEM), calorimetria diferencial de varrimento (DSC) e porosimetria de mercúrio. A área 

superficial foi também avaliada recorrendo ao método de Brunauer-Emmett-Teller 

(BET). Os resultados das análises efectuadas revelaram a obtenção de partículas com 

baixa densidade (0,19-0,37 g cm-3), com tamanho controlado (1 a 3 µm de tamanho 

médio) e com morfologia homogénea nos casos em que se utilizaram estabilizadores 

durante a reacção de polimerização. 
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A metodologia de polimerização destes materiais em dióxido de carbono supercrítico, 

permite a obtenção de polímeros bem definidos e garante, ao mesmo tempo, uma 

alternativa sustentável relativamente à via convencional de síntese, que recorre ao uso 

de solventes orgânicos. 
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Abstract  

 

!
The emergent demand in medicine and in the biomedical field for polymers that can 

deliver otherwise insoluble or unstable therapeutic compounds, to reduce the amount 

of those compounds and to localize the delivery of potent compounds has driven 

research and pharmaceutical industry to invent new molecules and new synthetic 

approaches to produce these kinds of “smart” polymers.!!

Targeted delivery of drug molecules to organs or special sites is one of the most 

challenging research areas in pharmaceutical sciences. Thus, in this work two different 

types of polymeric matrices for the controlled release of bioactive molecules were 

developed: a) oxazoline-based hydrogel polymers with biological responsiveness built 

in and b) glycerol dimethacrylate mesoporous microparticles for inhalation into the 

lungs.  

For the development of oxazoline-based hydrogels, several methods were tested to 

achieve the end-capping of living poly(2-ethyl-2-oxazoline) P(EtOx) with a methacrylate 

unit and it was found that the end-capping with triethylammonium methacrylate was the 

most suitable methodology for this propose. The obtained macromonomer, P(EtOxMA), 

was subsequently copolymerized with different percentages (25 and 80%) of glycidyl 

methacrylate (GMA). The copolymers were characterized by FTIR, 1H NMR and gel 

permeation chromatography (GPC). The low critical solution temperature (LCST) 

behavior of aqueous polymer solutions was investigated by turbidity measurements 

revealing cloud points that can be tuned from 80 to 55.7 °C by increasing the GMA 

content. 

Glycerol dimethacrylate (GDMA) mesoporous microbeads were synthesized by a 

single-stage free radical polymerization. The effect of added stabilizers (Krytox and 

Fluorolink C) was investigated. The synthesized polymers were characterized by FTIR, 

solid state CP-MAS 13C NMR, Scanning Electron Microscopy (SEM), Transmission 

Electron Microscopy (TEM), Differential Scanning Calorimetry (DSC) and mercury 

porosimetry. Surface area was also analyzed by the Brunauer-Emmett-Teller (BET) 

theory. Small mass density particles (0.19-0.37 g cm-3) with controlled size (1 to 3 µm) 

and homogeneous morphology were obtained by the addition of stabilizers to the 

polymerization media.  

The production of the described materials was performed using the green 

supercritical carbon dioxide technology, leading to well defined polymers providing a 

sustainable alternative to organic solvents used in conventional synthesis. !!
!
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Abbreviations and Symbology 
[BMIM][BF4]                                               1-Butyl-3-methylimidazolium tetrafluoroborate 

[BMIM][Cl]                                                               1-Butyl-3-methylimidazolium chloride 

[BMIM][PF6]                                        1-Butyl-3-methylimidazolium hexafluorophosphate 

[OMIM][PF6]                                       1-Methyl-3-octyl-imidazolium hexafluorophosphate 

AIBN                                                                                       2,2!-Azobis(isobutyronitrile) 

BET                                                                                             Brunauer-Emmett-Teller 

BF3.OEt2                                                                                                                   Boron trifluoride diethyl etherate 

CROP                                                                   Cationic Ring-Opening Polymerization 

D                                                                                                                        Diffusivity 

d                                                                                                Average particle diameter 

DDS                                                                                              Drug Delivery Systems 

DMF                                                                                                   Dimethylformamide 

DMSO                                                                                                   Dimethylsulfoxide 

dp                                                                                                       Mean pore diameter 

DPI                                                                                                 Dry Powder Inhalation 

DSC                                                                               Diferential Scanning Calorimetry 

Et3N                                                                                                             Triethylamine 

EtOx                                                                                                   2-Ethyl-2-oxazoline 

FDA                                                                                   Food and Drug Administration 

FTIR                                                                                       Fourier Transform Infrared 

GDMA                                                                                         Glycerol dimethacrylate 

GMA                                                                                               Glycidyl methacrylate 

GPC                                                                             Gel Permeation Chromatography 

HEMA                                                                                  2-Hydroxyethyl methacrylate 

HPLC                                                             High Performance Liquid Chromatography 

IL                                                                                                                     Ionic Liquid 

LCST                                                                           Low Critical Solution Temperature 

MAA                                                                                                        Methacrylic Acid 

MACl                                                                                              Methacryloyl Chloryde 

MALDI-TOF MS        Matrix-Assisted Laser Desorption/Ionization - Time-Of-Flight Mass                                                            

Spectrometer 
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MeOx                                                                                                2-Methyl-2-oxazoline 

MMA                                                                                                  Methyl Methacrylate 

Mn                                                                               Number average molecular weight 

NMR                                                                                   Nuclear Magnetic Resonance 

p                                                                                                                          Pressure 

pc                                                                                                               Critical Presure 

PEG                                                                                                  Poly(ethylene glycol) 

PEGMA                                                                       Poly(ethylene glycol) methacrylate 

PEI                                                                                                       Poly(ethylenimine) 

PFOA                                                                                           Poly(fluoroctyl acrylate) 

PGA                                                                                                      Poly(glycolic acid) 

PGDMA                                                                               Poly(glycerol dimethacrylate) 

PhOx                                                                                               2-Phenyl-2-oxazoline 

Pk                                                                                                           Pharmacokinetic 

PLA                                                                                                          Poly(lactic acid) 

PLGA                                                                                     Poly(lactic-co-glycolic acid) 

PNIPAAm                                                                            Poly(N-isopropyl acrylamide) 

POx                                                                                                         Poly-2-oxazoline 

PS                                                                                                                  Particle Size 

PSD                                                                                            Particle Size Distribution 

sBET                                                                           Specific surface area determined by the BET method 

scCO2                                                                                                                                  Supercritical Carbon Dioxide 

SCF                                                                                                     Supercritical Fluids 

SEC                                                                                Size Exclusion Chromatography 

SEM                                                                                  Scanning Electron Microscope 

siRNA                                                                         Small Interfering  Ribonucleic Acid 

T                                                                                                                    Temperature 

Tc                                                                                                        Critical temperature 

Tg                                                                                          Glass transition temperature 

VOCs                                                                                   Volatile Organic Compounds 

!                                                                                                                 Chemical Shift 

"                                                                                                                          Viscosity 

#                                                                                                                             Density 

t                                                                                                                                  Time 
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1.1 Introduction   
Drug delivery, much like drug discovery, is focused on improving health. Controlled 

drug delivery applications include both sustained (over days/weeks/months/years) and 

targeted (e.g. to a tumor, diseased blood vessel, etc.) delivery on a one-time or 

sustained basis.1 Delivery mechanisms are complex, involving transport and 

metabolism in multiple tissues, and cellular and subcellular localization, to deliver drugs 

to sites of desirable actions. Success or failure is often gauged by achieving the 

desired enhancement in drug efficacy. In the last decade, biodegradable polymers 

have received special attention to act as micro- and nano-sized vehicles in the delivery 

and vectorization of many pharmacologically active molecules. A biodegradable 

polymer may act as a transient mask, protecting the therapeutic agent from 

physiological degradation until the desirable tissue is reached.2  

This is an exciting new era, with a revolution occurring in methodologies and 

knowledge involving the physical, biological, medical, pharmaceutical, and engineering 

fields, knowledge to which drug delivery research is, in part, contributing but most 

importantly adapting and advancing to focus on delivery goals. Our focus is on the 

ultimate goal of improving human health by designing and developing novel functional 

polymers taking advantage of the unique properties of supercritical carbon dioxide as a 

processing solvent in the synthesis of these materials. The use of supercritical 

technology in this study will surely lead to a less toxic methodology with lower 

environmental impact. 

 
!

1.1.1 Traditional and prolonged drug delivery systems  
For most of the industry’s existence, pharmaceuticals have primarily consisted of 

relatively simple, fast-acting chemical compounds that are dispensed orally (as solid 

pills and liquids) or injected.3 Short duration times require repetitive administration, 

which is inconvenient for the patient, and lead to strongly fluctuating drug levels in the 

body. Moreover, conventional delivery is unpredictable and sometimes inefficient; often 

a high dose of drug is needed to ensure that the required amount of agent eventually 

reaches the site of action. The therapeutic effect is, however, achieved not simply by 

administration of the drug but rather by attaining a long-term appropriate drug 

concentration.4 Besides, majority of therapeutic drugs have side effects, especially the 
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anticancer drugs which kill the cancer cells while inducing death of normal cells. So, as 

more potent drug compounds and biopharmaceuticals become available, the 

challenges of releasing them at the right time, at the right site and in the right dose, 

become even more important.5 Other issues like poor solubility or instability of the 

drugs in the plasma also limit oral drug delivery. 

 

1.1.2 Polymeric drug delivery systems  
Intelligent drug delivery systems (DDS) are required not only to control release 

according to biological microenvironment, but also to selectively enter the pathological 

tissue or cells after being introduced into the body.6 They also should be able to 

release the drug in a controlled fashion to maintain an appropriate, therapeutic plasma 

concentration for a long period of time. Traditional and prolonged systems are 

schematically compared in Figure 1.1.2   

 Figure 1.1: Plasma concentration of drug in a patient as a function of time after 
administration: (- - -) traditional delivery system with repetitive administration, (   ) 
prolonged delivery system. Adapted from reference 2" 

 
 
 
 

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

biodegradable, biocompatible and nontoxic polymeric carriers which have the ability to 

encapsulate a biologically active ingredient to be used as effective drug delivery 

devices that can distribute otherwise insoluble, unstable or unavailable therapeutic 



Introduction 

!

!"
#$

%&
'(
)(

((*(
!

compounds that target specific areas of the body for treatment.7,8,9 Table 1.1 gives 

some examples of problems currently exhibited by the use of free drugs that can be 

ameliorated by the use of DDS. 

 

 Table 1.1: Non-ideal properties of drugs and their therapeutic implications. Adapted from 
reference 3" Problem Implication Effect of DDS 

Poor solubility 

 
A convenient pharmaceutical 

format is difficult to achieve, as 
hydrophobic drugs may 

precipitate in aqueous media. 
 

DDS provide both 
hydrophilic and hydrophobic environments, 

enhancing drug solubility. 

Tissue damage on 
extravasation 

Inadvertent extravasation of 
cytotoxic drugs leads to tissue 
damage (e.g., tissue necrosis). 

 
Regulated drug release from the DDS can 

reduce or eliminate tissue damage on 
accidental extravasation. 

 

Rapid breakdown of the drug in 
vivo 

Loss of activity at 
physiological pH. 

DDS protects the drug from premature 
degradation and 

functions as a sustained release system. 
Lower doses of drug are required. 

Unfavorable 
Pharmacokinetics (PK) 

Drug is cleared too rapidly, by the 
kidney, for example, requiring 

high doses or continuous infusion. 
 

DDS can substantially alter the PK of the 
drug and reduce clearance. Rapid renal 
clearance of small molecules is avoided. 

 

Poor biodistribution 

Drugs that have widespread 
distribution in the body can affect 

normal tissues, resulting in 
dose-limiting side effects. 

The particulate nature of DDS lowers the 
volume of distribution and helps to reduce 
side effects in sensitive, nontarget tissues. 

Lack of selectivity 
for target tissues 

Distribution of the drug to normal 
tissues leads to side effects that 
restrict the amount of drug that 

can be administered. Low 
concentrations of drugs in target 
tissues will result in suboptimal 

therapeutic effects. 

DDS can increase drug concentrations in 
diseased tissues 

such as tumors.  DDS can further improve 
drug specificity.    

The first polymeric devices developed for controlled drug release date back to the 

early 1960s,10,11,12,13 and they have been used over all this decades in biomedical 

applications such as drug delivery14, implants15, contact lenses16, vascular grafts17, 

dental materials18, artificial organs creation19 and stem cell growth20. Their useful and 

tunable mechanical properties have offered broad utility in the structural support or 

replacement of tissues or in controlled retention and release of drugs.21 In the past few 

years, only a few biodegradable polymers have been approved by the US Food and 

Drug Administration (FDA) for use in a biological system. One example is Lupron 

Depot; one-month injectable microspheres of poly(lactic-co-glycolic acid), PLGA, 
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containing leuprorelin acetate (LH

prostatic cancer. 2,22 

The design of a controlled release system

several factors, such as the chemical and physical properties of the drug, the route of 

administration, the nature of the delivery vehicle, the mechanism of drug release and 

the potential for targeting.23

polymers is to encapsulate a biologically active ingredient in the polymer matrix to be 

used for a controlled release of the compound to a targeted location. For that,

devices can be impregnated w

formation of polymer particle

and the other is the coproduction of the polymer and other active ingredients.

challenge in these techniques

polymeric matrix at a target concentration, or when coproduced, to overcom

segregated particle formation of the two components upon their coprecipitation.

 

 

1.1.3  Supercritical fluids  
Supercritical fluids (SCFs) 

above its critical pressure 

required to condense it into a solid

phase (see Figure 1.2, c) 

hence, solvating characteristics that are similar to those of liquids, yet with mass 

transfer properties similar to g

  

Figure 1.2: Visual observation 
and b) liquid-gas equilibrium (
substance is heated above its critical temperature at a pressure 
pressure (pc); Tc = critical temperature.
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leuprorelin acetate (LH-RH agonist) for the treatment of endometriosis

The design of a controlled release system requires simultaneous considerations of 

several factors, such as the chemical and physical properties of the drug, the route of 

nature of the delivery vehicle, the mechanism of drug release and 
23 Another important objective of the particle formation with 

polymers is to encapsulate a biologically active ingredient in the polymer matrix to be 

used for a controlled release of the compound to a targeted location. For that,

can be impregnated with drugs using two different approaches

polymer particles which are then impregnated with the active ingredients, 

and the other is the coproduction of the polymer and other active ingredients.

challenge in these techniques is to successfully impregnate the active ingredient into 

polymeric matrix at a target concentration, or when coproduced, to overcom

segregated particle formation of the two components upon their coprecipitation.

(SCFs) are defined as a state of a compound 

above its critical pressure (pc) and critical temperature (Tc) but below

required to condense it into a solid. Once above this critical point, they exist as a single 

) with unique properties such as liquid-like densities and, 

hence, solvating characteristics that are similar to those of liquids, yet with mass 

transfer properties similar to gases.25,26,27 

 
Visual observation of the changes in the formation of a supercritical phase

gas equilibrium (T<Tc) to c) supercritical fluid (T!Tc) conditions as a 
substance is heated above its critical temperature at a pressure higher than its critical 

= critical temperature. Adapted from reference 28. 

RH agonist) for the treatment of endometriosis and 

requires simultaneous considerations of 

several factors, such as the chemical and physical properties of the drug, the route of 

nature of the delivery vehicle, the mechanism of drug release and 

important objective of the particle formation with 

polymers is to encapsulate a biologically active ingredient in the polymer matrix to be 

used for a controlled release of the compound to a targeted location. For that, polymer 

approaches: one is the 

then impregnated with the active ingredients, 

and the other is the coproduction of the polymer and other active ingredients. The key 

is to successfully impregnate the active ingredient into a 

polymeric matrix at a target concentration, or when coproduced, to overcome the 

segregated particle formation of the two components upon their coprecipitation.24 

 or of a mixture 

) but below the pressure 

Once above this critical point, they exist as a single 

like densities and, 

hence, solvating characteristics that are similar to those of liquids, yet with mass 

 
the formation of a supercritical phase, a) 

) conditions as a 
higher than its critical 



!

1.1.4 Supercritical carbon d 
Concerning the pharmaceutical applications, the most widely 

carbon dioxide which was introduced as a

1970s.29,30 More than 98% of the applications have been developed using this fluid, 

because of its low and easily accessible critical temperature (31.1 

(7.38 MPa). Moreover, it is

and environmentally friendly.

diffusivity of supercritical fluids are listed

 

 Table 1.2: Comparison of 
liquids, where !, " and 
Adapted from referenceProperties 
! (kg m-3) 

" (Pa s) 

D (m2 s-1)   
Indeed, the high diffusity,

solute transfer relative to classical solvents.

this properties could be easily tuned because, small changes in pressure or 

temperature result in large cha

projections for carbon dioxide. 

Figure 1.3: Carbon dioxide pressure
diagrams
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carbon dioxide 

pharmaceutical applications, the most widely investigated 

carbon dioxide which was introduced as a potential alternative solvent in the early 

More than 98% of the applications have been developed using this fluid, 

because of its low and easily accessible critical temperature (31.1 ºC) and pressure 

 non-flammable, non-toxic, inexpensive and 

ronmentally friendly.31 Characteristic values for density, viscosity, and 

of supercritical fluids are listed in Table 1.2. 

Comparison of the physical properties of gases, supercritical flui
and D stand for density, viscosity and diffusivity, respectively. 

Adapted from reference 32.  Gas Supercritical fluid Liquid
1 100-800 

0.001 0.005-0.01 0.05

1!10-5 1!10-7 1!10

Indeed, the high diffusity, low viscosity and near-zero surface tension facilitate 

solute transfer relative to classical solvents.33,34 Furthermore, close to the critical point, 

this properties could be easily tuned because, small changes in pressure or 

temperature result in large changes in density.35,36  Figure 1.3 shows phase diagram 

projections for carbon dioxide. 

Carbon dioxide pressure-temperature (a) and density-pressure
diagrams. Adapted from reference 32"  

!"
#$

%&
'(
)(

((*(
!

investigated SCF is 

potential alternative solvent in the early 

More than 98% of the applications have been developed using this fluid, 

C) and pressure 

 is relatively inert 

haracteristic values for density, viscosity, and 

physical properties of gases, supercritical fluids and 
and diffusivity, respectively. Liquid 

1000 

0.05-0.1 

1!10-9 

zero surface tension facilitate 

Furthermore, close to the critical point, 

this properties could be easily tuned because, small changes in pressure or 

shows phase diagram 

 
pressure (b) phase 
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In the pressure-temperature phase diagram of carbon dioxide (a) the boiling line 

separates the gas and liquid region and ends in the critical point, where the liquid and 

gas phases disappear to become a single supercritical phase. This can be also 

observed in the density-pressure phase diagram b. 

 

 

1.1.5 Solvent strength of carbon dioxide   
The solvent strength of carbon dioxide for solutes is dominated by low polarizability 

and a strong quadrupole moment, having an ambivalent character. Consequently, 

carbon dioxide is difficult to compare to conventional solvents because of this 

ambivalent character. In general, carbon dioxide is a reasonable solvent for small 

molecules, both polar and non-polar.37 Most large components and polymers exhibit 

very limited solubility in CO2, however the solubility of carbon dioxide in many polymers 

is substantial. ScCO2 can plasticize glassy polymers, leading to a dramatic decrease in 

the glass transition temperature (Tg) and can also reduce polymer melt viscosity.38 The 

plasticization effect of CO2 facilitates the mass transfer properties of solutes into and 

out of the polymer phase. These effects have been used in many biomedical and tissue 

engineering applications, such as incorporation of bioactive additives and formation of 

foams and particles for tissue engineering and drug delivery. Moreover, scCO2 can 

even allow processing of delicate mammalian cells without compromising their 

activity.39  

To overcome the limited solubility of large and/or polar molecules in CO2 some 

approaches have been tried. An early idea was to add small amounts (1–5 mol%) of a 

co-solvent to the CO2, generally intermediate in size and polarity between CO2 and the 

target solute. This approach has been extremely successful and can increase the 

solubility of heavy organic solutes in CO2 by an order of magnitude or more, especially 

where some specific chemical interaction such as hydrogen bonding occurs between 

the co-solvent and the solute.40,41,42 

 

 

1.1.6 Free-radical precipitation polymerization  
A variety of polymers has been synthesized in CO2 by a precipitation polymerization. 

Much of the early work on the use of CO2 as a polymerization medium involved the 

free-radical precipitation polymerization of industrially important vinyl monomers. In free 
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radical chain polymerization, an initiator (through thermal, chemical or photochemical 

stimulation) forms an active radical that contacts a vinyl monomer, forming the growing 

chain.43 Carbon dioxide has been found to be inert towards free radicals and cations 

under common polymerization conditions.44 Free-radical polymerizations can be 

classified as homogeneous or heterogeneous reactions either as precipitation, 

suspension, emulsion or dispersion. In a homogeneous polymerization all components, 

including monomer, initiator, and polymer, are soluble throughout the duration of the 

reaction; a heterogeneous polymerization contains at least one insoluble component at 

some point during the reaction.45 

 

 

1.1.7 Dispersion polymerization 

 

A great breakthrough in the use of CO2 as a polymerization medium was realized 

when in 1994, DeSimone and his colleagues reported the dispersion polymerization of 

methyl methacrylate (MMA) in supercritical CO2.
46 This work represents the first 

successful dispersion polymerization of a lipophilic monomer in a supercritical fluid 

continuous phase. In these experiments, the authors took advantage of the amphiphilic 

nature of the homopolymer poly(fluoroctyl acrylate) (PFOA) to effect the polymerization 

of MMA to high conversions and high degrees of polymerization in scCO2 using a 

radical initiator. This realization opened up new areas of research using CO2 as a 

solvent for homogeneous polymerizations and dispersion and emulsion 

polymerizations as well. 

A dispersion polymerization constitutes one heterogeneous technique and has now 

been developed by several groups, leading to improved polymer molecular weights and 

yields, while also facilitating some control of the polymer morphology. To improve these 

polymerizations, there has been intensive research to develop effective stabilizers for 

supercritical polymerizations.47 In dispersion polymerizations, the reaction medium is a 

solvent for the monomer, initiator and dispersant, but is a non-solvent for the forming 

polymer. When the polymerization starts, oligomers are formed in the continuous 

phase until they reach a critical chain length, at which point they tend to precipitate. 

However, they are stabilized in the continuous phase with the aid of the dispersant, 

which provides a layer of material solvated by the dispersion medium on the surface of 

each particle of polymer. The design of the dispersant is consequently very crucial.48 

All the stabilizers have in common both “polymer-philic” and “CO2-philic” moieties that 

stabilize the polymer in the continuous phase and prevent collision and aggregation of 
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the particles allowing the polymerization process to continue successfully to 

completion. After the polymerization process is finished, CO2 is vented by simply 

opening a valve and the powdery polymer particles can be collected from the high-

pressure reactor.49,50 

P. Christian et al.47 and T. Casimiro et al.51 reported successful free radical 

polymerizations in scCO2, in the presence of Krytox 157 FSL, a commercially available 

carboxylic acid terminated perfluoropolyether. They have showed that it is possible to 

obtain monodispersed micron-sized spherical particles with narrow size distribution and 

in short reaction times by changing the initial concentrations of Krytox, monomer, 

initiator, reaction time and CO2 pressure. The polymers were obtained in high yield as 

dry, fine and free flowing material directly from the reaction vessel. Low contamination 

of monomer and stabilizer was obtained in the final product by continuously washing 

the polymer at the end of the reaction with high-pressure CO2. They have proposed 

that the stabilizer forms a pseudo-graft copolymer with the polymer chain during the 

polymerization. The combination of a CO2-philic perfluoropolyether tail and carboxylic 

headgroup ensures that the stabilizer partitions well between the polymer particle and 

the CO2 phase. A hydrogen-bonding interaction between the Krytox acid headgroup 

and the carbonyl of the ester group on the backbone of the polymer chain appears to 

be the most likely interaction.  

Cooper et al.52 also!reported the synthesis of highly crosslinked polymers based on 

divinylbenzene by heterogeneous polymerization in supercritical CO2 (scCO2),! both 

with and without the use of polymeric stabilizers. The polymers were isolated in the 

form of discrete microspheres (diameter = 1.5-5 µm) in good yields (! 90%), in the 

absence of any stabilizers. In the presence of a CO2-soluble polymeric stabilizer, much 

smaller particles (diameter " 0.5 µm) were formed in high yields (! 95%) by emulsion 

polymerization in scCO2.  

 

 

1.1.8 Advantages of SCF  

 

Working with SCFs generally involves the application of elevated pressures and 

temperatures. Consequently, there is nearly always an additional energy cost 

associated with chemical reactions carried out in supercritical fluids when compared 

with those carried out in more traditional solvent systems. Counterbalancing this point, 

the control of selectivity and conversion to desired products is generally as good, if not 

better, than that reported in conventional solvents. Furthermore, enhanced catalytic 
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activity due to reported anti-coking (rapid deactivation of the catalyst due to fouling by 

hydrocarbonaceous compounds53) properties of scCO2, coupled with the possibility of 

carrying out high throughput chemistry employing continuous flow reactors renders 

SCF technology a growing field in the area of catalysis and reaction chemistry. The 

criteria drawn up by Beckman and co-workers are very helpful in judging the cost 

effectiveness of using SCFs in a particular context.40  

SCF also can circumvent many of the problems associated with traditional 

techniques, for instance, extra operations such as filtration, washing and drying of the 

obtained polymers can be eliminated. While the filtration step can be quite easily 

performed, the drying may represent the most difficult part of the treatment and the 

most expensive part also. In supercritical based processes, the fluid-solid separation 

occurs when the system is depressurized to atmospheric pressure, where the fluid is 

gaseous. Drying occurs thus simultaneously and leaves products free from solvent. 

Furthermore, supercritical technology considerably reduces wastes and thus minimizes 

drawbacks related to waste disposal, recycling or destruction. More generally, rougher 

regulations of products and environment qualities induce increasing costs and 

expenses of conventional processes that make supercritical processes more 

competitive.54 

 

 

1.1.9 Applications of supercritical carbon dioxide  

!

The potential of CO2 as an environmentally preferable solvent is being realized in 

several areas.55 The well known applications of supercritical fluids are found in the field 

of extraction of plant materials, like decaffeination of tea56 and coffee.57 Many 

applications dealing with extraction of flavours58, spices59,60 and essential oils61 from 

plant materials, for instance, have been reported as well. Furthermore, beyond the 

production of total extracts, supercritical fluids also gives the possibility to fractionate 

the extracts.62,63,64  

Union Carbide has pioneered its use as a diluent for coating processes, dramatically 

lowering the amount of volatile organic compounds needed in coating operations.65 

DuPont has commercialized the manufacturing of certain grades of polymers based on 

tetrafluoroethylene (Teflon), using CO2 as the solvent instead of 1,1,2-trichloro-1,2,2-

trifluoroethane (CFC-113) or water.66,67 Research on dyeing of synthetic fibers in 

supercritical fluid have also been done.68,69,70,71,72 Likewise, scCO2 has been employed 

in the cleaning and degreasing of electronic components73 and metal parts.  
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 Decontamination of soils74,75,76 using supercritical fluids is an attractive process 

compared to extraction with liquid solvents because no toxic residue is left in the 

remediated soil and in contrast to thermal desorption soils are not burned. Protection of 

wood by incorporation of polymers77 and cleaning of textiles78 with scCO2 technology 

are some other examples in which this technology is being used. 

Carbon dioxide is used as a solvent in catalysis79  and has been well succeed in the 

field of biocatalysis as well.80 

In the biomedical arena, many opportunities for CO2-based processes are emerging. 

Supercritical CO2 technology potentially allows the productions 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, viruses and spores, although additives (e.g. 

H2O2) are required in order to achieve terminal sterilization.81 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 

literature.35 Recent examples have been reported which include the synthesis of 

microporous foam polymers82, hydrogels83, polymer-pharmaceutical composites84, 

membranes for biomedical application85,86,87 and its uses for impregnation of 

polymers.88,89  
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2.1 Introduction 

2.1.1 Hydrogels  
Recently, there has been an increased interest in responsive hydrogels for 

biotechnological applications, especially in the field of controlled drug release to meet 

the need of a better control of drug administration.1  

Hydrogels are defined as three-dimensional polymer networks that swell, but do not 

dissolve in water.2,3,4,5,6,7 Their ability to absorb water is attributed to the presence of 

hydrophilic groups such as –OH, -CONH-, -CONH2-, and –SO3H in their structure.8 In 

other hand, their characteristic water-insoluble behavior is attributed to the presence of 

chemical or physical crosslinks, which provide the network structure and physical 

integrity of the system.9 The crosslinks in the polymer network are provided by covalent 

bonds, hydrogen bonding, van der Waals interactions, or physical entanglements. 

Because of their excellent water-absorbing capacity, hydrogels resemble natural living 

tissues more closely than any other class of synthetic polymeric materials.8,10  

 
!

2.1.2 Stimuli responsive hydrogels  
Physical and chemical stimuli have been applied to induce various responses of 

hydrogel systems. The physical stimuli include temperature, electric fields, solvent 

composition, light, pressure, sound and magnetic fields, while the chemical or 

biochemical stimuli include pH, ions and specific molecular recognition events. 

Environment-sensitive hydrogels are ideal candidates for developing self-regulated 

drug delivery systems. Further, they give us the possibility to optimally adjust the 

release properties of the biopharmaceutical into the therapeutic window.11,12,13,14 

Both the swelling and permeability characteristics of hydrogels and their ability to 

undergo structural changes in response to a variety of physical, chemical and biological 

stimuli have given rise to the concept of “intelligent” or “stimuli”-responsive drug 

delivery systems.15 Furthermore, the ability of molecules of different sizes to diffuse into 

(drug loading) and out of (drug release) hydrogels allows the possible use of dry or 

swollen polymeric networks as drug delivery systems for oral, nasal, buccal, rectal, 

vaginal, ocular and parental routes of administration.9 Hydrogels, particularly those 

intended for applications in drug delivery and biomedical purposes, are required to 

have acceptable biodegradability and biocompatibility which requires the development 

of novel synthesis and crosslinking methods to design the desired products.8   
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2.1.3 Thermoresponsive hydrogels  
Thermoresponsive hydrogels are probably the most commonly studied class of 

environmentally sensitive polymer systems in drug delivery research. The common 

characteristic of this type of polymers is the presence of hydrophobic groups, such as 

methyl, ethyl and propyl.16 The key feature of thermosensitive polymers is that they 

exhibit a conformational or phase transition at certain temperatures that result in the 

polymer transition from a soluble to an insoluble form in a given solvent. The 

temperature at which the transition occurs is referred to as the critical solution 

temperature.17 

Most polymers increase their water-solubility as the temperature increases. 

However, polymers with low critical solution temperature (LCST) decrease their water-

solubility as the temperature increases, as it can be seen in Figure 2.1.18,19 

  

 Figure 2.1: Schematic representation of “smart” temperature responsive polymers. 
Adapted from reference 20. 

 

 

When temperature is below the LCST, hydrogen bonds between hydrophilic group and 

water make the polymers soluble in water. By contrast, as the temperature increases to 

above the LCST, the interactions of the hydrophobic groups are promoted and the 

hydrogen bonds are weakened, resulting in aggregation of the chains and precipitation 

of the polymers from water.10 The LCST for a given polymer is generally dependent on 

the polymer concentration, polymer architecture (linear, branched, star, etc.), as well as 

the terminal functionalization by small moieties or as a block copolymer. In general, the 

LCST of a given homopolymer can be increased by the incorporation of more 

hydrophilic comonomer units and lowered by the combination with more hydrophobic 

comonomer units.21 For the design of these structures careful engineering of hydrogels 

is needed for the fine-tuning of the responding temperature as well as the sharpness of 
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the transition. Furthermore, additional functionalization in a controllable manner may be 

required for some applications directing to construct thermosensitive copolymers.22  

Meyer and coworkers23 hypothesized that polymeric drug carriers that undergo a 

LCST phase transition could also be designed so they remain in solution in vivo after 

systemic injection, until they reach a tumor that is locally heated above the LCST. In 

this region, the polymeric carrier precipitates and releases the drug in a controlled way 

at the tumor region.17  The temperature of the LCST must be chosen at about 40 ºC, 

because this is higher than the physiological body temperature (37 ºC) but lower than 

42 ºC, a temperature that is regularly used for hyperthermia treatments in cancer 

patients.24  

From the available thermoresponsive polymers PNIPAAm is probably the most 

extensively used.16 This property is influenced by its chain structure, where both 

hydrophobic (isopropyl) and hydrophilic (amide) groups are present.10,25 Its 

biocompatibility, the position of the LCST at 32–33 °C, close to body temperature, as 

well as the relatively small dependence of the LCST on changes in concentration, pH 

or ionic strength and the possibility of tune this property by controlling the molecular 

structure and composition as was demonstrated26 by varying, e.g., the molecular 

weight, end-groups, architecture as well as branching makes PNIPAAm a very 

interesting material. The possibility of change the LCST makes PNIPAAm and its many 

derivatives useful in a range of biotechnological and medical applications: for example, 

Kumar et al.27,28 used imidazole-functionalized linear polymers for temperature-

responsive protein-purification procedures, and Carter et al.29,30 extended this work to 

the use of highly branched polymers for the purification of a temperature-sensitive 

recombinant protein implicated in breast cancer. However, the major disadvantage of 

PNIPAAm is the strong hysteresis of the thermal solubility transition which is due to the 

formation of intramolecular hydrogen bonds in the collapsed state.31,32  

Poly(ethylene glycol) (PEG) is another example of an extensively used polymer in 

biomedical applications. PEG hydrogels have been shown to be nontoxic, non-

immunogenic, and were approved by the US Food and Drug Administration for various 

clinical uses.33,34 Peppas et al.35 has shown that poly(ethylene glycol) methyl 

methacrylate (PEGMA) polymers are temperature-responsive and exhibit a wide range 

of lower critical solution temperatures (LCST) based on the length of end group units in 

the macromonomer chain. Furthermore, it has been shown that the LCST of these 

analogues can also be tailored by varying copolymer solution of PEGMA of different 

end group chain lengths, and it is possible to shift the transition so that they will 

collapse around physiological temperatures. Some authors, however, refer that PEG-
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based polymers might coordinate to metal ions in a similar way to crown

indicating the necessity of developing novel amide based PNIPA

 

 

2.1.4 Oxazoline-based polymers
!

As alternative to PEG-based 

poly(2-methyl-2-oxazolines) and poly(2

Mero et al.38 recently reported

be compared with those of similar

water-soluble, amphiphatic, very flexible and hydrated in water, non

produced with low polydispersity index.

living cationic ring-opening polymerizat

resulting in well-defined polymers and 

polymerization can be initiated by a

cationic oxazolinium propagation species. The carbon atom of the weakened C

will undergo nucleophilic attack of the next monomer 

depicted in Scheme 2.1.42!

 

Scheme 2.1: Schematic representation of the living cationic ring
of 2

 

 

The poly(2-oxazoline) family is highly interesting because of the large number of 

differently substituted monomers that can be readily prepared. B

the length of the alkyl substituent at the 2

polymer become increasingly amphiphilic and, thus, the solubility 
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based polymers might coordinate to metal ions in a similar way to crown

indicating the necessity of developing novel amide based PNIPAAm alternatives.

based polymers 

based materials, Woodle et al.37 reported the synthesis of 

oxazolines) and poly(2-ethyl-2-oxazoline)-based lipid conjugates.

reported that the properties of polyoxazolines-conjugates could 

be compared with those of similar PEG-conjugates. In fact both polymers 

soluble, amphiphatic, very flexible and hydrated in water, non-toxic, and may be 

produced with low polydispersity index. These 2-oxazoline monomers can undergo 

opening polymerization (CROP) under the appropriate conditions 

defined polymers and copolymers.39,40,41! In such an ideal case, the 

polymerization can be initiated by a Lewis acid initiator to result in the formation of a 

cationic oxazolinium propagation species. The carbon atom of the weakened C

nucleophilic attack of the next monomer leading to a 

!

representation of the living cationic ring-opening polymerization 
of 2-oxazolines.Adapted from reference 43. 

oxazoline) family is highly interesting because of the large number of 

differently substituted monomers that can be readily prepared. Besides, depending on 

the length of the alkyl substituent at the 2-position, the monomer units of the resulting 

polymer become increasingly amphiphilic and, thus, the solubility 

based polymers might coordinate to metal ions in a similar way to crown-ethers 

alternatives.36  

reported the synthesis of 

based lipid conjugates. A. 

conjugates could 

both polymers are highly 

toxic, and may be 

oxazoline monomers can undergo 

ion (CROP) under the appropriate conditions 

In such an ideal case, the 

to result in the formation of a 

cationic oxazolinium propagation species. The carbon atom of the weakened C-O bond 

 ring-opening as 

 

opening polymerization 

oxazoline) family is highly interesting because of the large number of 

esides, depending on 

position, the monomer units of the resulting 

polymer become increasingly amphiphilic and, thus, the solubility behavior of 
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polyoxazolines, POxs, can be fine-tuned from hydrophilic to hydrophobic. This enables 

the fine tuning of the polymer properties like the LCST behavior by copolymerization of 

different monomers or by control of the polymer end group and broadens the range of 

potential applications.44 Among others, carboxylic acid, hydroxyl, and, more recently, 

amine, thiol, aldehydes and alkyne side chains are of particular interest for preparation 

of multifunctional polymer carriers for biomedical applications.45 Commercially only 2-

methyl, 2-ethyl, 2-isopropyl and 2-phenyl oxazoline are currently available but their 

synthesis can be easily performed.46 Another advantage of poly-2-oxazolines is that 

they can also be easily converted in linear poly(ethylenimine), LPEI, by hydrolysis. This 

is of great relevance because it was showed that a number of nontoxic derivates of 

branched PEI revealed high efficiency in siRNA-mediated knockdown of target 

genes.47,48 

The quenching of the living oxazolinium species with various nucleophiles was 

extensively used as a facile and convenient approach for the obtention of polymeric 

materials with a controlled architecture. Macromonomers with acryloyl, vinylester, styryl 

and butadiene polymerizable end groups have already been reported.49  

Poly(2-ethyl-2-oxazoline) and  its copolymers already show an LCST behavior over 

a wide range temperature, indicating an increasing hydrophobicity compared to that of 

poly(2-methyl-2-oxazoline).  Recently, poly(2-ethyl-2-oxazoline)-based hydrogels have 

also been suggested as temperature-sensitive biomaterials.50 In his work Richard 

Hoogenboom et al.36 refers that the LCST of the copolymers studied are dependent of 

molecular weight and composition, they also conclude that the oxazoline-based 

hydrogels have no hysteresis behavior making these polymers superior to PNIPAAm. 

Although a variety of 2-oxazoline monomer units has been prepared and 

polymerized in a living manner, the combination of 2-oxazolines with other vinylic 

monomers further enhance the versatility of this class of polymers. To allow the 

combination of poly(2-oxazoline)s with vinylic monomers, the use of acrylate 

functionalized poly(2-oxazoline)s seem to be ideally suited. There are already some 

different routes reported for the preparation of this kind of polymers.51 

Majority of the 2-oxazoline-based polymers have been prepared in a conventional 

way. Recently, the living cationic ring-opening polymerization of 2-oxazolines has been 

investigated under microwave-assisted irradiation.52 This technology has already 

demonstrated their potential in the obtention of faster and cleaner reactions in a variety 

of organic syntheses because of the fast and homogeneous noncontact heating, 

whereby the use of closed reaction conditions provides easy access to high-

temperature conditions.53,54 Nevertheless, the potential of microwave irradiation in 
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polymer science is still rather unexplored.42 In this work it will be investigated the use of 

supercritical technology to develop 2-oxazoline-based polymers.  

Some applications of oxazoline-based or oxazoline-derived polymers have been 

reported, especially in a large number of technological contexts, whether this be the 

formation of stealth liposomes, or of membrane structures and containers which allow 

the incorporation of functional proteins, thus mimicking natural systems, or whether it is 

the use of oxazoline-based polymers as carriers of drugs or as synthetic vectors and 

antimicrobial materials.23,55,56 

 

 

2.1.5 Aim of this study  
The current study, envisage the synthesis of 2-ethyl-oxazoline-based 

thermoresponsive hydrogels for drug delivery applications. For that we will use 

supercritical technology in alternative to conventional synthesis, already well described 

in literature.  This approach has already been performed by our group where it was 

demonstrated that the polymerization of 2-substituted-oxazolines can be successfully 

achieved in scCO2 using boron trifluoride diethyl etherate (BF3.OEt2) as the initiator.  

Firstly, it will be performed the synthesis of a 2-oxazoline-based living polymer that 

will be end-capped with a vinylic group allowing further copolymerization reactions. As 

already mentioned, the living cationic ring-opening polymerization (CROP) of 2-

oxazolines enables the synthesis of polymers with well-defined polymerizable end 

chain groups. The macromonomers will be then copolymerized in a controlled manner 

using a free radical polymerization using 2,2’-azobis(isobutyronitrile) (AIBN) as the 

radical initiator. Polymer characterization will be carried out by several techniques such 

as FTIR spectroscopy, NMR, GPC, UV/Vis and SEM.    
2.2 Experimental  

2.2.1 Materials 
 

The monomers 2-ethyl-2-oxazoline (EtOx, ! 99%), 2-methyl-2-oxazoline (MeOx, ! 

98%), 2-phenyl-2-oxazoline (PhOx, 99%), methacrylic acid (MAA, 99%), 2-hydroxyethyl 

methacrylate (HEMA, ! 99%), glycidyl methacrylate (GMA, 97%) and catalysts, 2,2’-

azobis(isobutyronitrile) (AIBN, ! 98%) and boron trifluoride diethyl etherate (BF3.OEt2), 

were supplied from Aldrich. Methacryloyl chloride (MACl, ! 97%), ethanol absolute (! 
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99.5%) and triethylamine (Et

supplied by Air Liquide with

used as received. All the ionic liquids 

[OMIM][PF6] (> 98%) were purchased from Solchemar.

 

 

2.2.2 Instrumentation  
 

FTIR spectra were obtained 

spectra were recorded on a 

molecular weights (Mn) 

determined by Gel Permeation Chromatography (GPC)

with a Smartline Autosampler 3800

detector from Polymer using

mL min-1 on a PlusPore 7.5 mm 

polystyrene standards. Cloud points were determined either on a 

UV/vis spectrophotometer equipped with 

with electromagnetic stirring

min-1. The concentration of the polymer was 

 

 

2.2.3 Polymerization of 2-substituted
 

Polymerization reactions were carried out in an 11 mL stainless

dioxide was then loaded into the cell using a high

to reach the desired pressu

Figure 2.2: Stainless-steel high
pressure cell equipped with two 
aligned sapphire windows"!
!
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(Et3N, ! 99%) were acquired from Fluka. Carbon dioxide was 

with purity higher than 99.98%. All monomers and catalyst were 

All the ionic liquids [BMIM][BF4] (> 98%), [BMIM

were purchased from Solchemar. 

IR spectra were obtained in a Perkin Elmer Spectrum 1000 instrument

spectra were recorded on a Bruker ARX 400 MHz equipment. Number a

 and polydispersity index (PDI) of the polymers were 

meation Chromatography (GPC) on a Knauer system equipped 

Smartline Autosampler 3800, a HPLC Smartline Pump 1000

using dimethylformamide (DMF) as solvent at a flow rate of 1 

PlusPore 7.5 mm ID column at 85 ºC. The system was calibrated with 

Cloud points were determined either on a VARIAN cary 5000 

photometer equipped with a Peltier-thermostated multicell (6

with electromagnetic stirring using a wavelength of 600 nm and a heating ramp of 1 ºC

The concentration of the polymer was 5 mg mL-1.  

substituted-2-oxazolines 

reactions were carried out in an 11 mL stainless-steel high

equipped with two aligned sapphire windows 

(Figure 2.2).  The monomer/initiator ratio, 

[M]/[I]) was chosen based on the study of 

Veiga de Macedo et al.43  In a representative 

example, EtOx (3 g, 30.26 mmol

(300 µL, 2.37 mmol), and a magnetic stir bar

were charged into the reactor, which

placed inside a thermostatted 

± 0.01 ºC of stability. Temperature control was 

made with a Digiterm 100 (P Selecta). Carbon 

then loaded into the cell using a high-pressure compressor (

the desired pressure, 18.5 MPa, Figure 2.4 shows schematically the 

steel high- 
pressure cell equipped with two 
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 99%) were acquired from Fluka. Carbon dioxide was 

99.98%. All monomers and catalyst were 

BMIM][PF6] (> 98%), 

instrument. NMR 

Number average 

of the polymers were 

system equipped 

1000 and a PL-ELS 

solvent at a flow rate of 1 

. The system was calibrated with 

VARIAN cary 5000 

ed multicell (6"6) holder 

nm and a heating ramp of 1 ºC 

steel high-pressure cell 

equipped with two aligned sapphire windows 

mer/initiator ratio, 

was chosen based on the study of 

In a representative 

mmol), BF3.OEt2 

and a magnetic stir bar 

were charged into the reactor, which was then 

placed inside a thermostatted water bath at 65 

Temperature control was 

Digiterm 100 (P Selecta). Carbon 

pressure compressor (NWA PM-101) 

shows schematically the 
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apparatus used in the polymerization reactions

After 24 h, the resulting polymer was washed 

with fresh high-pressure CO

the remaining residues of catalyst and 

unreacted monomer. The pressure was then 

slowly released and the cell was cooled to room 

temperature. The product

hygroscopic yellow (PEtOx and 

2.3) or orange (PPhOx) solids

    

Figure 2.4: Schematic representation of the experimental apparatus. 1
High-pressure pump; 3- 
Rupture disc; 7- Thermostatted bath; 8
10- Schlenk; 11- Vent; V1 to V7  

2.2.4 End-capping of living poly
 

End-capping of the living polymers

temperature under stirring for 30 min.

vacuum and the yield was 

and the residual monomer, were completely removed.

characterized by FTIR and NMR.
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used in the polymerization reactions.  

h, the resulting polymer was washed 

pressure CO2 in order to clean 

the remaining residues of catalyst and 

d monomer. The pressure was then 

slowly released and the cell was cooled to room 

The products were highly 

EtOx and PMeOx, Figure 

solids. 

Schematic representation of the experimental apparatus. 1- CO
 Line filter; 4- Check-valve; 5- High-pressure transducer; 6

Thermostatted bath; 8- High-pressure visual cell; 9- Immersible stirrer; 
Vent; V1 to V7- HIP high-pressure valves. Adapted from reference

ng poly-2-oxazolines with water 

capping of the living polymers chain was carried out by adding 

ature under stirring for 30 min. Hydroxyl-terminated polymers were

yield was determined gravimetrically assuming that all, the catalyst 

esidual monomer, were completely removed. The obtained

and NMR. 

Figure 2.3: Living poly(2
oxazoline. 

 
CO2 cylinder; 2-

pressure transducer; 6- 
Immersible stirrer; 

Adapted from reference 43! 

by adding water at room 

terminated polymers were dried in 

assuming that all, the catalyst 

The obtained polymers were 

Living poly(2-ethyl-2-
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Poly-2-methyl-2-oxazoline (PMeOx) FTIR (NaCl) cm-1: 1734 (HO(C=O)N-), 1637 

(Me(C=O)N-); 1H-NMR (400 MHz, CDCl3) ! (ppm) 3.45 (4H, m, N-CH2), 2.12 (3H, m, 

O=C-CH3).  
Poly-2-ethyl-2-oxazoline (PEtOx) FTIR (NaCl) cm-1: 1741 (HO(C=O)N-), 1637 

(Me(C=O)N-); 1H-NMR (400 MHz, CDCl3) ! (ppm): 3.41 (4H, m, N-CH2), 1.07 (3H, m, 

CH2–CH3). 
Poly-2-phenyl-2-oxazoline (PPhOx) FTIR (NaCl) cm-1: 1720 (HO(C=O)N-), 1635 

(Me(C=O)N-); 1H-NMR (400 MHz, MeOD) ! (ppm): 3.48 (4H, m, N-CH2), 7.14-8.10 

(ArH).   
2.2.5 End-capping of living poly(2-ethyl-2-oxazoline) with MACl 
 

2.02 g of hydroxyl-terminated PEtOx and triethylamine (0.22 mL, 1.58 mmol) were 

dissolved in chloroform (5 mL). Then, methacryloyl chloride (0.15 mL, 1.55 mmol) 

dissolved in chloroform (1 mL) was slowly added. The reaction was stand at 0 ºC for 6 

h and then at room temperature for 42 h. The product was extracted with distilled water 

and chloroform successively and then vacuum-dried.57 The polymer yield was 

determined gravimetrically, assuming that all, the catalyst and the residual monomer, 

were completely removed.  

In order to achieve a greener protocol the described procedure was repeated 

replacing chloroform by three different Ionic Liquids (IL) [BMIM][BF4], [BMIM][PF6] and 

[OMIM][PF6]. Among other reasons, ionic liquids (IL) are of particular interest due to 

their extremely low-saturated vapour pressures which contrasts with the environmental 

problems of volatile organic solvents, beyond that, they can be recyclable.58! The 

obtained polymers were characterized by FTIR and NMR.  

 

 

2.2.6 End-capping of living poly(2-ethyl-2-oxazoline) with HEMA 
!

To introduce the acrylate group at one of the chain ends, direct injection of three 

small aliquots (100 µL, 2.5 mmol) of HEMA were performed through a six port 

switching HPLC valve, see Figure 2.5 Three volumes of 100 µL of acrylate were 

injected stepwise, spaced by 30 min periods. Then, the reaction was kept at 40 ºC and 

21 MPa for 24 h. The product was washed for 1 h with CO2 and the pressure was 
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slowly released. This method was repeated by only changing the addition of acrylate, 

which was made manually in one step.

 

Figure 2.5: Schematic representation of the
previous experimental apparatus. 
pressure visual cell; 11–Immersible stirrer; 12
pressure valves; V3–Vacuum exit.

 

 

2.2.7 End-capping of living  
Acetonitrile (4 mL), 1.5-fold excess 

in a two-fold excess (2 mL

solution was heated to 80 ºC for 15 h. Acet

was redissolved in chloroform. This solution was washed with saturated aqueous 

sodium hydrogen carbonate and saturated brine, dried wi

The solvent was evaporated under reduced pressure and the 

polymer dried under vacuum and stored at 4 ºC

Poly(2-ethyl-2-oxazoline)methacrylate

(ppm): 6.06 (1H, bs, =CH2), 5.58 (

N–CH2), 2.38 (2H, m, C–CH
 

 

2.2.8 Copolymerization of the macromonomer with 
!

0.3 g (0.22 mmol) of the macromonomer 

0.12 mmol) with respect to monomer

Oxazoline-based Thermoresponsive Hydrogels 

slowly released. This method was repeated by only changing the addition of acrylate, 

made manually in one step. The obtained product was not homogeneous.

Schematic representation of the six port switching HPLC valve 
experimental apparatus. 1–Syringe; 2–HPLC high-pressure valve; 10

Immersible stirrer; 12–Schlenk; 13–Vent; V1 to V5
acuum exit. Adapted from reference 43" 

iving poly(2-ethyl-2-oxazoline) with MAA 

fold excess of MAA (860 µL, 10.07 mmol), and triethylamine 

fold excess (2 mL, 14.36 mmol) were added to the living polymer.  The 

heated to 80 ºC for 15 h. Acetonitrile was evaporated and the polymer 

was redissolved in chloroform. This solution was washed with saturated aqueous 

sodium hydrogen carbonate and saturated brine, dried with sodium sulfate and filtered. 

The solvent was evaporated under reduced pressure and the resulting brown 

ied under vacuum and stored at 4 ºC to avoid decomposition

oxazoline)methacrylate (PEtOxMA) 1H-NMR (400 MHz, CD

), 5.58 (1H, bs, =CH2), 4.23 (2H, m, CH2–COO), 3.42H2–C), 1.92 (3H, m, CH2=C–CH3), 1.08 (3H, 

merization of the macromonomer with GMA 

) of the macromonomer P(EtOxMA) and 5% (w/w) 

with respect to monomer were charged into the cell which was then capped 

slowly released. This method was repeated by only changing the addition of acrylate, 

product was not homogeneous. 
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pressure valve; 10–High- 
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were added to the living polymer.  The 
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and placed in the water bath at 65 ºC. Finally the desired pressured, 24 MPa, was 

reached by adding the CO2 into the cell and the reaction was kept for 24 h.  At the end 

of the polymerization the product was washed for 1 h using CO2 which was next vented 

from the cell. This procedure was repeated by adding ethanol (2 mol% with respect to 

CO2) as a co-solvent to the reaction mixture. 

The copolymerization was tested using different percentages of GMA (25 and 80% 

(w/w)) relatively to the macromonomer. The monomer conversions were calculated 

from the integrals of characteristic comonomers signals observed in the 1H NMR 

spectrum.    

Poly[(2-ethyl-2-oxazoline)methacrylate-co-glycidyl methacrylate], P(EtOxMA-co-

GMA) 1H NMR (400 MHz, CDCl3) ! (ppm): 4.23 (2H, m, CH2-COO), 3.44 (4H, m, N-

CH2), 3.23 (1H, m, CH in GMA), 2.84-2.64 (2H, CHCH2O in GMA), 2.40 (2H, m, C-CH2-
C), 1.22 (3H, m, CH3 backbone), 1.11 (3H, m, CH3 backbone), 0.87 (3H, m, CH3 
backbone). 

 

2.3 Results and Discussion 

In order to enhance the versatility of poly-2-substituted-oxazolines, several 

approaches, for the end-group functionalization of poly(2-oxazolines) with a vinylic 

monomer, have been described in the literature.44,49,51  

In this particular study the end functionalization of poly(2-oxazolines) with a vinylic 

group was tried by three different routes to achieve a greener procedure. In the first 

route, poly(2-oxazoline) was end-capped with a hydroxyl group which was 

subsequently functionalized with MACl to the vinylic macromonomer. Secondly, the 

end-capping was tested by adding HEMA at high pressure to the living polymer. 

Finally, the living polymer chains were end-capped with in situ deprotonated 

methacrylic acid. 

  
2.3.1 End-capping of living poly-2-oxazolines with water   

The living cationic ring opening polymerization of EtOx was successfully performed, 

as previously reported,43 with BF3.OEt2 as initiator under supercritical conditions.  

A hydroxyl-terminated POx can be obtained by end-capping the living polymer chain 

with water leading to the formation of P(Ox)-OH, see Scheme 2.2. The alcohol is 
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formed as the thermodynamically preferential product during a rearrangement of an 

ester structure, which is reported to be the kinetically favored product.59  

 

 Scheme 2.2: Schematic representation of the end-capping of the living polymer chain 
with water leading to the formation of P(Ox)-OH. 
 

 

Calculated yields are depicted on Table 2.1 Mn and PDI were estimated by GPC 

using polystyrene as the calibration standard. The obtained values have shown that the 

synthesized polymers were obtained with narrow polydispersity. It was found that the 

number average molecular weights of the obtained polymers are much higher than the 

ones reported by Veiga de Macedo et al.43, however the values presented here were 

obtained by GPC while the former authors presented number average molecular 

weights and PDI determined by MALDI-TOF MS. It is well stated in the literature that 

usually these two techniques give results that differ significantly.60   Table 2.1: Temperature, pressure and monomer/initiator ratio in the polymerization 
reaction of 2-oxazolines in scCO2 and calculated yields, number average molecular 
weight and polydispersity of the synthesized polymers.  Polymer T /ºC p /MPa [M]/[I] a Yield  /% Mn b /g mol-1 PDI b 
 PEtOx-OH 65 

65 

65 

18.5 12 76.3 8943 1.15 

 PMeOx-OH 18.5 15 88.6 15372 1.23 

 PPhOx-OH 18.5 10 81.7 7064 1.14 

a Chosen based on Veiga de Macedo et al. 43!!studies. 
b Determined by GPC. 

 

 

Once more, as previously observed43, FTIR spectra revealed a characteristic 

stretching vibration of a carbonyl (C=O) (between 1734 and 1741 cm-1) in a carbamic 

acid suggesting CO2 insertion in the structure of the three polymers synthesized. 

However, the cited study refers that the CO2 insertion only occurs in a small 

percentage of the polymers, meaning that the produced polymers contain two fractions.  

They hypothesized that CO2 insertion must occurs after the oxazoline ring activation by 
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the BF3 complexation (initiation) and after the attack of another oxazoline to the carbon 

atom of the activated ring. The exchange of complexed BF3 by covalently bound CO2 in 

the first propagation step may have a stabilizing effect of the oxazolinium due to an 

interaction between the oxazolinium ring of the living end and the carboxylate group. 

Furthermore, the R substituent group in the 2-position is a crucial factor in dominating 

the selectivity of the reaction. If R is an alkyl group (like methyl and ethyl which are less 

effective in the stabilization of the positive charge) stabilizing effect should be less 

pronounced, whereas if R is an aryl group (as phenyl) the stabilization effect is more 

effective, since in this case there is an effective stabilization of the positive charge by 

the aromatic ring. The suggested mechanism is compatible with the different observed 

relative ratios of CO2 incorporation for each monomer.  

From the results obtained by Veiga de Macedo et al.43 it can be seen that the more 

pressure the less CO2 insertion in the polymer structure. This is a notable result that 

can be observed for the three synthesized polymers. Very recently, Wu and his 

collaborators61 have published a study where they also observe the insertion of CO2 in 

the structure of aziridines. They present a correlation between CO2 insertion and the 

applied pressure and the conclusion matches with the results obtained by Veiga de 

Macedo et al.43 By increasing the CO2 pressure up to 15 MPa a sharply decrease in 

CO2 insertion takes place. They explain this behavior by saying that excessive CO2 

pressure may cause a low concentration of monomer in the vicinity of the catalyst, thus 

resulting in a low reaction rate. On the other hand, too high CO2 pressure may retard 

the interaction between the monomer and the catalyst, whereby also cause a low yield 

of CO2 insertion. This information reveals that the applied pressure plays an important 

role in the optimization of CO2 fixation.  

 

 

2.3.2 Esterification of the hydroxyl-terminated poly(2-ethyl-2-oxazoline) with MACl  
Subsequently to the hydroxyl end-capping with water, the esterification of the 

terminal OH group with MACl was attempted under basic conditions using CHCl3, 

[BMIM][BF4],  [BMIM][PF6] and [OMIM][PF6] as solvents, see Scheme 2.3. The ILs, 

however, were difficult to separate from the polymers when the extraction with water 

was performed. [BMIM][BF4] is an hydrophilic ionic liquid and [BMIM][PF6] also  showed 

some solubility in water making this a bad option. In the other hand [OMIM][PF6] is 

highly viscous making the extraction very difficult and at the end the product was 

contaminated with IL. 
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 Scheme 2.3: Schematic representation of the esterification of the terminal OH group with 
MACl, being the solvent CHCl3, [BMIM][BF4], [BMIM][PF6] or [OMIM][PF6]. 
 

 

The success of the reactions was evaluated based on 1H-NMR spectra of P(EtOx)-

OH and the corresponding methacrylate derivate. The end capping with the 

triethylammonium methacrylate leads to the appearance of characteristic peaks 

corresponding to the vinylic methylene protons, which were not observed in all the 1H 

NMR spectra. According to these results it can be concluded that this route seems not 

to be a viable way to obtain the desired polyoxazoline macromonomer.  

 

 

2.3.3 End-capping of living poly(2-ethyl-2-oxazoline) with HEMA  
Once more to get rid of the organic solvents an extra route was tested. This time, 

after washing the living polymer with fresh CO2 HEMA was inserted into the cell, 

through a six port switching HPLC valve, for the direct end-capping of the living 

polymer. Three volumes of 100 µL of the acrylic monomer were injected stepwise, 

spaced 30 min periods to avoid the polymerization of the monomer and to promote the 

living polymer end-capping (Scheme 2.4). This reaction was undertaken at 40 ºC and 

21 MPa for 24 h. The guess was that the high-pressure could possibly be the driving 

force for the aimed reaction. However, the end product was not homogeneous, 

suggesting that the procedure was not successful and the termination did not occur. 

 

 Scheme 2.4: Schematic representation of the end-capping of living poly(2-ethyl-2-
oxazoline) with HEMA. 
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Although the previous result had been unsatisfactory, a second methodology was 

attempt by the direct addition of 300 µL of HEMA into the cell. However, the results 

were not satisfactory and a similar product was obtained.   
 

2.3.4 End-capping of living poly(2-ethyl-2-oxazoline) with MAA  
Due to the fact that the polymerization of oxazolines proceeds cationically, it is 

possible to terminate the cationic species directly with a methacrylate anion.  Such a 

desired anion can easily be formed by the deprotonation of methacrylic acid with a 

suitable base like triethylamine. Besides, methacrylic acid has a higher vapor pressure 

(1 mmHg at 25 ºC) compared with HEMA (0.01 mmHg at 25 ºC), which means that in 

principle a lower pressure will be needed to achieve supercritical conditions. This 

reaction (Scheme 2.5) was performed at 80 ºC using acetonitrile as solvent. Using this 

method a well-defined P(EtOx) methacrylate  end-capped macromonomer  was 

synthesized and characterized by GPC and 1H-NMR spectroscopy. The 

macromonomer shows narrow average molecular weight (Mn = 1385 g mol-1), with 

polydispersity index below 1.12 and a yield of 50%. The low yield may be explained by 

the solubility of the formed macromonomer in water. After reaction the final purification 

of the macromonomer implies extraction with an acid aqueous solution in order to 

remove unreacted MAA and triethylamine and some product is loss in this step. 

  

 

 

 Scheme 2.5: Schematic representation of the end-capping of the living polymer chain 
with MAA leading to the formation of P(EtOxMA).!
!

 

 

NMR spectra in Figure 2.6, also shows that a low percentage of the vinylic monomer 

was not completely removed. The degree of functionalization obtained by comparing 

the signals of the peaks of the vinylic protons with the protons belonging to the 
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oxazoline was higher than 60%. 

functionalization, the remaini

reactions will not bear the methacrylate functionality and will not interfere with 

subsequent radical polymerizations. F

was also estimated being equal

 

Figure 2.6: 1H NMR spectra (CD
 

 

A well-defined P(EtOx) methacrylate

end-capping method.  

 

 

2.3.5 Copolymerization of the macromonomer with 
!

The free radical copolymerization

(w/w) of AIBN as initiator. T

conditions. To overcome the

2 mol% with respect to CO

different percentages (25 and 80

white powders, partially soluble in water

shown in Table 2.2.  
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functionalization, the remaining polymer chains most likely resulting from chain

will not bear the methacrylate functionality and will not interfere with 

subsequent radical polymerizations. From the NMR data the degree of polymeriz

was also estimated being equal to 13. 

spectra (CDCl3) of poly(2-ethyl-2-oxazoline) methacrylate, P(

(EtOx) methacrylate macromonomer could be obtained by this direct 

of the macromonomer with GMA 

The free radical copolymerizations were carried out at 65 °C and 24 MPa using 

of AIBN as initiator. The macromonomer was found to be insoluble under

conditions. To overcome the lack of its solubility ethanol was added as a co

with respect to CO2. The P(EtOxMA) macromonomer  was copolymerized with 

and 80%)  of GMA, and the final products were

powders, partially soluble in water. The Mn, the PDIs and the reaction yields 

Even though it is not possible to obtain complete 

ng polymer chains most likely resulting from chain-transfer 

will not bear the methacrylate functionality and will not interfere with 

rom the NMR data the degree of polymerization 

 

methacrylate, P(EtOxMA). 
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carried out at 65 °C and 24 MPa using 5% 

was found to be insoluble under these 

ethanol was added as a co-solvent in 

was copolymerized with 

s were obtained as 

and the reaction yields are 
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Table 2.2: Characterization data of
methacrylate)] synthesized 
  Polymer [EtOxMA]:[
 

C1 

 

75:25

C2 20:80a 
Determined gravimetrically.b 
Calculated from GPC data.c 
Calculated from NMR data.

 

The obtained data shows that the polymerization of 

scCO2 leads to well-defined copolymers with a narrow polydispersity ind

The GMA content in the purified copolymers was calc
1H NMR spectra (see Figure 

A (O-CH) and B (O-CH2) at 3.

the GMA content is increased from 25 to 80 mol%.

 

Figure 2.7: 1H NMR spectra (400 MHz, CDCl
oxazoline)methacrylate-co
C2 (80 mol% GMA). Only the region w
shown (A and B in the copolymer chemical structure)
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Characterization data of poly[(2-ethyl-2-oxazoline)methacrylate
esized via free radical polymerization.a 

[GMA] Yield /%a  
Mn /g mol-1 b PDI b  [EtOxMA]

75:25 

 

51 

 

16211 

 

1.24 

20:80 71 16013 1.24 

Determined gravimetrically. 

data. 

Calculated from NMR data. 

The obtained data shows that the polymerization of the macromonomer and GMA in 

defined copolymers with a narrow polydispersity ind

The GMA content in the purified copolymers was calculated from the corresponding 

spectra (see Figure 2.7). An increase of the area of the integrals of the sig

at 3.23 and 2.84-2.64 ppm, respectively, is observed when 

the GMA content is increased from 25 to 80 mol%. 

 

H NMR spectra (400 MHz, CDCl3) of the poly[(2
co-(methyl methacrylate)] copolymers C1 (25 mol%

Only the region where the protons from GMA moiety appear is 
shown (A and B in the copolymer chemical structure). 
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oxazoline)methacrylate-co-(glycidyl 

[EtOxMA]:[GMA]c 
 

70:30 

30:70 

the macromonomer and GMA in 

defined copolymers with a narrow polydispersity index.  

ulated from the corresponding 

An increase of the area of the integrals of the signals 

is observed when 

 

) of the poly[(2-ethyl-2 
C1 (25 mol% GMA) and 

ere the protons from GMA moiety appear is 
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 2.3.6 LCST behavior of the synthesized copolymers  
The temperature dependence of the P(EtOxMA)-co-GMA solubility in aqueous 

solutions was investigated by turbidity measurements. Therefore, 5 mg mL-1 of the 

synthesized polymer was dissolved in deionized water. This solution was heated at a 

rate of 1 °C min-1 while the transmittance of visible light (600 nm) was measured. A 

typical curve for the determination of the cloud point, where the transmittance suddenly 

decreases upon heating as a consequence of polymer precipitation, is shown in Figure 

2.8. The temperature values for the cloud points were estimated as the inflexion points 

in the turbidity vs. temperature curves. From theoretical considerations it would be 

expected a decrease on copolymers cloud point temperature with the addition of a 

hydrophobic comonomer (GMA) in the copolymer backbone and resulting content 

decrease of the hydrophilic macromonomer. This behavior was previously described by 

Weber et al.44 with the incorporation of methyl methacrylate (MMA) into the P(EtOxMA) 

backbone. A similar effect was also reported in the literature for copolymers of 

poly(ethylene glycol) methacrylate (PEGMA) with MMA,62,63 which can be regarded as 

PEG analogues of the herein reported P(EtOxMA)-based systems. Furthermore, some 

authors have reported as well, the dependence of the LCST with the polymer 

architecture, having observed in their studies a decrease in LCST as the degree of 

branching increases.64 An inverse dependence of LCST on the molecular weight have 

also been reported.65,66 It might be speculated that it is more difficult to hydrate 

polymers (such as C1 and C2) with higher Mn due to decreased accessibility of  larger 

polymer coiled structures. Aqueous solutions of linear P(EtOx) with Mn > 20 000 g mol-

1 show cloud points in the same temperature region.67,68 Nevertheless, the region below 

70 °C can only be reached with linear P(EtOx) with a much higher average number 

molecular weight (Mn > 105 g mol-1). It has to be clearly stated that P(EtOx) with a 

degree of polymerization below 100 does not show any LCST behavior at all.  

In this experiment, the synthesized copolymers show a LCST behavior. The 

inflexion points of the curves for the polymers C1 (25 mol% GMA) and C2 (80 mol% 

GMA) are 60.7 ºC and 55.7 ºC, respectively. Considering the Mn values of the 

synthesized copolymers and the LCST obtained by turbidimetry, the observations 

above could be a strong indication that in fact the obtained copolymers can possibly 

assume a brush-type architecture. 
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 Figure 2.8: Turbidity curves for samples C1 (25 mol% GMA) and C2 (80 mol% GMA) in 
solutions with 5 mg mL-1 of polymer in deionized water (heating rate 1 ºC min-1). 

 

 

As expected, the cloud points of the solutions of the copolymers are lower when the 

GMA content in the polymer is higher. Comparing the results obtained for copolymers 

C1 and C2 it can be seen, in fact, a decrease of 5 ºC in the LCST. When comparing 

the pure P(EtOxMA) with  the copolymer C2 the cloud point decreases from 80 ºC44 to 

55.7 ºC. These findings led us to conclude that a more detailed investigation of the 

copolymerization of the polyoxazoline-based macromonomers should be carried out. 

Taking in account some literature available data,23 to obtain drug delivery systems with 

an optimal LCST (around 40 ºC) we need to increase the hydrophobic nature of the 

synthesized copolymers by increasing the GMA content and introducing more 

hydrophobic comonomers either in the copolymer backbone or in the polyoxazoline 

macromonomer backbone. 

Weber et al.44 have shown that the cloud point of a P(EtOxMA) solution is strongly 

dependent on the polymer concentration in aqueous solution, and that for more diluted 

solutions,  an increase of the cloud point  is observed. This behavior is possibly related 

with the lower ability of the polymer to precipitate in the solution at lower 

concentrations. Another very interesting information is that, in general, the cloud points 

decreased when going from water to buffered solutions, indicating that the cloud point 

is somewhat affected by the ionic strength but not by the pH. The salting-out effect of 

different additives present in the solution as well as the investigation of the reversibility 

of the phase transition (by repeating the heating-cooling cycles, for at least two times) 

are other important features that should be further evaluated. 
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2.4 Conclusion   

Well-defined P(EtOx)-based  macromonomers can be obtained by direct end-

capping of living P(EtOx) with in situ formed triethylammonium methacrylate. This route 

can be used for the preparation of a wide range of macromonomers. The successful 

synthesis of P(EtOxMA) opens a way towards new polymer architectures with 

hydrophilic P(EtOx) side-chains broadening the applications of poly(2-oxazolines). The 

biocompatibility and stealth properties of P(EtOxs) make such macromonomers 

interesting precursors for  novel drug delivery materials.  

The obtained macromonomers could be polymerized in a controlled manner using a 

free radical polymerization procedure. In that way copolymers with varying content of 

GMA were prepared. The LCST behavior of aqueous polymer solutions was 

investigated by turbidity measurements revealing cloud points which are dependent on 

the polymer composition and that can be tuned from 80 to 55.7 °C by varying the GMA 

content from 0 to 80 mol% in the copolymer backbone.  

The employed methodology for the synthesis of polyoxazoline-based 

macromonomers offers the possibility to obtain libraries of copolymers with interesting 

LCST properties by a careful choice of adequate comonomers. By playing with the 

hydrophobic nature of the used comonomer, the properties of the final copolymers can 

be easily tuned. In addition, the macromonomer amphipatic nature can be also fine 

tuned by the copolymerization of different 2-oxazoline monomers. 

 

 

2.5. Future work 

Due to an increase of environmental awareness, it is a matter of great concerns for 

scientists the design of more efficient and cleaner technologies and to gradually reduce 

the use of volatile organic compounds (VOCs). For that reason the use of supercritical 

carbon dioxide as an alternative “greener” solvent is highly attractive. In future work it 

should be taken in account the development of an alternative way to perform the 

macromonomer synthesis in scCO2 avoiding the use of acetonitrile as a solvent and 

chloroform in the purification step. 

In order to optimize the work developed so far more investigation should be done to 

increase the reactions yield and tune the LCST of the obtained copolymers. Regarding 

this last objective, we think that the LCST of the polyoxazoline-based copolymers 

should be further investigated by varying the GMA content and/or by the 

copolymerization of the macromonomers with other hydrophobic comonomers. Another 
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interesting approach could be the synthesis of macromonomers of polyoxazoline 

copolymers. The study of the salting-out effect of different additives on the LCST 

behavior, as well as the investigation of the phase transition  reversibility by repeating 

the heating-cooling cycles, (for at least two times), are other important features that 

should be evaluated.  

The effect of crosslinking on the LCST of the prepared copolymers, easily achieved 

through the highly reactive epoxide groups present in the backbone, as well as the 

evaluation of the swelling profile of the synthesized copolymers  were not possible to 

achieve due to time constraints, but will be one of the main focus in future work.  
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3.1 Introduction 

3.1.1 Pulmonary drug delivery 
Drug delivery to the lungs

biomedical interest in recent years. This trend acc

illnesses, dramatized by an increase of

 Lung cancer is the most prevalent type of cancer an

cancer-related death world

site after intravenous or oral administration is a 

of some chemotherapeutics. Subsequently, the outcom

cancer has not significantly progressed in recent h

of the lowest among all malignancies. 

Currently, the most common application of aerosol t

for airway and parenchyma lung diseases

using the lung systemic drug delivery.

The pulmonary delivery 

over other routes: i) the surface area of a lung is extremely large and

permeation of drug substances is comparatively easy

well developed and the wall of the alveolus is extr

pulmonary delivery route can avoid the first pass effect of 

enhance the bioavailability of administration.  

Figure 3.1: Cast of the 
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Pulmonary drug delivery 

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

biomedical interest in recent years. This trend accompanies a rise in respiratory 

es, dramatized by an increase of asthma in the populations.1 

Lung cancer is the most prevalent type of cancer and the most common cause of 

related death world-wide. Inefficient delivery of anticancer drugs to t

site after intravenous or oral administration is a probable cause for the limited efficacy 

of some chemotherapeutics. Subsequently, the outcome for the treatment of lung 

cancer has not significantly progressed in recent history and the cure rate remains one 

west among all malignancies.  

Currently, the most common application of aerosol therapy is regional drug delivery 

renchyma lung diseases, however, there is also expanding interest in 

using the lung systemic drug delivery.2   

he pulmonary delivery route has emerged mainly due to the following

) the surface area of a lung is extremely large and

permeation of drug substances is comparatively easy, because the vascular system is 

well developed and the wall of the alveolus is extremely thin (see Figure 3

oute can avoid the first pass effect of the liver 

enhance the bioavailability of administration.3,4 

Cast of the human lungs. Adapted from references 5
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inhalation has attracted tremendous scientific and 

ompanies a rise in respiratory 

the most common cause of 

wide. Inefficient delivery of anticancer drugs to the disease 

probable cause for the limited efficacy 

e for the treatment of lung 

cure rate remains one 

herapy is regional drug delivery 

, however, there is also expanding interest in 

the following advantages 

) the surface area of a lung is extremely large and the mucosal 

, because the vascular system is 

Figure 3.1); ii) The 

 and thus highly 

 
,6,7. 
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However, inefficient drug delivery can still arise, owing to excessive particle 

aggregation in an inhaler, deposition in the mouth and throat, and overly rapid particle 

removal from the lungs by mucociliary or phagocytic clearance mechanisms, Figure 3.2 

indicates a number of biopharmaceutical, pharmacokinetic, and pharmacodynamic 

processes involved in pulmonary drug delivery.  To address these problems, particle 

surface chemistry and surface roughness are traditionally manipulated.1!

!

 

  Figure 3.2: Events involved in pulmonary targeting. Adapted from reference 8. 

 

 

 

3.1.2 Particle morphology  
Until now, therapeutic dry powder aerosols have been made with particle mass 

densities near 1 g cm-3 and mean geometric diameter between 1 and 3 !m. However 

Edwards et al.9 have shown that very light particles (< ~ 0.4 g cm-3) with d > 5 µm can 

be deposited in the lungs.  The role of low mass density in rendering respirable large 

particles can be understood in terms of the particles mean aerodynamic diameter 

(related to a particle’s geometric diameter and mass density). Relatively large particles 

with high porosity have the same aerodynamic diameter as smaller, nonporous 

particles; these larger particles can enter the lungs because particle mass dictates the 

location of aerosol deposition in the lungs.  Besides, as a consequence of their large 

size and low mass density, porous particles can aerosolize from a dry powder inhalator 

(DPI) more efficiently than smaller nonporous particles, resulting in higher respirable 
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fractions of inhaled therapeutics. One reason for the relatively high bioavailability of the 

inhaled large-particles is more efficient delivery of drug to the lung as a consequence of 

less powder aggregation. An increase in the size of particles results in a fractional 

surface area of particle-particle contact in a dry powder (or liquid suspension) and thus 

in less tendency to agglomerate than (conventional) small and nonporous particles. 

This diminished aggregation means that less energy is required to aerosolize particles 

or that particles are more efficiently aerosolized with a given energy of aerosolization. 

Also, large, porous particles inhaled into the lungs can potentially release therapeutic 

substances for long periods of time by escaping phagocytic clearance from the lung 

periphery, thus enabling therapeutic action for periods ranging from hours to many 

days.9,10,11 

Several of the most frequently used biopolymers are either biopolyesters or starch-

based polymers. Some biopolyesters, such as poly(lactic acid) (PLA) and poly(glycolic 

acid) (PGA), were the first polymeric materials successfully used as sutures, and their 

degradation pathways are well known and do not produce toxic byproducts.12 A variety 

of issues such as particle size, narrow particle size distribution, creation of 

homogeneous particle morphology (especially the spherical form), prevention of 

particle agglomeration, and control over the loading of active ingredients in desired 

concentrations, are important factors to obtain content uniformity, while sphericity 

allows good flowability.13,14 

 

 

3.1.3 Particle formation using scCO2 

 

Carbon dioxide has many advantages as a solvent for polymer particle formation, 

especially for controlled release applications where the elimination of toxic solvent 

residues is of key importance. An outstanding feature of supercritical fluids as the 

particle formation medium is on the control of the particle size through adjustable 

solvent properties.15 The versatile operating conditions that are possible with 

supercritical fluids and their mixtures provide the flexibilities in controlling the size of the 

particles that span from microns to nanometers.13  

Specific properties of fast heat and mass transfer in supercritical fluids due to high 

conductivity and molecular diffusivity as well as low viscosity are beneficial for 

producing fine and uniform particles of very narrow size distribution. This is because 

the property of fast mixing enables both a rapid creation and a rapid decrease of the 

solute supersaturation that can be moreover localized precisely in the system.16 
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Cooper and Holmes17 have shown that scCO2 is an excellent porogenic diluent for 

the formation of crosslinked macroporous monoliths. Porous material processing using 

supercritical fluids has been reviewed latter by Cooper.18 He reports a study where he 

and his colleagues have exploited the variable density associated with SCF solvents in 

order to “fine-tune” the polymer morphology, concluding that the average pore size and 

surface area in these materials could be tuned continuously over a considerable range 

just by varying the SCF solvent density. Furthermore, the CO2 compressed state and 

the ability to plasticize a wide range of polymers lends to the formation of polymer 

foams. 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 to form the cellular structure until 

vitrification occurs. As the supercritical fluid leaves the polymer, the Tg increases. At the 

point where the Tg for the polymer is higher than the foaming temperature, the porous 

structure is set.19,20 This process can lead to the formation of very small uniform 

particles due to the high supersaturation ratios which can be achieved. Alternatively, 

larger particles can be produced by controlling factors such as temperature and 

pressure. Further studies21 on the formation of microcellular PMMA foams via this route 

showed that the properties of the foams could be tailored by changing saturation 

pressures and saturation times. A theoretical model for cell nucleation and growth was 

also presented.22 A similar approach was taken by McCarthy and colleagues,23 who 

have studied the formation of microcellular polystyrene foams using scCO2. The long-

term goal of this research is the synthesis of composite microcellular materials. It was 

found that an equilibrium mass uptake of 11.8% CO2 was absorbed by polystyrene at 

80 ºC and 24 MPa. Bulk foam densities in the range 0.05 ± 0.85 g cm-3 were obtained, 

depending on the foaming temperature. Average cell diameters for these materials 

varied over a wide range (1 ± 70 µm) depending on experimental conditions such as 

foaming temperature, saturation pressure, and depressurization time. Interestingly, 

anisotropic cell morphologies could be obtained, and the nature and degree of 

anisotropy was influenced by the shape of the pressure vessel and the magnitude of 

the pressure drop.24 Similarly, Matheiu et al.25 have shown that the morphology of the 

foams can be controlled to mimic the structure of bone. Further, Holmes et al.26 

reported that the pore size of the crosslinked polymer monoliths can also be tuned, by 

varying the monomer concentration or by conducting the polymerisation in the 

presence of a water-in-CO2 emulsion. 
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3.1.4 Aim of this study 

 

This chapter reports the development of functional (containing free hydroxyl groups) 

polyester-based microparticles, highly attractive due to their biocompatible and 

biodegradable properties.27 Glycerol dimethacrylate (GDMA) was the chosen monomer 

since it is rather hydrophilic and has been used in the synthesis of functional porous 

polymer monoliths for several applications,28 and very recently was also used as a 

cross-linker in the synthesis of biodegradable poly(ethylenimine) (PEI) gene carriers.29 

Surprisingly, to the best of our knowledge, no reports were found regarding GDMA 

polymerization in supercritical carbon dioxide (scCO2), a solvent that is highly desirable 

from the environmental safety and economical point of view. 

These highly-porous large GDMA microparticles should be suitable for inhalation, 

encapsulate drugs efficiently and provide a sustained drug release. This work was 

accomplished through heterogeneous polymerization in scCO2 using the free radical 

initiator, AIBN, at 65 ºC and pressures up to 24 MPa. Two different amphiphatic 

molecules that are interfacially active in CO2 were tested as stabilizers and the effect of 

their initial concentration on the morphology of the synthesized polymers was 

investigated. Several properties like particle size (PS), particle size distribution (PSD), 

density (!), porosity and specific surface area were evaluated.  

 

 

3.2 Experimental  

3.2.1 Materials 

 

Glycerol dimethacrylate (GDMA, 85%) and 2,2’-Azobis(isobutyronitrile) (AIBN, ! 

98%) were purchased from Aldrich and used as received. Stabilizers, Krytox FSL 157 

and Fluorolink C, were acquired from Dupont and Ausimont, respectively. Carbon 

dioxide (CO2, ! 99.98%) was supplied by Air Liquide.  

 

 

3.2.2 Instrumentation   
FTIR spectra were obtained on a Perkin Elmer Spectrum 1000 instrument. NMR 

spectra were recorded on a Bruker ARX 400 MHz equipment. CP/MAS 13C NMR 

spectra was collected on a Bruker Avance III 300 equipment (4 mm CP-MAS-HDP WB 

probe, 5 kHz spinning rate) at room temperature. Elemental analysis was performed on 
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a Thermo Finnigan CE Instrument

Polymer morphology was e

Samples were mounted on aluminium stubs using carbon cement (D

Chemikalien) and were gold 

instrument with an accelerating voltage 

Microscopy (TEM) images on a Hitachi,

200 kV, LaB6 filament). Particle

software. Specific surface areas of the networks 

at 77 K. An accelerated surface area and porosimetry system (Micromeritics ASAP 

2010) was used. The surface area (

Teller BET theory. Microparticles density was determined by 

(Micromeritics, Autopore IV9500).

performed in a PerkinElmer DSC 7 

nitrogen atmosphere (flow rate = 20 mL

energy scale was carried out using a pure indium standard. 

 

 

3.2.3 Polymerization of glycerol dimethacrylate

 

Polymerization reactions were carried out in a 33 mL stainless steel high

cell equipped with two aligned sapphire windows

reactor was charged with monomer, 

5.48 mmol) 5% (w/w) of AIBN 

mmol) with respect to monomer and 

in a water bath at 65 ºC. Carbon dioxide

pumped into the system to achieve

pressure, 24 MPa. Once the 

obtained, the reaction was allowed to proceed with 

stirring for 20 h. At the end, 

was washed with CO2 for 1 h, depressurized and 

cooled. At the end a fluffy, dry, white, free

powder was obtained, see 

gravimetrically and was found to be quantitative

different stabilizers (Krytox FSL 157 and Fluorolink C

concentrations of each one 

morphology.  

All the synthesized polymers were characterized by FT
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Instrument, Flash EA 1112 CHNS series elemental analyzer

was evaluated using Scanning Electron Microscope

Samples were mounted on aluminium stubs using carbon cement (D

Chemikalien) and were gold coated. SEM images were collected on a Hitachi, S

instrument with an accelerating voltage set to 15 kV and Transmission Electron 

Microscopy (TEM) images on a Hitachi, H-8100 instrument (accelerating voltage

Particle diameters were determined using Macnification V1.5

Specific surface areas of the networks were determined by adsorption of N

. An accelerated surface area and porosimetry system (Micromeritics ASAP 

used. The surface area (sBET) was determined by the Brunauer

Microparticles density was determined by mercury porosimetry 

(Micromeritics, Autopore IV9500). Differential Scanning Calorimetry (DS

PerkinElmer DSC 7 from -130 to 300 ºC at 10 ºC min

(flow rate = 20 mL min-1). Calibration for the temperature and 

energy scale was carried out using a pure indium standard.  

Polymerization of glycerol dimethacrylate 

reactions were carried out in a 33 mL stainless steel high

cell equipped with two aligned sapphire windows (see Figure 2.2, section 2

with monomer, GDMA (1.25 g, 

of AIBN (0.0625 g, 0.3806 

with respect to monomer and then immersed 

water bath at 65 ºC. Carbon dioxide was 

system to achieve the desired 

the final conditions were 

obtained, the reaction was allowed to proceed with 

stirring for 20 h. At the end, the obtained polymer 

for 1 h, depressurized and 

fluffy, dry, white, free-flowing 

was obtained, see Figure 3.3. Polymer conversion was determined 

and was found to be quantitative. This reaction was repeated

Krytox FSL 157 and Fluorolink C) and different initial 

concentrations of each one (5%, 10% and 30%) to study their effect 

lymers were characterized by FTIR and CP/MAS 

Figure 3.3: PGDMA
at 65 ºC and 24

S series elemental analyzer. 

ng Scanning Electron Microscope (SEM) data.  

Samples were mounted on aluminium stubs using carbon cement (D-400, Neubaeur 

a Hitachi, S-2400 

Transmission Electron 

accelerating voltage up to 

Macnification V1.5 

were determined by adsorption of N2 

. An accelerated surface area and porosimetry system (Micromeritics ASAP 

Brunauer-Emmett-

mercury porosimetry 

alorimetry (DSC) was 

min-1 under a dry 

). Calibration for the temperature and 

reactions were carried out in a 33 mL stainless steel high-pressure 

, section 2.2.3.1). The 

Polymer conversion was determined 

repeated using two 

) and different initial 

effect in the polymer 

CP/MAS 13C NMR. 

PGDMA obtained 
at 65 ºC and 24 MPa. 
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 Poly(glycerol dimethacrylate) whitout stabilizer, PGDMA: FTIR (KBr) cm-1: 3466 

(OH), 1726 (C=O); CP/MAS 13C NMR (75 MHz) ! (ppm): 177.33 (C=O), 72.00 (C-

OH), 66.00 (OCH2 crosslink), 54.04 (CH2 backbone), 44.67 (C quaternary), 18.01 

(CH3).  

Poly(glycerol dimethacrylate) with 30 % (w/w) of Fluorolink, PGDMA-F30: FTIR 

(KBr) cm-1: 3502 (OH), 1731 (C=O); CP/MAS 13C NMR (75 MHz) ! (ppm): 176.67 

(C=O), 71.98 (C-OH), 66.53 (OCH2 crosslink), 55.33 (CH2 backbone), 44.53 (C 

quaternary), 17.79 (CH3). 

Poly(glycerol dimethacrylate) with 30% (w/w) of Krytox, PGDMA-K30: FTIR (KBr) 

cm-1: 3467 (OH), 1727 (C=O); CP/MAS 13C NMR (75 MHz) ! (ppm): 176.97 (C=O), 

71.98 (C-OH), 66.35 (OCH2 crosslink), 54.24 (CH2 backbone), 44.78 (C quaternary), 

17.79 (CH3). 

 

 

3.2.4 Hydroxyl loading capacity of the polymers  
In a typical procedure the polymer (200 mg) was acetylated with 3 mL of an acetic 

anhydride-piperidin mixture (1:4) for 6 h. Distilled water (10 mL) was added to the 

system, which was then refluxed for 3 h, cooled and filtered. The acetic acid formed 

was back titrated with standard (0.1 N) NaOH and the hydroxyl capacity (free hydroxyl 

groups present in the polymer backbone) calculated from the titer values.30   

 

 

3.3 Results and Discussion 

3.3.1 Polymer characterization 

The polymerizations were performed at 65 ºC and 24 MPa in the presence and in 

the absence of surfactant using 5% of initiator, AIBN. The obtained polymer was a 

white, free-flowing powder obtained in a quantitative yield for all the polymerizations. 

The disappearance of the band at 1638 characteristic of the double bond (C=C) 

present in the monomer was also observed as it can be seen in Figure 3.4.   



Synthesis of Functional Mesoporous Microbeads
!

!"!
!

Figure 3.4: FTIR spectra of 

The synthesized samples of PGDMA

solvents tested (methanol, 

usually used as eluents in GPC/SEC columns, thus making impossible to determine 

the molecular weight of the synthesized polymers).  These polymers also show 

insolubility in the ILs [BMIM][BF

[BMIM][Cl] (up to 40 mg g-

where a strong-hydrogen bond network is present.

ion (and its high hydrogen bond basicity) 

compounds capable of hydrogen bonding to the IL.

common solvents and the observed aggregatio

interpreted as a consequence of the hydroxyl

allows efficient intra- and interchain hydrogen bonding. Hydrogen bonding provides 

rigidity, strength, stability, and contributes to the impermeability of the polymer to water, 

since the hydrogen bonds that forms within and between cha

sites for water.32  
Furthermore the DSC experiments revealed that no degradation of the polymer 

occurs up to 300 ºC, thus 

observed as well for all the samples produced, 

high crosslinking degree of the polymer structure.

Through 19F NMR spectra a residual amount

polymers which indicated the need of 

polymerization. 
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FTIR spectra of poly(glycerol dimethacrylate), PGDMA

 

The synthesized samples of PGDMA were insoluble in water and in all the organic 

(methanol, ethanol, acetone, chloroform, DMSO and DMF, which are 

usually used as eluents in GPC/SEC columns, thus making impossible to determine 

the molecular weight of the synthesized polymers).  These polymers also show 

[BMIM][BF4] and [BMIM][PF6]. However they are soluble in 
-1), which is reported to be an excellent solvent for cellulose, 

hydrogen bond network is present.10 In general, the role of the chloride 

ion (and its high hydrogen bond basicity) is crucial in achieving dissolution of 

compounds capable of hydrogen bonding to the IL.31 The lack of PGD

common solvents and the observed aggregation of the microparticles can

interpreted as a consequence of the hydroxyl-functionalized PGDMA structure which 

and interchain hydrogen bonding. Hydrogen bonding provides 

rigidity, strength, stability, and contributes to the impermeability of the polymer to water, 

since the hydrogen bonds that forms within and between chains leaves few hydration 

the DSC experiments revealed that no degradation of the polymer 

occurs up to 300 ºC, thus revealing high thermal and chemical resistance. No 

for all the samples produced, this is a consistent result attending the 

linking degree of the polymer structure.  

F NMR spectra a residual amount of stabilizer was detected

which indicated the need of increasing the washing time of the polymer

 
PGDMA. 

insoluble in water and in all the organic 

ethanol, acetone, chloroform, DMSO and DMF, which are 

usually used as eluents in GPC/SEC columns, thus making impossible to determine 

the molecular weight of the synthesized polymers).  These polymers also show 

]. However they are soluble in 

), which is reported to be an excellent solvent for cellulose, 

In general, the role of the chloride 

is crucial in achieving dissolution of 

of PGDMA solubility in 

n of the microparticles can be 

GDMA structure which 

and interchain hydrogen bonding. Hydrogen bonding provides 

rigidity, strength, stability, and contributes to the impermeability of the polymer to water, 

ins leaves few hydration 

the DSC experiments revealed that no degradation of the polymer 

high thermal and chemical resistance. No Tg was 

result attending the 

was detected in the final 

of the polymer, after 
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3.3.2 Effect of initial stabilizer 
The effect of the initial stabilizer concentration o

particle diameter, and distrib

two synthetic polymers as 

stabilizers, Krytox and Fluorolink

C. Both, PGDMA-F30

PGDMA were placed in 

solution of TFA and the difference 

in hydrophobicity was evident

it can be seen in Figure 3.5

hypothesis for this behavio

two possible PGDMA networks 

can be formed; a surfactant

particles that spontaneously form an aqueous 

surfactant-assisted packed network (Scheme 

3.5, a) that form a colloidal dispersion only after vigorous stirring. After centrifugation, a 

polymer-free supernatant was obtain

 

 

Scheme 3.1: Synthesis of B (open). 
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stabilizer concentration 

stabilizer concentration on hydrophobicity, particle formation

particle diameter, and distribution of PGDMA microspheres was investigated by using 

thetic polymers as 

, Krytox and Fluorolink 

30 and 

were placed in a 1% 

and the difference 

evident, as 

Figure 3.5. A 

behavior is that 

two possible PGDMA networks 

can be formed; a surfactant-free, “open” arrangement (Scheme 3.1

particles that spontaneously form an aqueous colloidal dispersion (Figure 

assisted packed network (Scheme 3.1, A) non-dispersed in water (Figure 

that form a colloidal dispersion only after vigorous stirring. After centrifugation, a 

free supernatant was obtained.  

Synthesis of PGDMA and proposed formation of networks A

Figure 3.5: PGDMA microparticles in 1% TFA 
obtained with 30% (w/w) Fluorolink (a) and 
without surfactant (b). 
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particle formation, 

investigated by using 

3.1, B) leading to 

Figure 3.5, b), and a 

dispersed in water (Figure 

that form a colloidal dispersion only after vigorous stirring. After centrifugation, a 

 A (packed) and 

PGDMA microparticles in 1% TFA 
obtained with 30% (w/w) Fluorolink (a) and 
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The 13C NMR chemical shifts obtained from the cross-polarization and magic angle 

spinning (CP/MAS) spectra were used to identify the chemical environments of the 

carbon atoms. The solid-state CP/MAS 13C NMR spectra revealed a high similarity 

between the PGDMA networks.  The peak assignment for PGDMA-K30 is shown in 

Figure 3.6. 

 

 Figure 3.6: Solid-state CP/MAS 13C NMR spectra of PGDMA-K30. 

 

No resonances were observed around 160 ppm which means that no unreacted 

methacrylate groups were present. Unfortunately, since the resonance of the methine 

carbon (Figure 3.6, signal 2) is overlapped with the resonance of the methylene carbon 

from the backbone (Figure 3.6, signal 3) it is not possible to evaluate the degree of 

intramolecular hydrogen bonding in the polymer network.12 The loading hydroxyl 

capacity obtained for the PGDMA polymer microbeads synthesized are in good 

agreement with the suggested hypothesis.  

Although the existing intra- and interchain hydrogen bonding interactions in the polymer 

network, high loading hydroxyl capacity was obtained for the PGDMA polymer 

microbeads synthesized in scCO2. Since these values were higher for the PGDMA 

“open” arrangement (2.30 mmol g-1) and lower for the samples PGDMA-F30 and 

PGDMA-K30 (1.40 and 1.88 mmol g-1, respectively) they also support the proposed 

hypothesis. The hydroxyl groups of the polymer backbone are amenable to a wide 

range of reactions without affecting the polymer matrix, enabling the fine-tuning of the 

physico-chemical properties of the microparticles. In Table 3.1, the characteristics of 

polymer samples produced with concentrations of Krytox and Fluorolink ranging from 

0% to 30% (w/w) with respect to initial monomer are presented. 
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 Table 3.1:  Effect of two different stabilizers and their initial concentration on the microparticles 
size, mean pore diameter, specific surface areas, particles densi
F stands for Fluorolink C and K stands for Krytox.

Microparticles 
Stabilizer

(% w/w)

PGDMA 0

PGDMA-F5 5

PGDMA-F10 10

PGDMA-F30 30

PGDMA-K10 10

PGDMA-K30 30

a Percentage with respect to monomer. 

Macnification V1.5 software. 

surface area determined by the BET method. 

porosimetry. f Appearance of the polymer after venting, determined from SEM micrographs.

Brocolli-type structure.   
 

As can be seen from 

stabilizer was used, particles were highly 

particle is formed by smaller primary particles stuck together

lack of stabilization and is consistent with other precipitation reactions.

 

 

By increasing the initial concentration of 

morphology of the microparticles was observed

aggregated. This behavior was observed for both stabilizers and is a typical 

related with the use of a dispersion 

surfactant usually prevents flocculation and aggr

Figure 3.7: TEM (a), (b) and SEM (c) images of 
synthesized in scCO2 without the addition of stabilizer.
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Effect of two different stabilizers and their initial concentration on the microparticles 
diameter, specific surface areas, particles density and morphology of

F stands for Fluorolink C and K stands for Krytox. 

Stabilizer 

(% w/w)a 

db
 

(µm) dp
c 

(nm) 

sBET
d

 

(m2 g-1) 

Particles 

densitye 

0 - 39.2 36.8 0.19 

5 2.5±0.3 36.3 31.4 0.18 

10 2.3±0.3 41.8 25.1 - 

30 - 41.4 23.1 - 

10 2.2±0.6 41.5 20.4 - 

30 0.8±0.05 35.3 8.8 0.37 

Percentage with respect to monomer. b Average particle diameter determined by SEM using the 

Macnification V1.5 software. c Mean pore diameter determined by the BET method. 

surface area determined by the BET method. e Density determined by mercur

Appearance of the polymer after venting, determined from SEM micrographs.

As can be seen from TEM (a), (b) and SEM (c) images, Figure 

particles were highly irregular and agglomerated

smaller primary particles stuck together, which is associated

lack of stabilization and is consistent with other precipitation reactions.33

By increasing the initial concentration of stabilizer, a significant change in the 

particles was observed they have become spherical and less 

aggregated. This behavior was observed for both stabilizers and is a typical 

dispersion polymerization since the presence of a polymeric 

surfactant usually prevents flocculation and aggregation of precipitated particles.

TEM (a), (b) and SEM (c) images of the PGDMA microparticles 
without the addition of stabilizer. 
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Effect of two different stabilizers and their initial concentration on the microparticles 
ty and morphology of PGDMA. 

Particles 

morphologyf 

Aggregated 

Sphericalg 

Sphericalg 

Aggregated 

Spherical 

Spherical 

Average particle diameter determined by SEM using the 

Mean pore diameter determined by the BET method. d Specific 

Density determined by mercury intrusion 

Appearance of the polymer after venting, determined from SEM micrographs. g 

Figure 3.7, when no 

irregular and agglomerated though each 

which is associated to the 
33,34   

 

, a significant change in the 

spherical and less 

aggregated. This behavior was observed for both stabilizers and is a typical effect 

since the presence of a polymeric 

egation of precipitated particles. 

PGDMA microparticles 
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Typically as the concentration of surfactant is raised, the number o

and their size decrease.35

causes increasing amounts of stabilizer 

initial stage of polymerization

size of the polymer decreased as 

 

  

The most evident result is observed when

providing a decrease in particle diameter of 2.2 to 0.8 µm, 

decrease in the PDI. So, smaller and more monodisperse 

when 30% of Krytox was used

(a). In the other hand when

PSD are not so obvious. Besid

particles tend to form aggregates as it happens in 

Figure 3.9 illustrates the nitrogen adsorption

PGDMA-K30 at T = 77 K

Figure A-1, Appendix) reveal

porous particles and lies in the different ways 

Surface area is probably the most widely used parameter

materials. Since the surface area corresponds to th

and its porous interior, as more porous the particl

addition surface area is the means by which a solid

as the particle size decreases the surface area per unit v

However when a porous particle ha

the smaller pieces will usually be larger than the 

elimination of some pores.

easily perceived that in fact the surface area increases w

Figure 3.8: SEM micrographs of PGDMA microparticles synthesized
different stabilizers: (a) PGDMA
PGDMA-F10, particles prepared usin
prepared using 10% (w/w) Fluorolink C.

Synthesis of Functional Mesoporous Microbeads 

concentration of surfactant is raised, the number of particles increases 
35 This is because the higher initial stabilizer concentration 

ng amounts of stabilizer relatively to the formed particle nuclei in the 

initial stage of polymerization.36 The results presented in Table 3.1 show

polymer decreased as initial stabilizer concentration increase

dent result is observed when Krytox percentage raises fro

in particle diameter of 2.2 to 0.8 µm, which is also 

smaller and more monodisperse microspheres were prepare

% of Krytox was used, which can be observed by SEM images

other hand when Fluorolink was used the differences in terms of PS and 

. Besides at the higher percentage of Fluorolink (30%)

particles tend to form aggregates as it happens in the absence of stabilizer.  

the nitrogen adsorption-desorption isotherms 

77 K. According to the isotherm analysis all the samples 

reveal a hysteresis behavior which is a typical

porous particles and lies in the different ways nitrogen spreads/retracts over porous.

robably the most widely used parameter to characterize porous 

materials. Since the surface area corresponds to the roughness of the particle exterior 

and its porous interior, as more porous the particle is as bigger the surface area

addition surface area is the means by which a solid interacts with its surroundings

particle size decreases the surface area per unit volume (or mass) increases. 

However when a porous particle has broken into smaller pieces, the particle density 

the smaller pieces will usually be larger than the original particle density by virtue of the 

n of some pores.38,39 If a careful analysis of the results is 

perceived that in fact the surface area increases with the pore diameter.

SEM micrographs of PGDMA microparticles synthesized in scCO
PGDMA-K30, particles prepared using 30% (w/w) 

F10, particles prepared using 10% (w/w) Fluorolink C; (c) PGDMA
10% (w/w) Fluorolink C. 

f particles increases 

bilizer concentration 

particle nuclei in the 

show that particle 

initial stabilizer concentration increase. 

 

Krytox percentage raises from 10 to 30 

also followed by a 

microspheres were prepared 

images in Figure 3.8, 
the differences in terms of PS and 

luorolink (30%) the 

the absence of stabilizer.   

desorption isotherms of the sample 

lysis all the samples (see 

typical behavior of 

spreads/retracts over porous.37 

to characterize porous 

e roughness of the particle exterior 

is as bigger the surface area. In 

acts with its surroundings. So 

olume (or mass) increases. 

s broken into smaller pieces, the particle density of 

iginal particle density by virtue of the 

 made it can be 

ith the pore diameter. 

 in scCO2 and using 
K30, particles prepared using 30% (w/w) Krytox; (b) 

g 10% (w/w) Fluorolink C; (c) PGDMA-F30, particles 
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 Figure 3.9: Nitrogen adsorption (!) - desorption (!) isotherms of the PGDMA 
microparticles with 30% (w/w) Krytox. 

 

 

Nevertheless this assumption is only correct if the analysis were made between the 

results obtained for samples prepared with the same stabilizer. When the specific 

surface area of the samples PGDMA-F5 and PGDMA-K30 are compared it can be 

noticed that they are similar, 36.3 and 35.3 g m-2 respectively. Still, we can not take any 

conclusion only based on the diameter and surface area of the particles prepared with 

different stabilizers, mainly because they could have an influence in the porosity of the 

polymer as they have in the surface area of the particles. Particles density also plays 

an important role for a suitable examination. Comparing the samples PGDMA-K30 and 

PGDMA-F5 although the second sample as a lower surface area and porous diameter, 

when we consider the density of both, 0.37 and 0.18 g cm-3 respectively, a decrease in 

the later sample is observed which can be a consequence of the porosity decrease. 

Krytox, as a higher impact on particles size and morphology as well as it has on 

particles porosity and density. Besides, since the particles obtained with 10% Fluorolink 

are spherical, less dense, exhibit larger pores and have a reasonable diameter (3 µm) 

this stabilizer shows to be more convenient for the production of less dense and large 

porous microparticles.  

Therefore, since these values of density are in the range of useful materials for 

pulmonary drug delivery,9 this makes them potential candidates for this type of 

applications. 
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3.4 Conclusion 

In summary, we have synthesized biodegradable, biocompatible mesoporous 

polymer microbeads carrying hydroxyl groups by a radical polymerization using a 

contaminant-free scCO2-based technology. The functional degree of the microparticles, 

measured by the available free hydroxyl groups present in the polymers, was also 

evaluated. The hydroxyl groups of the polymer backbone are amenable to a wide 

range of reactions without affecting the polymer matrix broadening the ease for tune 

the particles properties and consequently their possible applications. The small mass 

density polymer microparticles (0.19-0.37 g cm-3) were obtained in a quantitative yield 

as a white, dry, free-flowing powder directly from the reaction vessel. The particles size 

(1 to 3 µm) and morphology were found to be dependent of the initial concentration and 

from the kind of the added stabilizer (Krytox and Fluorolink C). The development of 

applications for these microbeads is being carried out, which also include their use as 

bioadhesive supports for mesenchymal stem cell culture.40 The obtained density values 

are in the range of useful materials for pulmonary drug delivery, however a 

manipulation of the particle must be undertaken in order to achieve the values reported 

in literature suitable for this particular application. 

 

 

3.5 Future Work 

Whereas considerable work remains to clarify the potential bioavailability and 

efficiency gains that can be achieved after inhalation of large, porous aerosol 

formulations in humans, the results to date suggest that such particles may play a role 

in the development and optimization of new inhalation therapies in the future. Attending 

this, further improvements in the synthesized particles morphology may be achieve by 

increasing particle size, since large, porous particles display less tendency to 

agglomerate. Also, higher porosity must be achieved in order to decrease particles 

density and to enhance efficiency on the releasing of therapeutic substances for long 

periods of time by escaping phagocytic clearance from the lung periphery, thus 

enabling therapeutic action for periods ranging from hours to many days. Considering 

the variation in solvent quality as a function of CO2 density and the resulting influence 

on the mechanism of nucleation, phase separation, aggregation, monomer partitioning, 

and pore formation, changes in scCO2 pressure are of substantial relevance for the fine 

tuning of particles morphology. Also more studies with different percentages of 

stabilizer, initiator and the use of other different stabilizers could be done. Particle 
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functionalization through the OH group is another important trend in the optimization of 

particles properties.  

As reported above the potential of developing lower density particles for 

therapeutic delivery can provide different deposition sites which may lead to more 

efficient targeted delivery of drugs, therefore particle design is a key factor for the 

development of safe and efficient carriers. 

These will include the monomers feed ratio, the monomers concentration 

relative to carbon dioxide, the percentage and nature of added surfactants, the 

percentage of radical initiator, and the pressure and the temperature of the reaction 

polymerization media. Several monomers will be screened in the basis of our previous 

work and preliminary results but novel monomers will be also explored. 
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!! Figure A-1: Nitrogen adsorption (") - desorption (!) isotherms of the 
PGDMA, PGDMA-F5, PGDMA-F10, PGDMA-F30, PGDMA-K10, PGDMA-
K30 microparticles.!
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