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I 
 

Abstract 
This doctoral dissertation examines the utilization of carbon dioxide as a solvent for high 

pressure impregnation of fat-soluble vitamins, in particular vitamin K3 and vitamin D3. The 

chosen vitamins, especially vitamin D3, are challenging to handle, since they are highly 

sensitive substances. Polysaccharide alginate aerogels were used as carriers for the vitamins. 

Aerogels are airy materials with outstanding properties, such as high porosity, high specific 

surface area and low density. Combined with the biocompatible and biodegradable 

polysaccharides, they fulfil the pharmaceutical demands for being ideal candidates.  

The general idea of this dissertation was to achieve the protection and prolonged stability of 

sensitive vitamins against the environment by impregnating them into polysaccharide aerogels. 

The work is divided into two main parts. In the first part, carbon dioxide was used in its 

supercritical state. The impregnation experiments were conducted with both vitamin K3 and 

vitamin D3. Vitamin K3 had the role of a model substance, while the main focus was on vitamin 

D3, as an active substance. The thermodynamic and kinetic behaviour of both vitamins were 

examined and fitted into appropriate models. Furthermore, a detailed characterisation of the 

samples was applied and, finally, drug release experiments were performed to examine the 

possible application of the developed products. 

In the second part, the study was extended from the area of supercritical carbon dioxide to the 

area of subcritical liquid carbon dioxide. So far, this field has been unexplored and new. This 

time the experiments were performed only with vitamin D3. The kinetic behaviour under 

various operating conditions was examined and associated that with the degradation of the 

vitamin in the system. Detailed influence of both supercritical and subcritical liquid carbon 

dioxide on the end structure of aerogels was investigated. Moreover, sample characterisation as 

well as drug release experiments were performed as part of the study. Finally, stability tests 

were carried out to investigate the protection of impregnated vitamin D3. 

Keywords: Aerogels, polysaccharides, high pressure impregnation, carbon dioxide, fat-soluble 

vitamins, vitamin K3, vitamin D3. 
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II 
 

Povzetek 
V doktorski dizertaciji smo raziskovali uporabo ogljikovega dioksida pri visokih tlakih za 

impregnacijo maščobo-topnih vitaminov. Za impregnacijo smo izbrali vitamina K3 in D3. 

Predvsem vitamin D3 je izjemno občutljiva substanca, zato zahteva izjemno pozornost. Za 

impregnacijo obeh vitaminov smo uporabili polisaharidne arogele. Aerogeli so porozni 

materiali z izjemnimi lastnostmi. Zaradi visokih poroznosti imajo velike specifične površine in 

nizke gostote. Če te lastnosti združimo še z biokomatibilnostjo ter biorazgradljivostjo 

polisaharidov, dobimo idealne materiale za farmacevtske aplikacije.  

Cilj doktorske dizertacije je bil impregnacija vitaminov v polisaharidne aerogele, da bi jih s tem 

dodatno zaščitili ter tako povišali njihovo stabilnost. Delo je razdeljeno v dva večja dela. V 

prvem delu smo uporabili superkritični ogljikov dioksid za impregnacijo vitamina K3 in 

vitamina D3. Vitamin K3 smo uporabili kot modelno substanco, naš glavni cilj pa je bil 

impregnacija vitamina D3. Raziskali smo termodinamske in kinetične lastnosti obeh vitaminov. 

Dobljene vrednosti smo razložili z uporabo že razvitih kinetičnih modelov. V prvem delu 

dizertacije smo določili tudi strukturne lastnosti vzorcev ter preverili sproščanje vitamina in 

vitro.  

V drugem delu doktorske dizertacije smo preiskovali impregnacijo vitamina D3 z ogljikovim 

dioksidom. Tokrat smo uporabili ogljikov dioksid pri različnih pogojih, od superkritičnega do 

tekočega ogljikovega dioksida. Preiskovali smo kinetično obnašanje pri različnih pogojih ter 

določili stopnjo degradacije vitamina glede na izbrane pogoje. Z različnimi karakterizacijskimi 

metodami smo določil vpliv tako superkritičnega kot tekočega ogljikovega dioksida na končne 

strukturne lastnosti aerogelov. V tem delu dizertacije smo prav tako izvedli sproščanje vitamina 

D3 in vitro, izvedli pa smo tudi stabilnostno študijo za potrditev povišane stabilnosti vitamina 

D3 ob impregnaciji v aerogele. 

Klju čne besede: Aerogeli, polisaharidi, visokotolačna impregnacija, ogljikov dioksid, 

maščobo-topni vitamini, vitamin K3, vitamin D3. 

UDK: 604.2:547.458(043.3) 
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1 Introduction  

The proposition of the principles of green chemistry [1] and the principles of green engineering 

[2] has increased the development of chemical processes that are safe and environmentally 

friendly, so-called “green chemical processes”. The substitution of hazardous solvents with 

aqueous solutions, supercritical fluids, ionic liquids and low-toxicity organic solvents was seen 

as a solution for making chemical process more environmentally friendly. The advantages of 

using supercritical fluids, carbon dioxide being the most exploited among them, over organic 

solvents are well recognized; carbon dioxide (CO2) is inert, non-flammable, non-toxic, 

recyclable and naturally abundant. Additionally, the critical point of CO2 occurs at a mild 

conditions of temperature and pressure: 31.1˚C and 73.8 bar, and this is why it is a frequently 

used solvent in the food and pharmaceutical industries. 

Supercritical fluids have found their place in the production of aerogels as well. Aerogels are 

solid foams composed mainly of air [3]. This makes them unique, with extremely low densities, 

large open pores and high inner surface areas. The production of aerogels required the use of a 

supercritical drying technique instead of traditional drying procedures (air drying) [4]. Air 

drying was not capable of preserving the gel structure, owing to the formation of liquid-vapor 

meniscus in the pores. During solvent removal, the liquid present in the pores created a capillary 

pressure gradient that caused the pores to collapse. Supercritical drying overcomes the problems 

of air drying. Namely, the use of this technique enables the presence of only one phase during 

the removal of the solvent. This is how the formation of a capillary pressure gradient in the 

pores is avoided, while gels with high porosities and superior textural properties are formed [3]. 

Different types of the aerogels can be distinguished: inorganic (silica, alumina), organic 

(carbon, polysaccharide) and inorganic-organic hybrids. Aerogels made of organic materials, 

such as polysaccharides, have been proposed as matrices and carriers for food and 

pharmaceutical applications, owing to their biocompatibility, biodegradability, low toxicity and 

relatively low costs. The production of polysaccharide aerogels follows traditional sol-gel 

synthesis. It starts with the formation of an aqueous solution of the polysaccharide. The sol is 

transferred into a hydrogel by inducing a crosslinking agent. Furthermore, alcogels are obtained 

by replacing the water present in the pores with an alcohol (methanol, ethanol). In the final step, 

the alcohol is extracted using the supercritical drying technique and supercritical CO2 (scCO2). 

It is essential to replace the water with an alcohol, since the solubility of alcohol in supercritical 

CO2 is much higher compared to water [5]. 
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 The desired components can be incorporated into aerogels either through the addition of a 

component during sol-gel synthesis or through the post-treatment of prepared aerogels [6]. 

Supercritical impregnation (adsorption) is a promising technique for improving the dissolution 

and adsorption of poorly water soluble drugs (40% of newly discovered chemicals are insoluble 

in water). This technique falls within the post-treatment techniques, where previously prepared 

aerogels are put in contact with the components to be incorporated into them. By using the 

supercritical impregnation technique it is possible to achieve controlled drug delivery and, thus, 

lower dosages of the drug, increased therapeutic effect and improved patient compliance [7,8]. 

Vitamins are essential for the body’s growth and function. Each of the vitamins has a specific 

function, but they also work together to facilitate optimal health. Vitamin D3 is of great 

importance for calcium and phosphorous regulation; it has positive effects on the cardiovascular 

system, cancer prevention and various autoimmune disorders. It can be obtained either by 

synthesis in the skin after exposure to sunlight or from nutritional sources [9]. However, many 

studies have shown that vitamin D deficiency is a huge problem worldwide and that it exceeds 

pandemic proportions [10]. The fortification of foods, such as milk, milk products, beverages 

and cereals, has started in order to improve diets [11]. This process is difficult to handle, since 

this vitamin is practically insoluble in water and highly sensitive to many environmental factors, 

such as light, air, temperature and humidity [12]. Furthermore, most products on the market 

have been shown to possess much lower quantities of the vitamin than claimed [13].  

The possible solution for overcoming the problem of this vitamin’s degradation is by 

incorporating it into a dry carrier. Incorporating vitamin D3 into polysaccharide aerogels means 

isolation from the environmental factors that promote its degradation or undesirable 

interactions. The technique used for that purpose is also very important and crucial because it 

includes operating at different working temperatures and non-inert atmospheres. CO2 will be 

used as a solvent, while various pressures and temperatures will be employed for vitamin D3’s 

impregnation. To the best of our knowledge, there are no reported studies dealing with the 

impregnation of vitamin D3 using high pressures and aerogels as carriers. 
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1.1 The aim of PhD thesis 

The main objective of this study was to achieve the successful impregnation of vitamin D3 into 

polysaccharide alginate aerogels. Alginate was chosen for the preparation of aerogels because 

of its convenient gelation conditions, as well as its biocompatibility and biodegradability. This 

polysaccharide is able to undergo gelation from an aqueous solution in the presence of divalent 

ions, such as calcium. 

In the beginning of this research, the design and construction of the apparatus for high pressure 

impregnations were carried out. The size of the equipment was determined by taking into 

account vitamin’s D3 solubility in CO2 as well as its dosage requirements. 

The experiments dealing with the impregnation of fat-soluble vitamins were divided into two 

parts. In the first part, the supercritical impregnation experiments were performed using two 

vitamins: K3 and D3. Vitamin K3 was applied only as a model substance, while vitamin D3 was 

used as an active substance. The design, study and optimization of the supercritical 

impregnation of vitamins K3 and D3 into alginate aerogels were performed under various 

operating conditions. A detailed understanding of thermodynamic equilibrium and kinetic 

behavior was necessary and crucial. For that purpose, adsorption isotherms and kinetic profiles 

were designed. 

Since vitamin D3 is very sensitive when exposed to elevated temperatures, it is important to 

study its behavior when exposed to various temperatures. The overall loading, as well as the 

starting point of the vitamin’s degradation, was determined from kinetical curves under various 

conditions. To achieve lower temperature ranges in the second part, subcritical liquid CO2 was 

employed as a solvent and compared to the supercritical CO2. The problem of the vitamin’s 

degradation required an investigation into the stability of the prepared samples. Stability studies 

of the different samples were performed and compared in order to see the differences among 

them. 

Full characterization of empty as well as impregnated alginate aerogels was necessary. Textural 

properties of the samples were determined by employing a gas nitrogen adsorption-desorption 

analysis. X-ray diffraction patterns revealed the aggregate state of the impregnated vitamin D3, 

and scanning electron microscopy showed the samples’ inner structures. 

Finally, the application was conducted through drug release experiments, and the release 

profiles of vitamin D3 were obtained. Following the recommendation of the FDA and the 
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adsorption of vitamin D3 in the intestines, the release studies were performed in a solution that 

simulates the lower part of the gastrointestinal tract.  

This research required knowledge of thermodynamics, separation processes, pharmacy and 

analytical chemistry. During research, the following crucial questions were answered: 

• “Is it possible to impregnate vitamin D3 using both supercritical and liquid carbon 

dioxide?” 

• “Could the degradation of vitamin D3 during processing be suppressed?” 

• “Is the bioavailability of vitamin D3 improved by its impregnation into alginate 

aerogels?” 
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2 Theoretical part 

2.1 Polysaccharides and hydrogels 

Within the last decade, natural materials have gained increasing attention and have taken the 

place of synthetic materials. The replacement of synthetic materials with natural ones is a way 

of achieving sustainable development [14]. This phenomenon is especially prevalent in the food 

and pharmaceutical industries. The rapid development of organic chemistry and polymer 

science led to the growth of a variety of synthetic materials [15]. Even though it is possible to 

control the properties through their design, contamination due to toxic solvents and starting 

components is a huge drawback. Therefore, materials from renewable sources, such as 

polysaccharides, hold a number of advantages over synthetic polymers. 

Polysaccharides are abundant, typically non-toxic, biodegradable and biocompatible, which 

makes them a good candidate for use in pharmaceutical formulations. They offer a wide variety 

of distinct physicochemical properties, which are not easily tuned in chemical laboratories [16]. 

The pharmaceutical use of polysaccharides goes from excipients, through carriers and 

protecting agents, to active substances themselves [17]. The United States National Formulary, 

along with many others, contains more than 30 polysaccharide-related monographs and this 

number is expected to increase in the future [18]. 

Not only can polysaccharides be obtained from various sources, such as seaweed, plants, 

bacteria, fungi, insects, crustaceans, animals and even humans [16,19,20], they can also be 

structurally tuned through genetic engineering [21]. Table 2-1 gives an overview of the most 

investigated polysaccharides with their sources. 

From a chemical point of view, polysaccharides consist of hundreds or thousands of 

monosaccharide units connected in a long chain. However, the identity of their monosaccharide 

units, the length of the chain, the type of the O-glycosidic bonds linking the units, and the degree 

of branching all provide for differences among them and determine their specific properties, 

such as solubility, gelation conditions, surface tension etc. The chains can be composed of one 

type of repeating monosaccharide units (starch, cellulose) or two or more different units 

(alginate, agar, carrageenan) [19,22]. 
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Table 2-1: Most investigated polysaccharides and their sources [22]. 

Polysaccharide Source 

Agar Seaweed 

Alginate Marine brown seaweed, 
Microorganisms 

Carrageenan Red seaweed 

Cellulose Higher plant cell walls 

Chitosan Exoskeleton of crustaceans and 
insects, cell walls of bacteria and fungi 

Dextran Microorganisms 

Gellan gum Extracellular secretion 

Guar gum Plant seeds 

Heparin Animals and humans 

Hyaluronic acid Extracellular matrix of higher animals 

Pectin Higher plant cell walls 

Pullulan Fungi 

Starch Plants 

Scleroglucan Fungi 

Xantan gum Microbial exopolysaccharide 

Xyloglucan Tamarind seeds 

 

Polysaccharides are usually classified as thickeners and gelling agents, since they are primarily 

used to thicken or gel water [23]. They are hydrated in an aqueous solution followed by 

crosslinking between the chains. A gel with viscos-elastic to pure elastic behaviour is obtained 

and called a hydrogel. According to Peppas et al., “hydrogels are three-dimensional, 

hydrophilic, polymeric networks capable of imbibing large amounts of water or biological 

fluid” [24]. A great variety of methods, both chemical and physical, are used for their 

crosslinking. In physical crosslinking, physical interactions between different chains are 

present, while in chemical crosslinking these bonds are covalent. However, both chemical and 

physical crosslinks may occur in the same hydrogel network [16]. While chemical crosslinking 
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provides gels with good mechanical stability, the crosslinking agents may affect the integrity 

of the entrapped substances and are often toxic compounds. During crosslinking, the 

crosslinking agents form either intermolecular or intramolecular linkages with polysaccharides. 

Thus, interest in physical crosslinking has recently increased, due to its avoidance of 

crosslinking agents. The following physical methods are used for crosslinking: crosslinking by 

ionic interaction [25, 26], crosslinking by crystallisation [27] and hydrophobised 

polysaccharides [28]. Chemical crosslinking is carried out by crosslinking with radical 

polymerisation [29, 30], with aldehyde [31], with addition reaction [32] and with condensation 

reaction [33]. 

Crosslinked polysaccharides are able to retain 10 to 100 times more water than their weight. 

They are widely used for coating or embedding active substances. Since the chains’ 

conformation is highly sensitive to pH, ionic strength of medium, temperature, concentration 

of certain molecules etc., it is possible to trigger the phase transitions of these chains with 

certain chemical or physical stimuli. These properties will enable the use of polysaccharides as 

components for smart or intelligent drug delivery systems. This means that the loaded drug 

could be specifically released in the affected tissue or adapt its release profiles depending on 

the illness [22, 34]. 

2.2 Alginate 

Alginate, also known as alginic acid or algin, is a well-known anionic polysaccharide because 

of its ability to form hydrogels in mild pH and temperature conditions. It has many applications 

owing to its biocompatibility, biodegradability, low toxicity and relatively low cost. Alginate’s 

colour ranges from white to yellowish-brown. It is a solid that can be found in filamentous, 

granular or powdered forms. The molecular formula of alginate is (C6H8O6)n, while its 

molecular weight varies from 10000 to 600000 g/mol. 

Alginate is an unbranched polysaccharide with a backbone of (1�4) linked β-D-mannuronic 

acid (M) and its C-5 epimer, α-L-guluronic acid (G) blocks of widely varying composition and 

sequence, as presented in Fig. 2-1. This polymer can be considered a true block copolymer 

composed of homopolymeric sequences of M-blocks and G-blocks, interspersed with 

sequences of altering structure, MG-blocks. The M/G ratio and the structure of altering zones 

affect the physicochemical properties of alginate. The composition, sequence and molecular 

weight vary with the source and species that produce the copolymer. 
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Figure 2-1: The structural formula of alginic acid, consisting of M and G residues. 

 

In nature, alginate can be found as an important component of marine brown algae, 

Phaeophyceae, including Laminaria hyperborean, Laminaria digitate, Laminaria japonica, 

Ascophyllum nodosum and Macrocystis pyrifera, or it can be produced by bacteria, 

Pseudomonas and Azotobacter, as an exopolysaccharide, serving as a protective layer. 

However, commercially available alginate currently only comes from algae. Approximately 

30000 metric tons of alginate are produced every year [35, 36]. 

Alginate-based materials are pH sensitive. Hydrogels with functional groups, such as 

carboxylic or sulphate, swell or shrink as a result of pH change in the system. This is 

advantageous for the development of delivery systems, where this behaviour is used to control 

the release profile and to develop “smart” systems. For example, the release of encapsulated 

drugs can be controlled by varying the pH value. At a low pH, alginate shrinks so that the 

encapsulated drugs cannot be released, while at a higher pH, alginate dissolves rapidly, which 

results in the release of the encapsulated drugs [14]. 

2.2.1 Methods of gelling 

Alginate is typically used for biomedical purposes in the form of a hydrogel. Since it is 

structurally similar to the macromolecular-based components in the body it can be delivered 

via minimally invasive administration [37]. There are several ways to obtain alginate hydrogels: 

ionic crosslinking, covalent crosslinking, thermal gelation and cell crosslinking. 

2.2.1.1  Ionic crosslinking 

Alginate is typically crosslinked by contacting ionic crosslinking agents, such as di- and tri-

valent cations, such as Ca2+, Ba2+, Sr2+, Al3+ etc., with an alginate aqueous solution. Other 

cations, such as Pb2+, Cu2+, Cd2+, Co2+, Ni2+, Zn2+ and Mn2+, can also serve as crosslinking 
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agents but are usually avoided owing to their toxicity. These ions position themselves between 

the G-blocks of the alginate chains. The G-blocks of one polymer connect with the G-blocks of 

adjacent polymer chains, resulting in a three dimensional network of alginate fibers held 

together by ionic interactions. This method of crosslinking is the “egg-box” model presented in 

Fig. 2-2 [22, 36]. The resulting network is a function of the frequency and length of the 

continuous G-blocks as well as the concentration and type of the cation [38]. 

 

 

Figure 2-2: Egg-box model [39]. 

 

Calcium chloride (CaCl2) is the most commonly used agent for alginate crosslinking. However, 

due to its high solubility in aqueous solutions, the gelation is usually rapid and poorly 

controlled. Calcium sulphate (CaSO4) and calcium carbonate (CaCO3) have lower solubilities 

and can slow down the gelation rate.  

When using divalent cations, the gel’s uniformity and strength are controlled by the gelation 

rate; slower gelation produces more uniform structures with grater mechanical integrity [40]. 

The gelation temperature influences the gelation rate, thus impacting the hydrogel’s mechanical 

properties. At lower temperatures, the crosslinking is slower because of the reduced reactivity 

of ionic crosslinking agents. As a results, gels with enhanced mechanical properties are obtained 

[41]. Moreover, the chemical structure of the alginate itself will determine the mechanical 

properties of the resulting crosslinked hydrogel. An alginate with a high content of G-blocks 

will produce stiffer, more porous gels with greater longevity. On the other hand, an alginate 

with a higher content of M-blocks will produce softer and less porous gels that disintegrate with 

time [42]. 
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However, ionically crosslinked alginate gels have limited stability in physiological conditions. 

Divalent ions can be exchanged with monovalent ions and released into the medium causing 

loss of water, plastic deformation and the dissolution of the gels. As a way to improve the 

physical properties of gels for various applications, covalent crosslinking has also been 

investigated. 

2.2.1.2 Covalent crosslinking 

In the case of covalently crosslinked gels, water migration will not lead to the dissolution of the 

gels, but to their elastic deformation. However, crosslinking agents used for covalent 

crosslinking may be toxic. In one of the first studies, the covalent crosslinking of alginate with 

poly (ethylene glycol)-diamines of various molecular weights was investigated in order to 

prepare gels with a wide variety of mechanical properties. Different kinds of crosslinking 

agents, as well as crosslinking densities, influenced the mechanical properties and swelling of 

alginate hydrogels [33]. 

Another method of covalent crosslinking is photo crosslinking, offering the possibility of in situ 

gelation. An alginate modified with methacrylate, exposed to a laser as the crosslinking agent 

in the presence of the appropriate initiators formed a clear and flexible hydrogel [43]. However, 

the use of a light sensitizer or the possible release of the acid may be harmful to the body. 

Therefore, an alternative photo crosslinking with no toxic by-products also exists [44]. 

2.2.1.3 Thermal gelation 

Since they have adjustable swelling properties in response to temperature changes, thermo-

sensitive hydrogels have been widely explored and used as drug delivery systems [45]. There 

are just a few systems using alginate as part of thermo-sensitive hydrogels, since it is not 

naturally thermo-sensitive. However, the use of sodium alginate as part of a semi-interpreting 

polymer network (semi-IPN) improved the mechanical strength and cumulative release of the 

drug, indicating its potential in drug delivery application [46]. 

2.2.1.4 Cell crosslinking 

By modifying alginate with cell adhesion ligands, the cells are able to bind polymer chains 

leading to the formation of a reversible network, free of chemical crosslinking agents. An 

example of this is adding cells to RGD-modified alginate, which resulted in the formation of  
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uniform structures [47]. Furthermore, the cells can improve their mechanical integrity to 

ionically crosslinked RGD-alginate aerogels [48]. 

2.2.2 Biomedical applications 

The biomedical application of alginate is broad and covers many different fields: 

pharmaceutical, wound dressings, cell cultures, tissue regeneration etc. 

2.2.2.1 Pharmaceutical applications 

In the pharmaceutical field, alginate has been conventionally used as a thickening, gel-forming, 

and stabilizing agent. Nowadays, alginate is mostly used in oral dosage forms, and alginate 

hydrogels as depots for drugs. Alginate has a significant role in controlled drug delivery 

products, so the interest in localized tissue drug delivery is growing. 

Alginate gels were employed as carriers for a variety of low molecular weight drugs, leading 

to the rapid diffusion of small molecules through the gel. It has been demonstrated that multiple 

drugs can be loaded into alginate gels, but the release kinetics depended on the chemical 

structure of the drug and its method of incorporation [49]. Furthermore, amphiphilic alginate 

gels were used for the delivery of hydrophobic drugs [50]. In many drug delivery applications, 

alginate is combined with chitosan, forming ionic complexes. The most common reason for this 

type of complexation is the protection of the chitosan layer in the gastric environment and 

targeted delivery of the drug to the intestinal environment [51]. 

As well as delivering chemical drugs, alginate is also a good candidate for the delivery of 

protein drugs. Incorporation of drugs into alginate gels offers the possibility of minimizing 

denaturation and enhancing their protection from degradation until their release. The release 

rate of proteins from alginate gels is rapid, because of the porous network and hydrophilic 

nature of alginate. The release could be slowed down with various crosslinking or encapsulation 

techniques, and by enhancing the protein-hydrogel interactions [52, 53]. 

2.2.2.2 Wound dressings 

When talking about traditional wound dressings, such as gauze, these functioned as a barrier, 

allowing evaporation of the wound and preventing the entry of pathogens [54]. This way the 

wound would stay dry. On the contrary, modern dressings, such as alginate, keep wounds in a 
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moist environment, providing wound healing [55]. Alginate gels are usually formed by ionic 

crosslinking with calcium ions and then further processed to form a dry, porous matrix, such as 

foams. In this form, they are able to adsorb fluid from the wound turning them back to a wet 

gel form. Gels supply water to a dry wound, while maintaining a moist environment and 

minimizing bacterial infection, causing healing. There are many commercially available 

alginate dressings [36]. 

2.2.2.3 Cell culture 

The potential of using alginate gels as culture systems for mammalian cell cultures in 

biomedical studies is growing. They can serve as either 2-D or 3-D model systems. These 

materials are an ideal blank slate, owing to the lack of mammalian cell receptors for alginate 

and the low protein adsorption of alginate gels. Furthermore, alginate’s biocompatibility makes 

it possible to switch from in vitro to in vivo studies if necessary [36]. To date, RGD-modified 

alginate gels are the most frequently used gels for in vitro cell culture systems.  

2.2.2.4 Tissue regeneration with protein and cell delivery 

Another application of alginates that has been widely explored is its use as a vehicle for 

delivering proteins or cell populations for the regeneration or engineering of various tissues and 

organs in the body. However, there are limitations when it comes to the release of the 

regenerative agents. Firstly, the pore size of alginate gels limits the size of agents that can be 

diffused from the gels. Proteins usually diffuse from alginate gels without any gel degradation. 

However, gel degradation can accelerate the release [56]. If the molecules are too big to diffuse 

from the gel, they will be delivered if the gel degrades [57]. Alginate gels for tissue regeneration 

are most commonly considered for blood vessels, bone, cartilage, muscle, nerve, pancreas and 

liver applications. 

2.3 Aerogels 

Aerogels are unique solid materials that possess extremely low densities, large open pores and 

high inner surface areas. These properties lead to others, such as low thermal conductivity, low 

sound velocity and high optical transparency. The appearance of aerogels is closest to whipped 

egg whites or a solid bubble bath. As the name says, the main component is air, which is 
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surrounded by a solid network. The arrangement of this solid network determines the properties 

of aerogels. There are various definitions and points of view when describing aerogels. By the 

first definition, aerogels are all materials prepared from wet gels by applying a special drying 

method (supercritical drying), regardless to their structural properties. In the second definition, 

aerogels are materials in which the structure of the wet gel (pores, network) is largely 

maintained after the drying process, which is not necessarily the process of supercritical drying 

[3]. 

Aerogels are prepared from molecular precursors through sol-gel processing. The process starts 

with mixing the solution of the precursors and the formation of a sol. After the condensation of 

the sol particles, gelation takes place and a gel is formed. This gel consists of a three-

dimensional solid network, whose pores are filled with another substance (usually a liquid). 

The pore liquid is often water or alcohol, so the appropriate gels are named either hydrogels or 

alcogels. In order to exchange pore liquid with air while maintaining the solid network, the 

drying technique is the most crucial step in the preparation of aerogels [3].  

The term aerogel was first introduced by Kistler in 1931 to designate gels in which the liquid 

was replaced with a gas, without collapsing the solid gel network. A new supercritical drying 

technique was applied in which the pore liquid was removed after being transformed into a 

supercritical fluid [4]. 

The evaporation of the liquid from a wet gel is very complex. When using a traditional, ambient 

pressure drying technique, the gel shrinks strongly during the evaporation of the solvent from 

the pores. Namely, the presence of both liquid and gas, and their interface in the pores during 

evaporation, will cause the formation of capillary forces and a pressure gradient on the pore 

walls. They will induce the collapse of the gel structure. The term xerogel was introduced by 

Freundlich to designate shrinking (or swelling) gels, where capillary stress may contract a wet 

gel down to 30% or less of its initial volume and, hence, to a much lower value than that of 

aerogels [58]. 

In the supercritical drying technique, the solvent is put into a supercritical state, causing the 

presence of two phases (liquid and gas) to be avoided. Prior to drying, a wet gel is placed into 

the autoclave, which is filled with the same solvent as the pore liquid solvent. Upon closing the 

autoclave, the temperature is usually slowly raised, followed by a rise in pressure. Both 

temperature and pressure are raised above the critical point of the corresponding solvent and 
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kept there for a certain period of time. In the next step, the fluid is vented at a constant 

temperature, followed by a drop in pressure [3]. 

If the pore liquid is an alcohol or acetone, the supercritical drying is designated as “hot” drying, 

including the use of high temperatures and high pressures. The risk is even higher when one 

takes the flammability of these solvents into account. The alternative to drying in organic 

solvents is the use of liquid carbon dioxide and “cold” drying. By using liquid CO2, low critical 

temperatures and moderate critical pressures are used. The main disadvantage is that this 

process is time consuming. Namely, the original solvent present in the pores has to be 

exchanged with the CO2, which requires a certain period of time. Nowadays, a modified version 

of this method is most often used and applied for the preparation of various types of aerogels. 

In this method, the original solvent from the pores is exchanged with CO2 that is already in a 

supercritical state [59]. 

Fig. 2-3 schematically presents the sol-gel processing and the formation of aerogels and 

xerogels. The clear difference in their structures can be noticed after the removal of the solvent 

in the last step. 

 

Figure 2-3: A scheme of the production of aerogels and xerogels. 

 

Since there is an interest for larger scale commercial applications, there are alternative methods 

for exchanging the pore liquid in the gels. One of the most commonly used techniques, besides 

supercritical drying, is the freeze-drying technique. Here as well, the boundaries between the 

liquid and the gas are avoided by freezing the pore liquid and its sublimation under vacuum. 

Obtained gels are called cryogels. They are obtained in the form of powders. However, cryogel 

networks may be destroyed by the crystallisation of the solvent in the pores [5]. 
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2.3.1 Inorganic aerogels 

Many metal or semimetal oxides are used for the production of aerogels because they are easily 

capable of forming gels. Silica (SiO2) gels are the best investigated materials in inorganic 

chemistry [6]. Even Kistler used SiO2 gels in his first attempt of preparing SiO2 aerogels using 

the supercritical drying technique. Over the years, a simplification and acceleration of their 

synthesis was achieved, as it was a time-consuming process in the beginning. The network 

formation of SiO2 gels begins with the aqueous solution of salts or molecular precursors, usually 

alkoxysilanes in organic solvents. Later on, the solution can be employed through sol-gel 

processing and, eventually, drying. In the case of non-silicate inorganic gels (titanium, 

zirconium, tin, aluminium), the principles for network formation are the same. However, metal 

alkoxides are much more reactive towards water than alkoxysilanes. Whereas the reactivity of 

alkosilanes has to be promoted by catalysts, the reaction rates of metal alkoxides must be 

moderated to avoid precipitates and obtain gels [3]. 

2.3.2 Inorganic-organic hybrid aerogels 

Organic molecules can be combined with the structural elements of inorganic materials. Oxide 

aerogels are modified with organic groups to widen or improve the properties of aerogels 

without influencing the existing positive properties. For example, it has been demonstrated [60, 

61] that the hydrophobicity and the elastic properties of SiO2 aerogels can be improved by 

incorporating organic groups. Usually, organic molecules or groups are integrated during sol-

gel processing. 

2.3.3 Organic aerogels 

As an alternative to inorganic aerogels, purely organic aerogels were synthetized in 1987 [62]. 

Resorcinol/formaldehyde was the first precursor mixture for organic sol-gel synthesis. Despite 

the structural differences coming from different precursors, organic aerogels had common 

properties, such as high surface areas and high porosities. 

Polysaccharide Aerogels 

Polysaccharide aerogels are a variety of organic aerogels and, nowadays, they are the main 

focus of many research groups. Since they were discovered, the focus has been on the 
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development of silica and carbon aerogels with a wide range of applications, e.g., aeronautics, 

biomedicine, construction, agriculture [3, 63]. However, all materials that can be obtained as 

wet gels through the sol-gel process are potential candidates for being turned into aerogels [64].  

Bio-based materials are noted as key ingredients for the engineering of drug delivery systems 

[65]. On the other side, polysaccharides are key ingredients for the production of bio-based 

materials in life sciences (food, cosmetics, medical devices, and pharmaceutics). The use of 

natural polysaccharides is attractive because of their stability, availability, renewability and low 

toxicity [14, 66]. Moreover, their bioavailability and biodegradability, together with the 

possibility of chemical modifications, make them ideal candidates for use in drug delivery 

systems [19]. The wide range of polysaccharides will allow incorporation into pharmaceutical 

products with different routes of delivery, target organs and/or drug release profiles. 

Furthermore, they can be applied as solid matrices in different forms, such as monoliths, beads, 

micro- or nanoparticles [5]. 

There has been a growing interest in polysaccharide aerogels in both biomedical and 

pharmaceutical applications, owing to the properties of polysaccharides themselves, but also to 

the open pore structures and high surface areas of aerogels. Polysaccharide aerogels result in 

highly porous (ε = 90-99%), lightweight (ρ = 0.07-0.46 g/cm3) materials with high surface areas 

(SBET = 70-680 m2/g), able to provide enhanced drug bioavailability and drug loading capacity. 

2.3.4 Alginate aerogels 

Alginate hydrogels have uncontrollable degradation kinetics and gels dissolve in an 

uncontrollable manner following the loss of divalent cations releasing the releasing high and 

low molecular weight alginate units. Contrary, the use of alginate aerogels improves the shelf 

life and stability of encapsulated materials. 

Alginate aerogels are one of the most commonly investigated polysaccharide aerogels, because 

of the advantageous properties of alginate itself and alginate gels. The processing steps needed 

for the production of alginate aerogels are summarized in the diagram presented in Fig. 2-4. 

The production process corresponds to the description of sol-gel processing. 
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Figure 2-4: Diagram of the common processing steps used for the production of alginate 
aerogels. 

 

Briefly, alginate aerogel production starts with the formation of a hydrogel from an aqueous 

solution of alginate. Gelation from a sol takes place by inducing the crosslinking agent (divalent 

cations, usually Ca2+) following the “egg-box” gelation model mechanism. Generally, two 

fundamental methods are used to induce the gelation of the alginate solution. One way is to 

drop the alginate solution into the cation source solution (diffusion method), where the cation 

diffuses from a large reservoir into an alginate solution. Gelation occurs at first in the thin layer 

on the outside and progresses towards the center [67]. The other possibility is to release the 

crosslinking cation dispersed as in inert source within the alginate solution (internal setting 

method). This can be achieved either by pH control or by limiting the solubility of the cation 

salt [68]. The next step is to replace the water present in the gel structure with a suitable liquid 

solvent (alcohol). This step is needed because of water’s low affinity to supercritical carbon 

dioxide [69]. The presence of water in the pores of the wet gel can damage the initially highly 

porous network upon supercritical drying [70, 71]. Usually, water is replaced using a solvent 

with high solubility in CO2, such as alcohol (ethanol). The solvent exchange can be performed 

either as a one-step process, by soaking the gel directly in the new solvent, or as a multi-step 

process, by a sequential soaking in different water-to-new solvent mixtures with an increasing 

content of the new solvent [72]. This step plays the main role in the shrinkage of polysaccharide 

aerogels and alginate aerogels as their part [68,73]. After the alcogel is formed, in the final step 

the solvent is extracted using supercritical carbon dioxide drying, where the alginate aerogel 

end material is obtained. The process of supercritical drying is described in more detail above. 
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So far, two different forms of alginate aerogels have been produced: monolithic alginate 

aerogels [68, 73–76] and spherical alginate aerogel beads [72, 77–81]. In order to prepare 

monolithic alginate aerogel it is necessary to mix the alginate solution with the divalent cation 

source and a gelation inducer agent. Then the alginate solution can be poured into the desired 

mould (shape and size). After a certain time, a gel is formed, following the internal setting 

method for gelation. To prepare spherical alginate aerogels beads, the alginate solution has to 

be dropped into a divalent cation bath. The droplets can be formed either with a simple syringe 

or by pressing the alginate solution through a micro opening mesh, where the size of the beads 

depends on the size of the opening of the syringe. When the droplet comes into contact with the 

cation bath, the beads are formed instantaneously, following the diffusion method for gelation. 

In addition to the conventional routes of producing alginate aerogels (Fig. 2-4), there have been 

attempts to produce alginate aerogels with advanced properties by modifying and adjusting the 

conventional process. In one research group, microspherical alginate aerogels were produced 

by combining the sol-gel process with the emulsion formation followed by the supercritical 

extraction of the oil-particle dispersion [79]. The modified process consists of 5 main steps: 

preparation of the aqueous phase, emulsification of this phase in an immiscible phase, cross-

linking of the dispersed phase to form gel microparticles, solvent exchange, and supercritical 

drying. 

Alternatively, alginate aerogels can be formed using ethanol induced gelation [75, 82]. Unlike 

the conventional route for preparation, the gelation of the alginate occurred directly in ethanol 

without the addition of divalent cations as crosslinking agents. Therefore, the alginate alcogels 

were directly formed from the sol and the step of solvent exchange was excluded. By this 

means, the total production time was reduced. Furthermore, beside ethanol, gelation was also 

induced by methanol, producing the aerogels with different properties. 

In another piece of research, a novel technique that utilizes high pressure CO2 was employed 

for the preparation of alginate aerogels [76]. In this case, after mixing the alginate with the 

cation solution, the mixture was placed in an autoclave and pressurised with gaseous CO2. It 

was revealed that pressurised CO2 can act as a weak acid and result in the release of cations 

from a solution. The liberated cations crosslinked the alginate, resulting in the formation of 

hydrogels. The process then follows conventional solvent exchange to obtain alcogels and, 

finally, after supercritical drying, alginate aerogels. 



High pressure impregnations of fat-soluble vitamins into polysaccharide aerogels 
  

19 
 

Table 2-2 summarizes, to the best of our knowledge, the work reported in literature on the 

production of alginate aerogels. The table also contains the reference list and basic information 

about the production process and properties of produced alginate aerogels (concentration of 

sodium alginate, crosslinking method, morphology, specific surface area). 

 

Table 2-2: Basic information about the production process and properties of produced 
alginate aerogels reported in literature. 

Sodium alginate 
concentration 

Crosslinking 
method 

Morphology SBET Reference 

1% Cu(NO3)2 

Co(NO3)2 

Ca(NO3)2 

films 356±5 

298±5 

374±5 

[73] 

1% 

 

 

 

2% 

Ba(NO3)2 

Co(NO3)2 

Ni(NO3)2 

Cu(NO3)2 

maleic anhydride 
(alginic acid gel) 

films 

films 

films 

films 

monolith 

301±6 

298±6 

187±4 

356±7 

391±8 

[74] 

1% CaCl2 beads 385 [72] 

2% CaCl2 beads 570 [77] 

2% Cu 

Ca 

HCl 

 (alginic acid gel) 

beads 680 

495 

375 

[78] 

1, 2% CaCO3 monoliths 150±8- 
300±8.5 

[68] 

emulsions CaCl2 

CaCO3 

microspheres 394±71 

496±54-
590±80 

[79] 
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1.5% CaCl2 

 

BaCl2 

beads 402±12-
419±11 

359±25-
363±16 

[80] 

2% CaCl2 

Sr(CH3COO)2 

Zn(CH3COO)2 

beads 437 

287 

261 

[81] 

4% ethanol 

methanol 

monoliths 127±4-169±4 

368±9 

[75] 

0.25-2.84% CaCO3, CO2 monoliths 545±77-
264±19 

[76] 

2.4 Supercritical fluids 

The principles of green chemistry [1] and the principles of green engineering [2] have increased 

the development of “green chemical processes”, processes that are safe and environmentally 

friendly. The substitution of the hazardous solvents with aqueous solutions, supercritical fluids, 

ionic liquids, and low-toxicity organic solvents was seen as a solution for making chemical 

process more environmentally friendly. 

The idea of supercritical fluids goes back to the 1870s, but an interest in them really began in 

the 1960s and 1970s, with research focused on extraction techniques. Supercritical fluids are 

usually associated with the decaffeination of coffee, since it was the first supercritical process 

carried out on a large production scale in Germany in 1978. It was a cost-competitive and 

environmentally superior process, which not only eliminated the residual solvents in the 

products, but improved flavour and aroma characteristics in comparison to standard extraction 

practices. Later, attention was drawn to the special solvent properties of supercritical fluids 

[83]. 
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Figure 2-5: Phase diagram for the pure compound (CO2) [84]. 

 

On the pressure-temperature phase diagram in Fig. 2-5, three regions correspond to the solid, 

liquid or gas states of the pure compound, separated by curves that meet at the triple point (TP). 

However, the vaporization/liquefaction curve has an end point called a critical point (CP), 

beyond which only one phase exists, the supercritical fluid (SCF). A supercritical fluid is 

defined as a substance for which temperature and pressure are above their critical values (T > 

Tc, p > pc). At a critical point liquids and gases coexist, and supercritical fluids possess 

properties that are different from either liquids or gases under standard conditions. Their 

physical and chemical properties are between those of liquids and gases. SCF’s main 

characteristics are its density similar to liquids, viscosity similar to gases and diffusivity 

between those of gases and liquids, as shown in Table 2-3.  

Table 2-3: Physical properties of gases, supercritical fluids and liquids [85]. 

Mobile Phase Density (kg/m3) Viscosity (kg/m/s) Diffusivity (m2/s) 

Gas 1 10-5 10-4 

SCF 0.3 10-3 10-5 10-7 

Liquid 103 10-3 5 10-10 
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Additionally, SCFs have the ability of liquids to dissolve materials, and the ability of gases to 

penetrate porous solid materials. Furthermore, there are no surface tensions, thus no capillary 

forces during processing [83]. 

At the critical point, the diffusion coefficients are more than ten times higher than in liquids, 

which makes mass transfer with supercritical fluids generally fast. Moreover, at this point, 

density is largely sensitive to small changes in temperature and pressure. Even though the 

density values are similar to those of liquids, the solubilities can be much higher. The solvent 

power of SCF is directly related to its density. This means that by regulating the pressure, the 

solvent power can be manipulated to imitate the properties of organic solvents, and eventually 

replace them. Also, the separation of substances from solvents is easy to achieve. Furthermore, 

it is possible to add modifiers to SCFs to change their polarities. For example, the non-polar 

nature of scCO2 can be overcome by adding modifiers in the form of polar organic co-solvents. 

This means that they have the potential to replace numerous chemicals in industries. Moreover, 

compared to volatile organic compounds, little harm is done to the environment in terms of 

residues. SCFs are generally cheap and safe to use. Table 2-4 gives the parameters of some 

common supercritical fluids with various applications [83]. 

The most exploited supercritical fluid is carbon dioxide, since it is chemically inert, non-

flammable, non-toxic, recyclable and naturally abundant. Additionally, the critical point of CO2 

occurs at the mild temperature and pressure conditions of 31.1˚C and 73.8 bar. Therefore, it is 

a commonly used solvent in the food and pharmaceutical industries. Since it is a gas in ambient 

conditions, it can easily be removed from products by simply reducing pressure. Its critical 

temperature is close to the ambient, which makes it ideal for thermolabile natural products. It 

can be recovered for recycling, and is miscible with organic solvents, but can also replace them 

[86]. Carbon dioxide (O=C=O) is generally a nonpolar molecule, with the presence of a small 

polarity, owing to a quadrupole moment and, therefore, is categorized as a hydrophobic solvent. 

It dissolves lipids that are water-insoluble compounds, such as vegetable oil, butter, fats, 

hydrocarbons etc. However, it does not dissolve hydrophilic compounds, such as sugar, 

proteins, salts, metals etc. In industry, scCO2 has mostly been used for coffee decaffeination, 

tea decaffeination, and the extraction of fatty acids from spent barley, pyrethrum, hops, spices, 

flavours, fragrances, corn oil, as well as the extraction of colour from red peppers. Some other 

applications include polymerization, polymer fractionation, particle formation for 

pharmaceutical and military use, textile dyeing, and the cleaning of machine and electronic 

parts [87]. 
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Table 2-4: Physical parameters of commonly used supercritical solvents [83]. 

Compound Boiling point 
(˚C) 

Critical 
temperature 

(˚C) 

Critical 
pressure (bar) 

Critical 
density (g/cm3) 

Nitrogen -195.9 -147.0 34.0 0.314 

Ethylene -10.8 9.2 50.4 0.218 

Carbon dioxide -78.5 31.0 73.8 0.464 

Ethane -88.7 32.2 48.8 0.203 

Nitrous oxide -88.5 36.4 72.5 0.452 

Butane -17.8 91.8 46.2 0.232 

Propane -42.1 96.6 42.5 0.217 

Ammonia -33.5 132.5 112.8 0.235 

Acetone 56.0 235.0 46.9 0.277 

Methanol 64.6 239.4 81.0 0.272 

Ethanol 78.3 243.0 63.8 0.276 

Tetrahydrofuran  65.0 267.0 51.8 0.321 

Toluene 110.6 318.6 41.0 0.291 

Water 100.0 374.1 220.5 0.322 

 

2.5 Supercritical impregnation 

Over the last decade, there has been progress in the application of supercritical fluids to the 

processing of pharmaceuticals [88]. Supercritical fluids and supercritical fluid technology 

proved to be applicable in the preparation of drug delivery systems [89]. Because of cost and 

environmental regulations associated to the use of organic solvents, the pharmaceutical industry 

has been moving away from the use of these solvents, and alternative technologies have been 

developed. The need for new technologies and processes is also highly prominent, owing to the 

fact that a huge part (more than 40%) of newly developed drugs have very low solubility or are 

practically insoluble in water [90]. 
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There are major advantages of using scCO2 for the preparation of polymer-drug systems [88]. 

ScCO2 is a benign and nontoxic solvent that can extract impurities (residual monomer, 

oligomers) from the product and leaves the product easily. However, a small amount can remain 

trapped inside, but it does not present any risk for the consumer, since it is benign. It can easily 

be tuned with a simple varying in pressure and temperature. ScCO2 has a plasticizing effect on 

polymers, which allows processing at lower temperatures. Generally, it is a very good solvent 

for low molecular weight compounds and polymers, but when it comes to high molecular 

weight polymers it has poor solvent power. 

The impregnation process is defined as a process of imbuing or saturating a material or 

substance with something [91]. Supercritical impregnation is a promising process that has great 

potential for the preparation of new polymeric systems. It overcomes the disadvantages of the 

slow diffusion processes and long process times in the case of impregnation from liquid 

solutions, or low yield in the case of impregnation from gas phases. By utilizing the specific 

properties of supercritical fluids, the process of impregnation is intensified with considerable 

savings of both energy and raw materials. As opposed to classical impregnation processes, the 

use of SCF allows tuning its properties by changing pressure, temperature and the kind of gas 

that is used. 

Substances can be impregnated into a polymer matrix following one of two possible 

mechanisms. The deposition approach was introduced by Berens et al. [92] and refers to 

substances that are highly soluble in scCO2. In this approach, the substance to be impregnated 

is dissolved in scCO2. The polymer is exposed to the solution and, consequently, is 

impregnated. Afterwards, the system is depressurized, during which the CO2 molecules leave 

the polymer matrix, while the substance molecules stay trapped inside. The other mechanism 

refers to substances that have low solubility in scCO2. However, these substances have a high 

affinity towards a certain polymer matrix, which results in the preferential partitioning of the 

substance in a way that favours the polymer over the fluid phase. The fluid phase is saturated 

with the substance because of its excess. The partitioning process of a substance is complete 

when the equilibrium concentration in the polymer matrix is reached. Thus, the high partition 

coefficient plays an important role when low soluble substances are involved [93, 94]. Fig. 2-6 

shows a schematic presentation of the impregnated polymeric materials with high and low 

soluble drugs in scCO2. 
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a) Deposition mechanism 

 

 

b) Partitioning mechanism 

Figure 2-6: Mechanisms for supercritical impregnation of drugs into polymer matrices;        
a) Deposition approach and b) Preferential partitioning approach. Molecules of drugs are 

schematically presented as bigger and darker spheres, while the molecules of CO2 are 
smaller and lighter. 

 

Since the substances that follow the partitioning mechanism have a high affinity for the polymer 

matrix, this mechanism has an advantage over the deposition mechanism. When it comes to the 

deposition mechanism, there is a concern about the aggregate state of the substance. Namely, 

when the system is depressurised, the solubility of the substance in scCO2 decreases, and the 

phenomenon of recrystallization is often present. Since the partitioning mechanism relies on 

the specific interactions between the substance and matrix, recrystallization is usually prevented 

[88]. If crystallisation of the drug is avoided, it is possible to achieve enhanced dissolution and 

release, which further increases the therapeutic value of the product. In this case, molecules of 

substance are more easily detached from a polymer matrix [95]. 

The contact between an SCF solution (SCF with compound) and a polymer matrix determines 

two methods of supercritical impregnation. The static method involves the compound and 

matrix in a vessel that is heated up to the desired temperature and charged with the fluid up to 

the desired pressure. In the dynamic method, the SCF solution constantly passes over the 

matrix. The impregnation process is governed by the amount of the drug that can be carried by 

SCF, as well as the diffusion coefficient of the compound. In the dynamic mode, loading is 
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generally controlled by varying the running times. In the static mode, loading is also controlled 

by varying the ratio of the polymer and the drug [96]. 

2.5.1 Supercritical impregnation of aerogels 

There are two ways to introduce drugs into aerogels. The first method is through the addition 

during the sol-gel process. It is a simple and flexible method, in which the drug is added to the 

sol solution before gelation. The added drug must be able to withstand all the processing steps 

during the aerogel’s synthesis. During supercritical drying, the added drug may be washed out 

by CO2. If the added drugs are insoluble, special treatments should be included to stop the 

formation of an insoluble phase. Furthermore, it is important to investigate if and how the added 

drug influences the gelation process. In the second method, the drug is added through the post-

treatment of dried aerogels, for example, supercritical impregnation, vapour phase deposition, 

reactive gas treatment etc. This method implies the penetration of the drug into the aerogel’s 

pores from the supercritical, liquid or gaseous phase. However, this method is limited by 

diffusion [6]. 

By using the supercritical impregnation technique, the desired drug is incorporated into an 

aerogel under supercritical conditions. This method is mostly applied for poorly soluble drugs, 

which could not be impregnated during the sol-gel process. The supercritical impregnation of 

drugs into aerogels is one of the recent promising methods of improving the dissolution and 

adsorption of poorly soluble drugs. Furthermore, supercritical impregnation has been proven to 

be more effective and tunable compared to the traditional sol-gel incorporation of the drug [97]. 

When it comes to poorly water-soluble drugs, the way to enhance their dissolution is by 

impregnating them into a water soluble polymer matrix [96]. 

Aerogels with possible pharmaceutical applications can have both, inorganic and organic 

characteristics. The most studied inorganic aerogel, silica aerogel, with its outstanding 

properties, is of great interest as a drug delivery system. By modifying the functional groups on 

the surface of silica aerogels and also the process conditions, influence on the final loading and 

release of the drugs can be achieved. Table 2-5 shows an overview of the work on supercritical 

impregnation of various drugs into silica aerogels. 
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Table 2-5: An overview of the drugs supercritically impregnated into silica aerogels. 

Aerogel Drug Loading (w/w, %) Reference 

Coated hydrophilic 
silica 

Coated hydrophobic 
silica 

Ketoprofen 96±1 

 

7.00±0.07 

[98] 

Hydrophilic silica Ibuprofen 

Miconazol 

Ketoprofen 

Flurbiprofen 

Griseofulvin 

Dithranol 

73 

60 

30 

18 

6.3 

4.4 

[99] 

Hydrophilic silica Miconazole 

Ketoprofen 

Terfenadine 

Griseofulvin 

Dithranol 

Niclosamid 

60.3 

30 

24.2 

6.3 

4.4 

0.01 

[100] 

Hydrophilic silica Miconazole 

Ketoprofen 

Naphthalene 

60 

25 

4.5 

[101] 

Hydrophilic silica 

Hydrophobic silica 

Naphthalene 55 

40 

[102] 

Hollow silica Ibuprofen 47 [103] 

Silica Benzoic acid 35 [104] 

Silica 2-phenylethyl 
alcohol 

33 [105] 

Hydrophilic silica Phytol 30.1±0.6 [106] 

Hydrophilic silica Ketoprofen 

Griseofulvin 

30 

5.4 

[107] 
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Polymer coated 
silica 

Ibuprofen 29±3 [108] 

Hydrophilic silica Loratadine 

Ibuprofen 

Artemisinin 

Rifabutin 

28.0 

24.0 

20.0 

11.7 

[109] 

Hydrophilic silica 

 

Hydrophobic silica 

 

1-menthol 

2-methoxy pyrazine 

1-menthol 

2-methoxy pyrazine 

23.3 

9.8 

7.2 

3.3 

[110] 

Amino-
functionalized silica 

Ketoprofen 21.1 [111] 

Silica monoliths 

Fe2O3 composite 
silica 

Silica nanoparticles 

Trifusal 17 

4.1 

 

3.3 

[112] 

Silica Griseofulvin 11.2 [113] 

Hydrophilic silica Dithranol 10 [114] 

Hydrophilic silica Nimesulide 8.9 [115] 

Hydrophilic silica Nimesulide 1.53 [116] 

Hydrophilic silica Domperidone 1.5 [117] 

 

The supercritical impregnation of various drugs into silica aerogels showed to be dependent on 

the characteristics of the carrier, such as surface area, pore volume, and surface functionality, 

but also on the conditions (pressure, temperature, flow) of supercritical impregnation. The 

solubility of the drugs in scCO2 is also important for their final loading into the aerogels as 

carriers. The hydrophobicity of silica aerogels lowered the overall loading of the drugs. 

However, it slowed down the process of drug release compared to hydrophilic silica. 

A similar observation was made in organic polysaccharide aerogels and protein aerogels, as 

presented in Table 2-6.  
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Table 2-6: An overview of the drugs supercritically impregnated into polysaccharide and 
protein aerogels. 

Aerogel Drug Loading (w/w, %) Reference 

Barley β-glucan Flax oil 65.39±4.32 [118] 

Alginate Ibuprofen 

Artemisinin 

35.0 

11.0 

[109] 

Starch Ibuprofen 

Loratadine 

Rifabutin 

Dihydroquercetin 

Artemisinin 

30.0 

8.5 

11.7 

9.0 

4.0 

[109] 

Alginate 

Eurylon 7 starch 

 

Potato starch 

Ibuprofen 

Ibuprofen 

Paracetamol 

Ibuprofen 

Paracetamol 

26±0.8 

22±0.7 

25±0.8 

10±0.3 

10±0.3 

[68] 

Alginate Phytol 22.1±0.2 [106] 

Alginate 

 

Alginate/pectin 

 

Alginate/κ-
carrageenan 

Ketoprofen 

Quercetin 

Ketoprofen 

Quercetin 

Ketoprofen 

Quercetin 

22±1 

3.1±0.5 

19±1 

5.4±0.2 

17±2 

3.8±0.1 

[119] 

Silk fibroin protein Ibuprofen 21 [120] 

Corn starch Ketoprofen 15.8% [121] 

High methoxyl 
pectin 

Nifedipine 13±1 [122] 

Corn starch Ketoprofen 11.53 [123] 

Whey protein Ketoprofen 9.5 [124] 

Chitosan Lactulose 8.61 [125] 
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The aerogels made from these materials are even more promising for drug delivery, owing to 

their biocompatibility and biodegradability. The highest loading was achieved in the case of 

barley β-glucan. The loading as high as 65% was explained as a consequence of specific 

interactions between aerogel and flax oil [118]. 

The presented studies showed that by impregnating drugs into aerogels their aggregate state 

changes from crystalline to amorphous. Thus, the dissolution of the drugs from the aerogels is 

much faster compared to their crystalline form. Furthermore, their bioavailabilities have been 

significantly improved. Drugs should be dispersed into the matrix at a molecular level because 

crystallisation could lead to a non-controlled impact on the dissolution and diffusion rate.  
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3 Experimental part 

3.1 Materials 

3.1.1 Vitamin K 3 

Vitamin K encompasses a group of fat-soluble vitamins, naturally occurring in two forms: 

vitamin K1 (green plants) and vitamin K2 (synthesised by bacteria in the intestine). Vitamin K3 

or menadione is, however, a synthetic form of vitamin K without the side chain. It is a 

biologically inactive substance but it can serve as a precursor of vitamin K2. Vitamins K1, K2 

and K3 are metabolically activated in the liver to co-factors for the activation of proteins 

important for normal blood coagulation and the normal function of bones and arteries [126]. 

Generally, vitamin K3 is not used as a nutritional supplement in economically developed 

countries. The toxicity of this vitamin or its derivatives exceed the prescribed levels. However, 

a low dose of vitamin K3 is still used in many countries as an inexpensive micronutrient for 

livestock. Owing to its cytotoxic effect, vitamin K3, in combination with vitamin C, has been 

investigated for the treatment of cancer [127]. It is known to inhibit the growth of various 

human cancer cells [128]. 

Vitamin K3 used in the experimental part was purchased from TCI Europe N.V with purity 

higher than 98%. It was in its crystalline form as a yellow powder. The package contained a 

warning stating that it is a light sensitive substance. 

Its most important properties, including structural formula, appearance, physical properties and 

storage conditions, are given in Table 3-1. 

As the solubility data is crucial for the design of the end process and the products, Table 3-2 

also presents data on the solubility of vitamin K3 in the most important solvents, including 

water, ethanol and supercritical CO2. 
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Table 3-1: The most important properties of vitamin K3 [129] . 

 

Structural formula 

 

 

 

Molecular formula C11H8O2 

Molecular weight 172.183 g/mol 

Synonyms Vitamin K3 

Menadione 

2-methyl-1,4-napthoquinone 

Melting point 105-107˚C 

Solubility soluble in ethyl ether, benzene, chloroform, 
sulphuric acid 

slightly soluble in ethanol, acetic acid, ligroin 

Colour bright yellow crystals 

Odour very faint acrid odour 

Storage protected from light 

 

Table 3-2: Solubility data of vitamin K3 in the most important solvents for this study. 

Solvent P (bar) T (˚C) Solubility (g/kg) Reference 

Water 1 25 0.16 [129] 

Ethanol 1 25 20.3 Sigma Aldrich 

Supercritical CO2 150 

200 

40 

40 

8.1 

13.4 

[130] 

[130] 
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3.1.2 Vitamin D 3 

Vitamin D is a fat-soluble vitamin with two main chemical forms: vitamin D2 (ergocalciferol) 

and vitamin D3 (cholecalciferol). Vitamin D3 can be synthesised in the skin after exposure to 

sunlight [131] or it can be obtained from nutritional sources, such as salmon, mackerel, herring 

and egg yolk [13], which have to be consumed in large quantities to fulfil the vitamin’s dose 

requirements.  

Vitamin D3 displays several chemical structures [132]. Calciol is the inactive and 

unhydroxylated form of the vitamin. Calcidiol is the blood-circulating form of the vitamin, and 

it is hydroxylated at the 25-carbon atom, producing the resultant 25-hydroxyvitamin D3. 

Calcitriol is the active form of the vitamin, which is hydroxylated at 1 and 25-carbon atom, 

producing the 1, 25-dihydroxyvitamin D3. 

The absorption of dietary vitamin D3 takes place via lipids and with the aid of bile salts. Firstly 

the vitamin enters the intestinal mucosal cells by passive diffusion. Approximately 50% of the 

vitamin’s intake is eventually absorbed [133]. After that, the vitamin is incorporated into 

chylomicrons, lipoprotein particles in charge of the vitamin’s transport. By this means, the 

vitamin enters the lymphatic system with subsequent delivery to the liver via circulation. 

Biosynthesised vitamin D3, however, slowly diffuses from the skin into the blood. It is 

transported into the liver with the help of α-2-globulin, a vitamin D binding protein (DBP, 

transcalciferin). Around 40% of vitamin D3 is transported by chylomicron and 60% by DBP. 

When the vitamin reaches the liver via either chylomicron or DBP, it is transformed into 

calcidiol by the D-25-hydroxylase enzyme and, subsequently, into calcitriol in the kidneys by 

the D-1-hydroxylase enzyme [132, 133]. Since calcitriol is an active metabolite, it can enter the 

cell and bind to the vitamin D receptor and, subsequently, to the responsive gene, for example, 

the gene of the calcium binding protein. In the next step, the calcium binding proteins are 

formed, which further mediate the absorption of calcium from the gut [131]. 

However, this is not calcitriol’s only function, as it shows many different actions further on. It 

regulates calcium, as explained, and phosphorous absorption [134, 135], calcium and 

phosphorous homeostasis, intestinal transport, bone metabolism and renal calcium 

reabsorption, as well as blood pressure and insulin secretion [136–138]. Finally, it regulates the 

immune system and controls cell differentiation [139, 140]. Inadequate absorption of vitamin 

D may occur in patients with cholestasis, cystic fibrosis, Crohn’s disease, inflammatory bowel 
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disease, ulcerative colitis, small intestinal villous atrophy, small-bowel resection, and jejunal 

bypass [141]. 

When talking about this vitamin, the question of its degradation appears [142]. Many studies 

have shown that vitamin D deficiency is a huge problem worldwide in all age groups and that 

it exceeds pandemic proportions owing to the avoidance of sun exposure, the use of sunscreens, 

low dietary intakes, etc [10]. About 1 billion people have low vitamin D levels [9]. The 

deficiency causes rickets and osteomalacia [140]. Furthermore, a lack of vitamin D is associated 

with increased risk of developing various types of cancer, type 1 diabetes, multiple sclerosis, 

hypertension and many other ailments [9].  

The sources of naturally occurring vitamin D are limited to just a few items that would need to 

be consumed in large quantities to avoid a deficiency. On that account, the fortification of foods 

such as milk, milk products and cereals began as an attempt to improve people’s diets. In the 

United States and Canada, approximately 60% of the population’s intake of vitamin D comes 

from fortified foods [143]. However, some studies have shown that the detected levels of the 

vitamin do not correspond to the contents on the labels. Approximately 50% of the milk samples 

contained less than 80% of the vitamin D content on the label. Some of the samples (~15%) did 

not contain any detectable vitamin [13]. 

Namely, processes involving vitamin D3 are risky and difficult to handle, and it is not surprising 

that the detected levels do not match what is claimed. Vitamin D is highly sensitive to many 

environments: temperature, oxygen, light, humidity, etc [144]. Solutions of vitamin D undergo 

thermal, photochemical and oxidative reactions that lead to the formation of degradation 

products [12]. The risk of the vitamin’s degradation is present in practically every moment. 

The vitamin D3 used for the experimental part was purchased from TCI Europe N.V with a 

purity higher than 98%. It was in its crystalline form as a white powder packed under an argon 

atmosphere. The package contained a warning stating that it is an air sensitive substance. 

Its most important properties, including structural formula, appearance, physical properties and 

storage conditions, are given in Table 3-3. 

Just as with vitamin K3, the solubility data play an important part for the design of the process 

and the end products. Therefore, Table 3-4 separately presents data on the solubility of vitamin 

D3 in the most important solvents, including water, ethanol and supercritical CO2. 
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Table 3-3: The most important properties of vitamin D3 [145]. 

Structural formula 

 

 

Molecular formula C27H44O 

Molecular weight 384.648 g/mol 

Synonyms 

Vitamin D3 

Cholecalciferol 

(3beta,5Z,7E)-9,10-Secocholesta-5,7,10(19)-trien-3-ol 

calciol 

Melting point 84-85˚C 

Solubility 

soluble in ethanol, acetone, ether, chloroform 

slightly soluble in vegetable oils 

practically insoluble in water 

Colour white to white with a yellow cast powder 

Odour odourless 

Storage in an inert atmosphere (nitrogen or argon gas) 

 

Table 3-4: Solubility data of vitamin D3 in the most important solvents for this research. 

Solvent P (bar) T (˚C) Solubility (g/kg) Reference 

Water 1 25 1.3.10-5 [145] 

Ethanol 1 25 63.4 Sigma Aldrich 

Supercritical CO2 150 

200 

200 

40 

40 

40 

3.0 

2.5 

5.0 

[130] 

[130] 

[146] 
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As seen in Table 3-4, vitamin D3 is practically insoluble in water. This fact additionally makes 

processes with vitamin D3 difficult and quite limiting. Common procedures for the 

encapsulation of drugs cannot be used in this case. and new ways of encapsulation have to be 

invented. On the other hand, its solubilities in ethanol and supercritical CO2 are quite high. This 

means that the process of supercritical impregnation could potentially be used for the 

encapsulation of vitamin D3. The high solubility of vitamin D3 gave the first idea for this 

research and doctoral dissertation. 

Different institutions give different recommendations concerning daily dose requirements for 

vitamin D3. They differ among countries, although many national recommendations are based 

on USA references. The dosage also depends highly on age groups and is higher in the elderly. 

Usually, the recommended daily dose requirements are within the range of 400-1000 IU/day or 

10-25 µg/day [147]. 

3.1.3 Sodium alginate 

The alginic acid sodium salt from commercial brown algae was provided by Sigma-Aldrich. 

The viscosity of the 2% solution was measured at 25˚C and it was higher than 2.000 cP. 

3.1.4 Others 

Calcium chloride (CaCl2) was supplied by Kemika, Zagreb and was used as an ionic 

crosslinking agent for sodium alginate to obtain alginate hydrogels. 

Ethanol with a purity higher than 99.8% was purchased from Sigma-Aldrich and used to replace 

water in the network of hydrogels in order to obtain alginate alcogels. 

Carbon dioxide with a purity of 99.5% was supplied by Messer, Slovenia. It was used for the 

supercritical drying of alcogles to obtain alginate aerogels and, later on, as a solvent for the high 

pressure impregnation of vitamins into aerogels. 

Sodium dodecyl sulphate surfactant (SDS) with a purity higher than 99.0% was supplied by 

Merck, GmbH and was used as a surfactant during the in-vitro dissolution testing. 
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3.2 Analytical methods 

3.2.1 Nitrogen adsorption-desorption analysis 

Gas adsorption is a well-established method for the characterisation of the textural properties 

of porous solids and fine powders, including surface area, porosity, pore size and pore volume. 

Nitrogen is the most commonly used adsorptive. However, some samples, such as those with 

low surface areas, may require the use of other gases, such as krypton, argon, carbon dioxide, 

etc. The solid materials are exposed to gases in a variety of conditions to evaluate either the 

weight or volume uptake of the sample [148].  

A nitrogen (N2) gas adsorption-desorption analysis was employed to determine the textural 

properties (specific surface area, overall pore volume and average pore diameter) of the 

aerogels. A Micrometrics ASAP 2020MP instrument was used for that purpose. The samples 

were first degassed in a vacuum at 70˚C for 660 min until a stable 10 µm Hg pressure was 

obtained. After that, the measurements were carried out at -196̊C. 

The specific surface area was determined with the BET (Brunauer-Emmett-Teller) method with 

the following BET equation, Eq. (1): 
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where 
�

��
 is the relative pressure value , �� is the amount of N2 molecules adsorbed at pressure 

� per gram of a sample, �� are the N2 molecules adsorbed in a static monolayer per gram in 

the sample, and ��� is the energetical parameter. A molecular area of 0.162 nm2 for an adsorbed 

molecule of N2 was assumed in the calculation of the surface area [78]. 

The overall pore volume and the average pore diameter were determined using the BJH 

(Barrett-Joyner-Helenda) method with the desorption side of the isotherms. 

By using this technique, it is not only possible to measure specific surface area, pore volume 

and pore diameter, it is also possible to measure the adsorption and desorption isotherms. The 

gas uptake quantity as a function of pressure at a constant temperature can be graphically 

presented in the form of an isotherm. In physical adsorption, adsorption isotherms can be 

classified as one of six types, as shown in Fig. 3-1. The six types of isotherms are characteristic 
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of adsorbents that are microporous (type I), nonporous or macroporous (types II, III and VI), or 

mesoporous (types IV and V). 

 

 

Figure 3-1: IUPAC classification of basic adsorption isotherms showing both the adsorption 
and desorption pathways. 

 

3.2.2 X-ray diffraction 

X-ray diffraction (XRD) is a rapid analytical technique primarily used for the phase 

identification of crystalline materials, but it can also provide information on unit cell 

dimensions. XRD is based on the interference of monochromatic X-rays and a sample. The X-

rays are directed towards the sample, producing interference with the sample and the diffraction 

ray [149]. 

XRD patterns were utilized in order to confirm the solid state behaviour of the alginate aerogels 

and vitamin D3. The XRD measurements were performed with a D5005 diffractometer 

(Siemens-Bruker AXS) with Cu-Kα radiation. The diffraction patterns were collected over a 2-

theta range 10-60˚ with a step-size of 0.0368˚ and counting time of 2 s per step. 

3.2.3 Fourier transform infrared spectroscopy 

Fourier transform infrared spectroscopy (FTIR) is a technique used for the characterisation, 

identification and quantification of many substances. Traditionally, IR spectrometers have been 
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used to analyse a wide range of solids, liquids and gases by transmitting infrared radiation 

directly through a sample. The collection of the absorption bands can be used to confirm the 

identity of a pure compound or to detect the presence of specific impurities. The most common 

method of sample preparation for solids involves grinding the material into a fine powder and 

dispersing it in a matrix, which is usually made of potassium bromide (KBr). In recent years, 

the technique of attenuated total reflectance (ATR) was developed for analysing solid and liquid 

samples [150]. 

Fourier transform infrared spectroscopy (Shimadzu, IRAffinity-1) was used for the 

characterisation of alginate aerogels and vitamin D3. The ATR-IR method was used because 

other methods appeared to be challenging for the samples in tablet form with KBr. Firstly, 

obtaining a uniform tablet of KBr for vitamin D3 was extremely difficult, because the vitamin 

was sticky and the tablet was very fragile. Secondly, the aerogels could not be grinded into 

powder form, so it was impossible to make a tablet. Therefore, all the aerogel samples were cut 

into halves and placed on the ATR detector while vitamin D3 was placed on the detector as a 

powder. 

3.2.4 Scanning electron microscopy 

The scanning electron microscope (SEM) serves for the observation and characterisation of 

organic and inorganic materials on a nanometre to micrometre scale. The area to be examined 

is irradiated with a focused electron beam, which may be swept across the surface to form 

images or may be static to obtain an analysis from one position. SEM is one of the most versatile 

instruments used for the examination and analysis of the microstructural characteristics of solid 

objects. A major reason for this is its high resolution, as high as 1-5 nm. Another important 

feature is its large depth of field. The greater the depth of the field, the more information about 

the sample can be gathered [151]: 

A scanning electron microscope (Sirion 400 NC) was used to determine the surface 

morphologies of the alginate aerogels and to find out whether the morphology had changed 

during the process of high pressure impregnation. The samples were splatter-coated with gold 

particles prior to the analysis and then scanned at an accelerating voltage of 2-4 kV. 
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3.2.5 Ultraviolet-visible spectroscopy 

Spectrometry is the ability of molecules to absorb electromagnetic radiation of wavelengths 

between 200 and 800 nm, which can be employed for both qualitative and quantitative analysis 

[152]. Spectroscopy in the ultraviolet-visible range (UV/VIS) is one of the most commonly 

used laboratory techniques. The wavelength range of ultraviolet radiation is between 400 and 

200 nm, while visible light has wavelengths between 800 and 400 nm and acts in the same way 

as UV light. Therefore, commercial spectroscopic instruments often operate with wavelengths 

between 800 and 200 nm. These are UV/VIS spectrometers [153].  

Spectrometers measure the amount of light that a sample adsorbs. The intensity of the light that 

reaches the detector, �, is lower compared to the initial intensity, ��, because some protons are 

absorbed by the sample. Using these two values, it is possible to calculate transmittance, �, and 

absorbance, �, by using following the following Eq. (2) and Eq. (3) [154]: 

� =
�

��
                                                                                                                                           (2) 

� = −log�� �                                                                                                                             (3) 

Transmittance is the fraction of the initial light that reaches the detector. The rest, 1 − �, is the 

light absorbed by the sample. If no light is absorbed, the absorbance is zero (� = 100%). 

UV spectrometry was applied to determine the final loading of vitamins into alginate aerogels. 

The concentration of vitamins in ethanol was measured by UV spectrometry using a Varian, 

Cary 50 Probe spectrophotometer. 

3.2.6 Liquid chromatography-mass spectroscopy 

Because of sensitivity and the specific nature of mass spectrometry (MS) compared to other 

chromatographic detectors, coupling with chromatographic techniques is highly desirable. The 

coupling of MS with liquid chromatography (LC-MS) was achieved after the development of 

an electrospray ion source. LC-MS has advantages in usage compared to LC with conventional 

detectors, such as high specificity and the ability to handle complex mixtures [155].  

Mass spectrometers operate by converting the analyte molecules to a charged (ionised) state, 

with subsequent analysis of the ions and any fragment ions that are produced during the 

ionisation process on the basis of their mass to charge ratio (m/z). There is considerable interest 
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in using LC-MS for vitamin D measurements, owing to the variable responses of commercial 

immunoassays to different forms of vitamin D and its metabolites. Several LC-MS assays for 

25-hydroxyvitamin D3 and 25-hydroxyvitamin D2 in serum and plasma have been developed 

[155]. 

The LC-MS/MS system was used for the detection and quantification of vitamin D3 in the 

dissolution medium (0.3% of SDS solution) after in-vitro dissolution testing. A 5 μL aliquot of 

the sample was injected for the analysis. An Agilent ZORBAX SB-C18 RRHD column (2.1 

mm × 100 mm, 1.8 μm) was also used. The column oven temperature was maintained at 30̊C. 

The mobile phase acetonitrile-methanol (80:20) with 0.1 % formic acid, was used at isocratic 

conditions for 5 min. The total flow rate through the columns was 300 μL/min. The mass 

spectrometer was operated in positive electrospray ionisation (ESI). The quantification of 

vitamin D3 was performed using a calibration curve with a range of 3-600 ng/ml. 

3.3 Processing methods 

3.3.1 Supercritical drying 

To preserve the highly porous structure of alginate aerogels, the supercritical drying technique 

was applied as the last step of their production. Supercritical drying is the most critical and 

crucial step in the production of aerogels, since it offers the possibility of preserving the highly 

porous structure of a wet gel in a dry form. 

The supercritical drying apparatus designed in our laboratory is shown in Fig. 3-2. The main 

part is a 500 ml autoclave, with the maximum operating pressure of 500 bar. The system 

possesses a high pressure pump, inlet and outlet valves (V1, V2), a micrometering valve (MV) 

for the regulation of the CO2 flow, a thermostatic system, a cold trap, and a cylinder of CO2. 

Temperature and pressure are indicated and regulated by the temperature indicator and regulator 

(TIR) and the pressure indicator and regulator (PIR) respectively, while flow is indicated by the 

flow indicator (FI). Alginate alcogel samples were placed into the autoclave, which was then 

fully filled with absolute ethanol. The temperature of the system was set at 40˚C. The process 

of supercritical drying started by slowly pumping CO2 into the autoclave until the pressure 

increased to 100, 120 or 150 bar. Different pressures were used to optimize the supercritical 

drying process of the alginate aerogels. When the outlet valve was opened, the CO2 flowed 

through the autoclave and removed excess ethanol around the alginate alcogels. In the 
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beginning, the CO2 flow was set at 200-300 L/h to remove excess ethanol, and later it was 

reduced to allow the exchange of ethanol from inside the gel by diffusion. All ethanol was 

removed after approximately 6 hours. Polysaccharide aerogels have a tendency to shrink within 

some organic solvents, thus, supercritical drying has to be performed attentively so that the 

initial gel’s porous network stays undamaged. At the end of the process, the outlet valve was 

opened to slowly reduce the autoclave pressure to atmospheric conditions (3 bar/min) [80, 156]. 

 

Figure 3-2: Schematic diagram of the supercritical drying apparatus. 

 

3.3.2 High pressure impregnation 

The theoretical basis and principles of the supercritical impregnation process, with focus on the 

supercritical impregnation of aerogels, have already been described in section 2.5. The 

experiments concerning impregnation of vitamins into aerogels are divided into two parts. 

In the first part, the supercritical impregnation experiments were performed using both vitamin 

K3 and vitamin D3. The main focus of the whole doctoral dissertation, as well as in the present 

study, was on vitamin D3. However, the experiments were first performed with vitamin K3. 

Hereby, vitamin K3 was applied only as a model substance, since it is a fat-soluble substance 

like vitamin D3 with a high solubility in supercritical CO2 but with a much lower price. 
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Afterwards the experiments were expanded to vitamin D3, which was applied as an active 

substance. 

In the second part, supercritical impregnation as well as the subcritical liquid impregnation of 

vitamin D3 were performed. To the best of our knowledge, this work is the first report of the 

use of liquid CO2 for the impregnation of vitamin D3, or any drug at all, into aerogels. Below 

the critical point, subcritical liquid CO2 can be maintained under relatively moderate conditions. 

This fluid behaves like any other liquid. However, employing liquid CO2 allows for the 

possibility of operating at lower temperature ranges, which offer advantages when temperature-

sensitive compounds are involved [157]. 

The principles of both processes, supercritical and subcritical liquid impregnation, are the same. 

The difference is in the state of CO2, which is in a supercritical state during the first process, 

and in a liquid state in the second. Both are done under high pressure, so from this point forward 

they will be named as high pressure impregnation processes. 

The high pressure impregnation of aerogels was performed using a static method (batch mode). 

This method consisted of placing alginate aerogels and one of the vitamins within the 

impregnation cell. The alginate aerogel samples were placed at the bottom of the impregnation 

cell whilst the vitamins were at the top, so that CO2 could come in contact first with the vitamins 

and then with the alginate aerogels. The aerogels and vitamins were separated by wrapping 

them in filter bags to avoid any direct contact. Liquid or supercritical CO2 was slowly 

introduced into the impregnation cell and kept for a predetermined time period. The 

impregnation cell was heated up to desired temperature in advance. At the end of the period, 

the system was slowly depressurised. The depressurisation rate was approximately 3 bars/min 

[158]. When all the pressure had been released, the alginate aerogel samples were removed 

from the impregnation cell and the final loading could be measured. 

The high pressure impregnation apparatus was designed for the first time in our laboratory for 

the purpose of these studies, and it is schematically presented in Fig. 3-3. A stainless steel 

impregnation cell (1.4301) was the main part of the experimental set-up with an internal volume 

of approximately 33 ml. The bottom and the top are closed using two stainless steel clamps. 

The maximum operating pressure is 250 bars. The impregnation cell was heated by electric 

wire controlled by a thermo-regulator (TC), Horst, GmbH. The temperature inside the 

impregnation cell was measured with a thermocouple (TI), Greisinger, GmbH with an accuracy 

of ± 1̊ C. The pressure was measured with a digital manometer, (1/P), WIKA, GmbH with an 
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accuracy of ± 1 bar. The system was equipped with a micro-metering valve (MV) for manually 

controlling the pressuring and depressurising of the impregnation cell. CO2 is pumped into the 

impregnation cell using a pump. While pressuring up the system, the V2 valve is opened while 

V3 is closed. Conversely, during depressurizing, the V2 valve is closed while V3 is open. The 

system contains a relief valve (RV). 

 

 

Figure 3-3: Schematic diagram of the high pressure impregnation apparatus. 

 

3.3.2.1 Determination of the vitamins’ impregnation loadings 

After the impregnation process, the vitamins’ loadings had to be determined. The impregnated 

vitamins were extracted from the alginate aerogels with absolute ethanol. Firstly, the loaded 

aerogels were weighted and dispersed in a glass beaker filled with 100 mL of absolute ethanol. 

The glass beaker was sealed and the solution was left under stirring for at least 12 h, after which 

it was sonicated for 15 minutes. The solution was then filtered using filter, Teflon 0.45 µm that 

does not absorb substances. The concentration of the vitamins in the ethanol was measured with 

UV spectrometry (λvitaminK3=251 nm, λvitaminD3=265 nm) using a Varian, Cary 50 Probe 

spectrophotometer. The vitamins’ loadings were determined from the measured absorbance in 

the absolute ethanol using a calibration curve. 
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3.3.2.2 Determining aerogels’ impregnation capacity 

Determination of the supercritical impregnation capacity of aerogels at various concentrations 

by obtaining the experimental adsorption isotherms. The results obtained can be fitted into 

different mathematical models. 

The Langmuir model is known as an ideal model, which describes a dynamic adsorption process 

where the adsorption of molecules in bulk phase and the desorption of molecules in the solid 

surface occur at the same time. Before the equilibrium is reached, the rate of adsorption is larger 

than the rate of desorption, while in equilibrium these two rates become equal [159]. 

The Langmuir model consists of the following assumptions [160]: 

1. The number of adsorption sites available on the surface of solids is fixed. 

2. All the adsorption sites have an equal size and shape on the surface of the adsorbent. 

3. Each site can hold one gaseous molecule, and during this process, a constant amount of heat 

energy is released. 

4. Dynamic equilibrium exists between adsorbed gaseous molecules and free gaseous 

molecules. 

5. Adsorption is monolayer. 

The Langmuir model is given in Eq. (4): 

#� =
$��%&'�

�(&'�
                                                                                                                                (4) 

where #� (mmol/g) is the amount of vitamin adsorbed by alginate aerogels; )* (l/mmol) is the 

Langmuir adsorption constant or adsorption equilibrium constant related to the heat of 

adsorption; #��+)* (L/g) is a measurement of the relative affinity of the vitamins toward the 

alginate aerogels; #��+  (mmol/g) is the maximum adsorption capacity, and ��  (mmol/l) is the 

concentration of the vitamins in the bulk phase. 

Fig. 3-4 shows a schematic representation of the Langmuir isotherm. 
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Figure 3-4: A schematic representation of Langmuir isotherm. 

 

The Freundlich model is one of the derivatives of the Langmuir model. It is an empirical model. 

It overcomes the limitations of the Langmuir model and applies to a heterogeneous adsorbent 

surface with different adsorption sites [159]. 

The Freundlich model is given in Eq. (5): 

#� = ),��
�/.                                                                                                                                  (5) 

where #� (mmol/g) is the amount of vitamin adsorbed by alginate aerogels, ��  (mmol/l) is the 

concentration of the vitamins in the bulk phase, ), (l/g) is the Freundlich adsorption constant, 

and / is the Freundlich exponent. 

Fig. 3-5 shows a schematic representation of the Freundlich isotherm. 

 

Figure 3-5: A schematic representation of Freundlich isotherm. 

 

The amounts of the impregnated vitamins were also recalculated to the vitamins’ loadings 

following the Eq. (6): 
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012341/ 56371/8 =  
�9
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                                                                                                      (6) 

where 4: is the mass of the impregnated vitamin (g) and 4� is the mass of the empty aerogel 

(g). 

Furthermore, the kinetic behaviour of vitamins was tested by obtaining kinetic curves. The 

results from kinetic studies were fitted with a pseudo-second-order model using a linearized 

expression given in Eq. (7): 
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where @A (g/mmol h) is the second-order rate constant, #; (mmol/g) is the uptake in the moment 

2 (h), and #, (mmol/g) is the final uptake. 

The data obtained were plotted using Sigma Plot software. The constants were calculated from 

the slopes of the plots, along with the coefficient of determination of the fit (R2). The model 

that showed a higher coefficient of determination was chosen as the one that better explained 

the adsorption of the vitamins from the supercritical solution. 

3.3.3 Drug delivery and dissolution 

3.3.3.1 The route of administration 

Drugs should have a therapeutic effect, so they should prevent, cure, or control various diseases. 

For that purpose, adequate drug doses must be delivered to the targeted tissues so that 

therapeutic, but not toxic, levels are obtained. 

Conventional oral drug delivery usually does not provide controlled or targeted release. In many 

cases, the conventional delivery causes a sharp increase of drug concentration at potentially 

toxic levels. Following a relatively short period at the therapeutic level, the drug concentration 

eventually drops off until re-administration. Nowadays, new methods of drug delivery are 

possible, in which the desired drug release is achieved by rate-controlling membranes or by 

using biodegradable polymers [161]. Controlling drug diffusion from the dosage form is an 

excellent approach to maintaining therapeutic levels of the drug in the body. Polymers can be 

used to control the diffusion of drugs either by controlling how fast the drug molecules move 
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through the polymer molecular matrix or by controlling the movement of dissolved drug 

molecules through channels or pores in a matrix permeated by the dissolution medium [162]. 

The administration of the drug begins with absorption, which allows the drug to enter the 

plasma. The drug may reversibly leave the bloodstream and distribute into the intestinal and 

intracellular fluids, after which it is metabolized by the liver, kidneys, or some other tissues. 

Finally, the drug and its metabolites are removed from the body in urine, bile, or faeces. Fig. 3-

6 presents four processes that influence the choice of the route of administration for a specific 

drug, as well as the amount and frequency of each dose: administration, distribution, 

metabolism and elimination [163]. 

Absorption is the transferral of a drug from its site of administration to the bloodstream. The 

rate and efficiency of absorption depends on the route of administration. Absorption is complete 

only in the case of intravenous delivery, and the total dose of the drug reaches systematic 

circulation. In the process of drug distribution, the drug reversibly leaves the bloodstream and 

enters the extracellular fluid and/or the cells of the tissues. Usually, drugs are eliminated by 

biotransformation into urine or bile. The transformation of lipophilic drugs into more polar 

products is called metabolism. Mostly, it is performed in the liver, but also in other tissues, such 

as the kidneys or intestines. Lastly, the removal of the drug usually occurs through the kidneys 

into urine. Other routes include bile, the intestines, the lungs, or milk in nursing milk [163]. 

Two major routes of drug administration are enteral and parenteral, and they are influenced by 

the properties of the drug and by the therapeutic objectives. 

Enteral administration is administration by mouth. This is the most common and the simplest 

way of administering drugs. In parenteral administration, the drugs are introduced directly 

across the body’s barrier defences into systematic circulation. While in the case of enteral 

administration the number of infections is reduced, the drug is exposed to the gastrointestinal 

(GI) tract. On the contrary, in the case of parenteral administration, the routes have the highest 

bioavailability and are not subjected to the GI tract, but the drug is not self-administrated [163]. 
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Figure 3-6: A schematic representation of drug absorption, distribution, metabolism and 
elimination. 

 

3.3.3.2 In vitro dissolution testing 

The concept of a drug dissolution process has been accepted in pharmaceutical science since 

the 1950s. In vitro dissolution tests at early stages of development offer information on 

optimising the process of drug release. Later on, they may serve as an indictor of the in vivo 

testing of drug products. In vitro dissolution testing is performed in the dissolution medium that 

is a simulation of GI fluids. This means that the link between in vitro and in vivo testing is very 

close, so dissolution and drug release studies are a regulatory requirement for the development 

and approval of solid oral drug products [164]. The release profile, as well as the absorption of 

the drug, depends on the design and operation of the apparatus and the selection of the 

dissolution testing conditions and dissolution medium for in vitro dissolution testing. 

Dissolution apparatus 

The USP describes 7 different apparatus that can be used for dissolution testing, but most tablets 

and capsules use apparatus 1 (rotating basket) or 2 (paddle). The rotating basket and paddle 

devices are widely accepted and used because they are simple, robust and standardised 
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apparatuses. A schematic representation of the main vessels of apparatuses 1 and 2 are 

presented in Fig. 3-7. 

                    

Figure 3-7: Left: Apparatus 1; Right: Apparatus 2. 

 

Apparatus 1 consists of a main vessel, a motor, a metallic drive shaft and a cylindrical basket. 

The main vessel is cylindrical with a hemispherical bottom and is made of glass or some other 

inert, transparent material. It is immersed in a suitable water bath that is heated up and kept 

under a constant temperature. For the nominal volume of 1000 ml, the vessel has the following 

dimensions, height: 160-210 mm, inside diameter: 98-106 mm. The axis of the shaft is no more 

than 2 mm at any point from the vertical axis of the vessel. It rotates smoothly and without any 

significant wobble. A dosage unit is placed in a dry basket at the beginning of each test. The 

shaft and basket components are made of stainless steel or another inert material. The distance 

between the inside bottom of the vessel and the bottom of the basket is 25±2 mm and is 

maintained during the test. In the case of apparatus 2, instead of the basket, the paddle is formed 

from a blade and a shaft that are used as a stirring element. The dosage unit is allowed to sink 

to the bottom of the vessel before the rotation of the blade is started. The dosage unit can be 

placed into the piece of nonreactive material so the drug does not float. All rules concerning 

dimensions and distances are the same as in the case of apparatus 1 [18]. 

However, the drawbacks of using these two apparatuses are the limited volume of the 

dissolution medium, the inability of the simulation of the GI transit, and the unknown 

hydrodynamic conditions. 

Dissolution testing conditions 

In order to provide a better link between in vitro and in vivo testing, the in vitro test conditions 

are adjusted to be as close as possible to physiological conditions. However, these conditions 

are not able to guarantee that the in vitro results are relevant to the in vivo situation [18].  
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1. For basket/paddle methods, the volume should be 500 to 1000 ml. Usually, the volume used 

is 900 ml, but 1000 ml is easier to handle in the metric system and is more practicable. 

2. Agitation in the basket/paddle apparatus should be obtained by stirring at 50-100 rpm, and 

should not exceed 150 rpm. In most cases, 75 rpm represents reliable agitation for the paddle 

system. 

3. A dissolution medium temperature of 37±0.5˚C should be used for oral dosage forms. In the 

case of rectal dosage forms, slightly higher temperatures are employed, 38±0.5˚C, or in the case 

of transdermal, lower, 32±0.5˚C 

4. Generally, for the dissolution medium, an aqueous solution should be used. The use of water 

is not recommended as pH and surface tension can vary depending on the source of the water. 

5. The pH of the test medium should be set between pH 1 and 6.8. A higher pH can be used in 

some special cases, but should not exceed pH 8.  

6. Additives, such as enzymes, salts or surfactants, can be used in specific cases, but the use of 

organic solvents should be avoided.  

Dissolution medium 

The choice of a dissolution medium is one of the most important parts of dissolution testing. 

The choices range from very simple to complex solutions, depending on the drug or the product. 

The pH in the human digestive tract varies a lot. It begins with the saliva, where the pH is 

between 6.5-7.5. After that, the drug enters the upper portion of the stomach with a pH between 

4.0-6.5. This is where the “predigestion” occurs. The lower portion of the stomach  secretes 

hydrochloric acid (HCl) and pepsin with a pH between 1.5-4.0. After the stomach, the drug 

enters the duodenum (small intestine), where the pH changes to 7.0 – 8.5. This is where 90% 

of the absorption of nutrients is taken in by the body, while the waste products are passed out 

through the colon (pH is between 4.0-7.0). 

In order to imitate the fluid present in the GI tract, the medium has to be physiological or bio-

relevant (water or water based). Medium such as potassium or sodium hydroxide solutions are 

not appropriate because of their high pH levels that are not found in the GI tract. Table 3-5 

gives an overview of the proposed dissolution medium by USP, for both gastric and intestinal 

fluids. 
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Table 3-5: Proposed dissolution medium by USP. 

Medium Proposed Composition 

0.1N hydrochloric acid 
3.636 g of HCL, corresponding to 8.3 ml hydrochloric acid 

37% (m/m) per 1000 mml of aqueous solution 
Buffer solution pH 4.5 Acetate buffer solution pH 4.5: 

2.99 g of sodium acetate trihydrate and 1.66 g of glacial 
acetic acid are dissolved in water to 1000 ml 

 
Phosphate buffer solution pH 4.5: 

13.61 g of monobasic potassium phosphate are dissolved in 
750 ml of water. After adjusting the pH to 4.5 with 0.1 N 

hydrochloric acid or 0.1N sodium hydroxide, water is added 
to make 1000 ml 

Simulated intestinal fluid 
without pancreatin pH 7.5 

250 ml of a solution containing  
6.8 g of monobasic potassium phosphate 

+ 190 ml of 0.2N sodium hydroxide 
+ water to make 1000 ml 

0.05M phosphate buffer 
solution of pH 5.8 to 8.0 

50 volumes of 0.2M monobasic  
potassium phosphate solution 

+ specified volume of 0.1N sodium hydroxide * 
+ water to 200 volumes 

Table 3-5 (continuation) * 

pH 5.8 6.0 6.2 6.4 6.6 6.8 7.0 7.2 7.4 7.6 7.8 8.0 

NaOH 

(volumes) 

3.6 5.6 8.1 11.6 16.4 22.4 29.1 34.7 39.1 42.4 44.5 46.1 

 

3.3.3.3 Vitamin D3 dissolution testing 

The drug dissolution tests were performed only for vitamin D3, not for vitamin K3. Vitamin K3 

was only used as a model substance in this research, so the main focus was on the active 

substance, vitamin D3. 

Finding a proper dissolution medium for vitamin D3 was a huge task and a challenge for our 

research group. In the first trial, the dissolution testing was performed with a phosphate buffer 

solution (PBS) with a pH value of 6.8. Even though various portions and quantities of vitamin 

D3 were used, none of them resulted in dissolution in PBS, since it is practically insoluble in 

water. Therefore, another dissolution medium for vitamin D3’s dissolution had to be found. 

After extensive research, it was found that the USP recommendations are not applicable for fat-
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soluble vitamins, as stated in “Disintegration and dissolution of dietary supplements”, given by 

the USP. However, another recommendation was given by the FDA [165]. Here, the suggested 

dissolution medium for vitamin D3 is a 0.3% solution of sodium dodecyl sulphate surfactant in 

milli-Q water. The measured pH of the 0.3% SDS solution was 7.3, which represents the pH 

value of the lower gastrointestinal tract, where the adsorption of vitamin D3 occurs. 

The USP 1 apparatus (Agilent Technologies 708-DS Dissolution Apparatus) was used for the 

dissolution studies (Fig. 3-8). The whole apparatus was protected from light by using 

aluminium foil. Weighted alginate aerogels (50 mg) were placed within a cylindrical basket. 

The basket was immersed in a vessel containing 900 ml of 0.3% SDS in milli-Q water. The 

temperature of the solution was kept constant at 37 ± 0.1̊ C. The solution was left under stirring 

for 24 h at a stirring speed of 75 rpm. Aliquots of 2 ml were withdrawn and subjected to a drug 

assay by LC-MS to determine the vitamin’s concentration. The removed dissolution medium 

was replaced with the same amount of the fresh SDS solution. The released amount of vitamin 

D3 was plotted against time. All LC-MS experiments were performed in triplicate. 

 

Figure 3-8: USP 1 apparatus (Agilent Technologies 708-DS Dissolution Apparatus). 

3.3.3.4 The kinetics of vitamin D3 release 

The kinetic curves were obtained while performing in-vitro dissolution testing. These kinetic 

curves, which present dissolution profiles, can be fitted into various mathematical models. The 
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following mathematical models were applied for fitting the data: Zero order model (Eq. (8)), 

First order (Eq. (9)), Higuchi (Eq. (10)), Hixson-Crowell (Eq. (11)), Krosmeyer-Peppas (Eq. 

(12)) and Baker-Lonsdale (Eq. (13)). 

In these equations, �� is the initial concentration of the drug; �;  is the concentration of the drug 

at time 2; �B is the concentration of the drug at an infinite time; ) is the release rate constant; 

/ is the release exponent, and 2 represents time. 

Zero order model 

The Zero order model describes drug dissolution from dosage forms that do not disaggregate 

and release the drug slowly. This model is used to describe the drug dissolution of several types 

of modified release pharmaceutical dosage forms, such as transdermal systems, matrix tablets 

with low soluble drugs in coated forms, and osmotic systems [166]. The release of a drug 

following zero order kinetics can be expressed by this equation: 

�� − �; = )2                                                                                                                                 (8) 

First order model 

The First order model has been used to describe the absorption and/or elimination of drugs. On 

a theoretical basis, this mechanism is difficult to conceptualize. It is used to describe drug 

dissolution in pharmaceutical dosage forms, such as water-soluble drugs in porous matrices 

[166]. The release of the drug following first order kinetics can be expressed by this equation: 

log �; = log �� −
&;

A.D�D
                                                                                                                  (9) 

The simplified Higuchi model 

The Higuchi model is based on a few assumptions: initial drug concentration in the matrix is 

higher than drug solubility, drug diffusion occurs only in one dimension, drug particles are 

smaller than system thickness, matrix swelling and dissolution rate are negligible, drug 

diffusivity is constant, and perfect sink conditions are attained in the release environment. This 

model is used to describe drug dissolution from several types of modified release 

pharmaceutical dosage forms, such as water soluble drugs from transdermal systems and matrix 
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tablets [166]. The release of the drug following the simplified Higuchi model can be expressed 

by this equation: 

�; = )2�/A                                                                                                                                            (10) 

The Hixson-Crowell model 

The Hixson-Crowell model describes the release from systems, in which a change in surface 

area and the diameter of particles or tablets occurs. This model is used for pharmaceutical 

dosage forms, such as tablets. The dissolution occurs in planes that are parallel to the drug 

surface, if the tablet dimensions diminish proportionally. The initial geometrical form stays 

constant the whole time [166]. The release of the drug following the Hixson-Crowell model can 

be expressed by this equation: 

��
�/D − �;

�/D = )2                                                                                                                                (11) 

The Korsmeyer-Peppas model 

The Krosmeyer-Peppas model describes drug release from a polymeric system. This model is 

generally used to analyse the release of pharmaceutical polymeric dosage forms when the 

release mechanism is not well known or when more than one type of phenomena could be 

involved [166]. The release of the drug following the Krosmeyer-Peppas model can be 

expressed by this equation: 

�<
�E

= )2.                                                                                                                                             (12) 

The Baker-Lonsdale model 

The Baker-Lonsdale model was developed from the Higuchi model and describes drug release 

from spherical matrices. This model was used to linearize the release data from several 

formulations of microcapsules or microspheres [166]. The release of the drug following the 

Baker-Lonsdale model can be expressed by this equation: 

D
A [ 1 − G1 − �<

�E
H

>
I] �<

�E
= )2                                                                                                                     (13) 
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Sigma Plot software was employed for fitting the data obtained from the dissolution profiles. 

Plots for all mathematical functions were performed, and the coefficient for determining the fit 

(R2) was calculated. The choice of model was not limited only by the R2 value, but by the type 

of system as well. 
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4 Results and Discussion 

4.1 The production of alginate aerogels 

The method for the preparation of alginate aerogels had already been invented and used before 

[67]. Firstly, alginic acid sodium salt was dissolved in distilled water at a concentration of 2% 

(w/w) at room temperature. The alginate aqueous solution was then dropped into a 2% (w/w) 

CaCl2 solution, which in this case played the role of a crosslinking agent. The spherical 

hydrogels were formed just as the alginate solution was dropped with a needle into a solution 

of CaCl2. The obtained hydrogel spheres were cured in a salt solution for 1 h. Afterwards, the 

dehydration of hydrogels was performed by immersion within a series of successive ethanol-

water baths with increasing ethanol concentrations (10, 30, 50, 70, 90 and, finally, absolute 

ethanol). In the final step, the alginate alcogel spheres were dried in scCO2 conditions. The 

extraction of ethanol was performed at 40˚C and three different pressures: 100, 120 and 150 

bars. The scCO2 extraction flow was 200-300 L/h. Approximately 6 hours were needed to 

remove all of the ethanol from the alcogels, and dried aerogels were obtained as the end 

products, presented in Fig. 4-1. The diameter of these spheres was approximately 2 mm. 

 

 

Figure 4-1: Alginate aerogels obtained after supercritical drying. 

 

As mentioned, the alginate aerogels were dried using three different pressures: 100, 120 and 

150 bars, and a temperature of 40˚C. The influence of different pressures on the end structure 

was examined. The following textural properties were determined by gas adsorption, with N2 

as the adsorptive gas: specific surface area, pore volume and pore diameter. Table 4-1 shows 

the changes in values for the textural properties with the change of pressure. 
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Table 4-1: Specific surface areas, pore volumes and pore diameters of alginate aerogels 
dried under different pressures: 100, 120 and 150 bar, and a temperature of 40˚C. 

Supercritical 
drying 

pressure, bar 

SBET, m2/g Vm, cm3/g D, nm 

100 400 0.79 10.7 

120 430 0.86 10.5 

150 425 0.84 10.9 

 

The results indicate that different pressures influence all textural properties of alginate aerogels. 

In the case of specific surface areas, pressures of 120 and 150 bar at 40˚C gave similar values 

for specific surface area, with a difference that fits experimental error, but compared to the one 

obtained under 100 bar at 40˚C, slightly higher. At higher pressures the solvent power of scCO2 

increases, causing higher solubility of the ethanol and better conditions for its extraction. This 

is why all the alginate aerogels prepared later for the impregnation experiments with vitamins 

were supercritically dried at 120 bar and 40˚C. 

Other textural properties, pore volumes, and pore diameters also show a slight change in values 

caused by the pressure change. Recently, researchers have been questioning whether these 

values determined by the BJH method are fully correct and correspond to the network of 

aerogels determined by SEM. During the latest conference on aerogels (Third international 

seminar on aerogels, September 2016, Sophia Antipolis, France), a debate concerning these 

values took place. Further on, by searching through literature, it was found that many authors 

had difficulty concerning the same issue and reported that the BJH method was not a good 

method for characterisation when it comes to polysaccharide aerogels. Namely, structural 

changes in the N2 pressure during the measurements resulted in some errors in pore diameter 

and volume values [167]. 

The N2 adsorption/desorption isotherms of all the alginate aerogels were determined and are 

shown in Fig. 4-2. From the shape of the curves, it is evident that all isotherms can be classified 

as type IV isotherms (Fig. 3-1), which are characteristic for mesoporous materials. Therefore, 

at this point it could be concluded that all alginate aerogels prepared in our laboratory were 

mesoporous materials.  
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Figure 4-2: N2 adsorption-desorption isotherms of alginate aerogels at -196˚C. 

 

The formation of the adsorption hysteresis is also typical for this type of isotherm. It is known 

that there is a correlation between the shape of the hysteresis loop and the texture of the sample 

(pore size distribution, pore geometry, and connectivity) of mesoporous materials. A 

classification of hysteresis loops was given by IUPAC and is shown in Fig. 4-3. 

Type H1 is usually characteristic for porous materials with well-defined cylindrical pore 

channels or agglomerates of approximately uniform spheres. Type H2 is characteristic for 

materials with disordered distribution of pore size and shape. Type H3 is characteristic for 

materials that have slit-shaped pores. This type of isotherm does not show limited adsorption, 

which is present in non-rigid aggregates. Type H4 is often associated with materials containing 

narrow slit pores [168]. By comparing Figs. 4-2 and 4-3, it can be concluded that alginate 

aerogels belong to the type of isotherms with type H1 hysteresis. 
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Figure 4-3: The relationship between pore shape and adsorption-desorption isotherms. 

 

4.2 High pressure impregnation of vitamins K3 and D3 at 40̊ C 

4.2.1 Thermodynamic and kinetic behaviour 

After the synthesis of alginate aerogels, in the next step they were impregnated with one of the 

vitamins: vitamin K3 or vitamin D3. In Fig. 4-4 a comparison between empty alginate aerogels 

and alginate aerogels impregnated with one of the vitamins is shown. By impregnating vitamins 

into aerogels, their colour changes from white to yellow in the case of vitamin D3, or dark red 

in the case of vitamin K3. 

  



High pressure impregnations of fat-soluble vitamins into polysaccharide aerogels 
  

61 
 

 

Figure 4-4: Empty alginate aerogels (white), alginate aerogels impregnated with vitamin D3 
(yellow) and alginate aerogels impregnated with vitamin K3 (dark red). 

 

In order to understand and optimise the process of supercritical impregnation of these vitamins, 

a detailed study of their thermodynamic behaviour was performed as the first step. 

The results from the supercritical impregnation process are presented in the form of adsorption 

isotherms. Equilibrium adsorption isotherms show the amounts of the vitamins that can be 

impregnated by alginate aerogels. They are essential for the accurate designing and modelling 

of the supercritical impregnation process. These isotherms reflect the differences between the 

affinities of the vitamins for the adsorbent (alginate aerogels) and for the fluid phase (scCO2). 

They also indicate that there is a limit regarding the vitamins’ impregnation loadings into the 

aerogels. The maximum concentrations of the vitamins are limited by their solubilities in 

scCO2. Nonetheless, knowledge of the complex mechanism that involves interactions between 

the solute (vitamins K3 and D3) and the mobile phase (scCO2) is important for the optimisation 

of the process. 

The solubility of vitamins K3 and D3 have already been measured by two different authors, and 

the results are presented in Tables 3-2 and 3-4, respectively. In short, they are in the same orders 

of magnitude (a few grams per kg of scCO2). Vitamin K3’s solubility, however, is a few times 

higher than that of vitamin D3 for the given conditions. 

As mentioned, the supercritical impregnation experiments were performed using a model 

substance, vitamin K3 and an active substance, vitamin D3. The concentration range for the 

vitamins was chosen so that only unsaturated solutions of vitamins were formed. By this means, 

crystallisation of the vitamins is avoided. In one of her earlier studies, Smirnova et al. [101] 

explained that the crystallisation of the substance takes place when its concentration exceeds 

the saturation point. The formation of crystals in the pores of the aerogels may affect their 
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porous structure, which is a highly undesirable phenomenon. Therefore, it is important and 

crucial to stay below the saturation concentration of the substance to avoid crystallisation. 

A few sets of experiments were performed to evaluate the adsorption isotherms in terms of 

different pressures and impregnation times. Firstly, the influence of pressure was investigated. 

The experiments were performed at 40˚C and two different pressures: 150 and 200 bars. These 

are the conditions for which the solubility of both vitamins was already measured. Therefore, 

two different adsorption isotherms for both vitamins were obtained at the given conditions: 

40̊ C and 150 bar, and 40˚C and 200 bar, and are presented in Figs. 4-5 and 4-6, respectively. 

The supercritical impregnation process was held for 24 h to ensure that the vitamins were 

completely dissolved and the equilibrium was reached. The temperature of 40˚C was chosen 

knowing that vitamin D3 is highly sensitive to elevated temperatures. Going below the 

temperature of 31̊C at this point was not possible because CO2 would not be in its supercritical 

state anymore. 
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Figure 4-5: Adsorption isotherm for vitamin K3 at 40˚C (24 h), and 150 and 200 bar.            
Data obtained at 150 bar was fitted to the Langmuir model. 
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Figure 4-6: Adsorption isotherm for vitamin D3 at 40˚C (24 h), and 150 and 200 bar;         
Data obtained at 150 bar was fitted to the Langmuir model. 

 

The tendency of both curves is the same, as is evident from the given figures. The amounts of 

the impregnated vitamins (#�) increase with the increase of their concentrations in scCO2 (��). 

It is also obvious that different concentration ranges were used in the case of vitamin K3 (3.5-

35.5 mmol/lCO2) and vitamin D3 (0.4-4.1 mmol/lCO2). Lower concentrations were used for 

vitamin D3, because the therapeutic dose is very low (15-25 µg/day). Namely, all investigated 

concentrations fulfilled the recommended daily dosage requirements, so there was no need to 

further increase its concentration.  

When the values of the amounts of impregnated vitamins are recalculated to the loadings, the 

following remarks are intended. Namely, the loadings for vitamin K3 increase from 6.04% 

(#�=0.352 mmol/gaerogel) to 16.0% (#�=0.928 mmol/gaerogel), and for vitamin D3 they increase 

from 3.03% (#�=0.079 mmol/gaerogel) to 10.8% (#�=0.281 mmol/gaerogel). Furthermore, when 

comparing adsorption isotherms for vitamin K3 and vitamin D3 obtained at 150 and 200 bars 

and 40˚C, the amount of impregnated vitamin K3 was higher than the amount of vitamin D3. 

The concentration range used in the case of vitamin K3 was higher compared to vitamin D3, 

owing to the higher solubility of vitamin K3 in scCO2. However, for the same starting values of 

both vitamins and aerogels, higher loading was achieved in the case of vitamin D3, 8.06%, 
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compared to vitamin K3, 6.04%. Vitamin K3 has a higher solubility in scCO2. This means that 

more of vitamin K3 is dissolved in scCO2 compared to vitamin D3, but in the same time, more 

of it is extracted during the depressurising step, so the loadings are lower for the same values 

compared to vitamin D3. 

Furthermore, when comparing adsorption isotherms obtained at 150 and 200 bars for both 

vitamins K3 and D3, it is obvious that the pressure change did not have any significant influence 

on the vitamins’ final loadings. 

One more thing should be taken into consideration: the competitive adsorption of CO2 and the 

vitamins’ molecules into the alginate aerogels. When the system is depressurised, CO2 

molecules desorb and, therefore, only traces of it remain in ambient pressure [101]. After the 

depressurising step, the prepared samples were measured to check the mass of alginate aerogels. 

Since the mass was constant and had not decreased, it could be concluded that all of the CO2 

was vented out during the depressurising step. 

An investigation of thermodynamic behaviour in the form of adsorption isotherms is not enough 

to completely understand the supercritical impregnation of these vitamins into alginate 

aerogels. For that purpose, the kinetic behaviour (kinetics) of both vitamin K3 and D3’s 

impregnation on alginate aerogels was examined. Since a higher pressure of 200 bar did not 

show any improvement in terms of overall vitamin loading, for the investigation of kinetics of 

impregnation, lower pressure of 150 bar was used. Furthermore, one concentration was fixed 

for different time intervals. In this case, used mass ratio of vitamins K3 or D3 to alginate aerogels 

was 1:5. The data was obtained by determining the impregnated concentrations of the vitamins 

after various time intervals (1, 2, 4, 8, 16 and 24 h). Fig. 4-7 shows the dependence of the 

vitamin’s concentration on the time interval. 

It is easy to see that the concentrations of both vitamins gradually decreased between the 1st and 

24th hour, and the higher loadings were achieved after only 1 h of impregnation, compared to 

24 h. When dealing with kinetic behaviour, many studies have shown the exact opposite 

behaviour. Under normal circumstances, the concentrations of drugs (loadings) should increase 

over time, as presented in Fig. 4-8. A longer time interval provides more time for the dissolution 

of the drug and, therefore, higher loadings until after a certain period a plateau is reached and 

maximum loading of the drug is achieved. 
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Figure 4-7: The kinetics of vitamin K3 and vitamin D3’s impregnation at 40˚C and 150 bar. 
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Figure 4-8: A representation of the theoretical kinetic curve. 
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On the other hand, in the case of fat-soluble vitamins K3 and D3 a longer time in the supercritical 

state did not provide higher loadings. The detected amounts of both vitamins gradually 

decreased with longer time intervals. The decreasing trend of the kinetic curves indicates that 

some degradation occurs in the system. The cause is probably the fat-soluble vitamins’ high 

sensitivity to higher temperatures (in this particular case 40˚C) and their degradation caused by 

exposure. The longer they stayed under the temperature of 40˚C, the more they degraded, and, 

therefore, their detected concentrations were lower. It is possible that because of their high 

solubility in scCO2 these two vitamins completely dissolve within a short period of time 

(approx. 1 hour) reaching their maximal loading, and after that they start to degrade, causing a 

decrease in their concentrations. 

When observing the kinetic curves in Fig. 4-7, one can note a slight difference in the behaviour 

of these two vitamins. Vitamin D3 showed to be more sensitive compared to vitamin K3. The 

detected concentrations of vitamin D3 gradually decreased immediately from the 1st hour of 

impregnation, and as the process protracted, the concentrations decreased even more. Vitamin 

K3 showed a slower decreasing trend compared to vitamin D3. The detected concentrations of 

vitamin K3 during the first 8 hours of impregnation were similar, not increasing and not 

decreasing. This testifies that probably due to the high solubility in scCO2 maximal loading was 

achieved after only a short time and it was kept constant for a while. However, from the 8th hour 

onwards, the concentration started to decrease, showing that degradation was present. 

Since the main focus of this doctoral dissertation is on vitamin D3, all further experiments were 

performed only with vitamin D3. The model substance, vitamin K3 shows similar behaviour to 

vitamin D3, however each drug behaves its own way and has its own individual characteristics. 

On the other hand, vitamin D3 and vitamin K3 showed similar thermodynamic and kinetic 

behaviour, which means that it is possible to apply the process of supercritical impregnation 

into alginate aerogels to all fat-soluble vitamins and, thus, extend the study.  

The kinetic curves were obtained for one concentration or fixed vitamin to the alginate aerogels’ 

mass ratio. In the next step, the adsorption isotherm for vitamin D3 was obtained at 40˚C and 

150 bar in order to observe its thermodynamic behaviour after only 1 hour of impregnation. 

This isotherm was then compared to the one obtained at 40̊C and 150 bar after 24 hours and 

presented in Fig. 4-9. The same concentration ranges were used in both cases. 

As shown, the amount of impregnated vitamin D3 (#�) increases with the increase of its 

concentration in scCO2 (��), in the same manner after 1 hour and 24 hours. As confirmation of 
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the obtained kinetic curve, higher loadings were achieved within the impregnation time of only 

1 h, ranging from 5.19% to 20.05%, compared to the ones obtained after 24 h, ranging from 

3.03% to 10.8%. It is most likely that this vitamin, owing to its high solubility in scCO2, 

dissolves and impregnates within the 1st hour. Later on, the longer it stayed under the elevated 

temperature, the more it degraded.  
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Figure 4-9: Adsorption isotherm for vitamin D3 at 150 bar and 40˚C and after 1 and 24 h; 
Data obtained at 1 h was fitted to the Langmuir model. 

 

4.2.2 Modelling of adsorption isotherms and the kinetics of impregnation 

After the investigation of thermodynamic and kinetic behaviour, the results obtained (in the 

form of adsorption isotherms and kinetic curves) were fitted into different mathematical 

models. First of all, according to the Giles classification presented in Fig. 4-10, the adsorption 

isotherms obtained belong to type L (“Langmuir” type) subtype 2. The isotherms show high 

initial slopes that decrease as the vitamins’ concentrations in scCO2 increase. The slopes are the 

result of the vitamins’ high affinity towards alginate aerogels at low vitamin concentrations. As 

the surface available for adsorption decreases, the slopes also decrease. 
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Figure 4-10: System of Giles isotherm classification [169]. 

 

The adsorption isotherms were fitted using both Langmuir and Freundlich type models. The 

Langmuir model is one of the simpler models used for describing monomolecular layer 

adsorptions (physical and chemical). On the other hand, the Freundlich model is an empirical 

model applied for non-ideal adsorption as well as multilayer adsorption. The adsorption model 

parameters for both models are listed in Table 4-2. 

 

Table 4-2: Adsorption model parameters for vitamin K3 and vitamin D3 by the Langmuir and 
Freundlich models (40˚C, 150 bar). 

Vitamin  Time, h Langmuir Freundlich 

  qmax K l R2 K f n R2 

K3 24 1.1220 0.1490 0.992 0.2973 2.9784 0.959 

D3 24 0.4318 0.4956 0.988 0.1414 1.8936 0.968 

 1 0.8119 0.5038 0.991 0.2642 1.8382 0.980 

 

When comparing the R2 coefficients, it is clear that better concurrence in all cases, vitamin K3 

and vitamin D3 (after 1 or 24 hours of impregnation), was achieved with the Langmuir model. 
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This indicates the occurrence of monomolecular layer adsorption of fat-soluble vitamins into 

alginate aerogels. 

On the other hand, the kinetics of vitamin K3 and D3’s impregnation into alginate aerogels is a 

more complex phenomenon. The concentrations of vitamins gradually decreased between the 

1st and 24th hour, indicating that degradation occurs. Therefore, the experimental data was fitted 

with the pseudo-second-order kinetic model, here applied for describing the vitamins’ 

degradation. As seen in Fig. 4-11, 2 #;⁄  varies linearly with time, confirming the suitability of 

the chosen model for describing the degradation of vitamins K3 and D3.  
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Figure 4-11: Pseudo-second-order kinetic plot for vitamins K3 and D3 on alginate aerogels;     
R2 (K3) = 0.9975, R2 (D3) = 0.9981. 
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4.2.3 Characterisation of impregnated aerogels 

4.2.3.1 Fourier transform infrared spectroscopy 

Fourier transform infrared spectroscopy was applied to identify and quantify vitamin D3 

impregnated into alginate aerogel samples. Figs. 4-12 and 4-13 show the FTIR spectra of 

vitamin D3 and the alginate obtained as KBr dispersions. 

 

Figure 4-12: FTIR spectra of vitamin D3 (Sigma Aldrich). 

 

 

Figure 4-13: FTIR spectra of the alginate (Sigma Aldrich). 

 

To confirm the data from the literature, FTIR spectra of pure vitamin D3 and empty alginate 

aerogels but also aerogels impregnated with different quantities of vitamin D3 were measured 

using another ATR method. All these spectra are presented in Fig. 4-14. 
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Firstly, spectra of vitamin D3 (Fig. 4-14a) was compared to the one found in literature (Fig. 4-

12), since it was determined with another method. Evidently, these two spectra are the same. In 

both cases, the spectra show the presence of an alkane H peak at 2900 cm-1. The peak found at 

3400 cm-1 is indicated by the hydroxyl group, while the ones at 1600 cm-1 by the alkenes. 

Secondly, both the empty and the impregnated alginate aerogels spectra (Fig. 4-14b, 4-14c and 

4-14d) show characteristic peaks for sodium alginate (Fig. 4-13). The broad peak at 3400 cm-1 

represents the hydroxyl groups. The bands at 1600 and 1400 cm-1 present asymmetric and 

symmetric stretching of the carboxyl groups. A sharp peak at 1000 cm-1 is there because of the 

C-O groups of the saccharide structure.  

Thirdly, by analysing the spectra of the alginate aerogels impregnated with vitamin D3 (Fig. 4-

14c and 4-14d) it can be seen that most of the characteristic peaks overlap with those of sodium 

alginate. The exception is the peak form alkane H at 2900 cm-1, visible in both spectra. The 

intensity of the peak increases as the amount of the impregnated vitamin increases. These 

observations indicate a clear correlation between the spectra and the amount of impregnated 

vitamin D3. 

 

Figure 4-14: FTIR spectra: a) vitamin D3, b) empty alginate aerogel, c) alginate aerogel 
impregnated with 0.052 gVD3/gaerogel, d) alginate aerogel impregnated with 0.201 gVD3/gaerogel. 
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4.2.3.2 Scanning electron microscopy 

Scanning electron microscopy images were used as a tool for understanding the structure of 

alginate aerogels, as well as the structural changes caused by the supercritical impregnation of 

vitamin D3. With this technique it is possible to determine the morphology of the alginate 

aerogels and alginate aerogels impregnated with vitamin D3. -1 

a) 

 

b) 

 

c) 

 

 

Figure 4-15: Morphology of the interior of alginate aerogels with and without impregnated 
vitamin D3 (150 bar, 40˚C, 1 h of impregnation): a) empty alginate aerogel, b) alginate 
aerogel impregnated with 0.052 gVD3/gaerogel, c) alginate aerogel impregnated with 0.201 

gVD3/gaerogel. 
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Fig. 4-15 shows the morphology of empty alginate aerogels (a), alginate aerogels with a lower 

quantity of the vitamin, (b) and alginate aerogels with a higher quantity of the vitamin (c). In 

all three cases, the alginate aerogels proved to have highly porous structures. The samples are 

morphologically similar. However, some differences are visible in the structures of empty and 

impregnated aerogels. These differences may be caused by the depressurisation step after the 

vitamin’s impregnation. Namely, after the synthesis aerogels were pressurised and 

depressurised for the second time during the supercritical impregnation process. The second 

pressure release could have a slight effect on the structure of the aerogels and cause small 

changes in their internal structure but not in their chemical composition. These differences are 

visible by comparing Fig. 4-15a with Fig. 4-15b and 4-15c. 

4.2.3.3 X-ray diffraction 

X-ray diffraction was used for estimating the aggregate state of vitamin D3, empty alginate 

aerogels and alginate aerogels impregnated with vitamin D3. The corresponding XRD patterns 

are shown in Fig. 4-16. 

At first vitamin D3 was analysed in its powder form. The XRD pattern for vitamin D3 (Fig. 4-

16a) shows several diffraction peaks, which is characteristic for the crystalline form. This 

means that vitamin D3 in its powder form is in a crystalline state, which was expected. 

Furthermore, the empty alginate aerogel was analysed. The XRD pattern for alginate aerogel 

(Fig. 4-16b, black line) does not show any diffraction peaks, which is characteristic for an 

amorphous aggregate state. When it comes to the alginate aerogel impregnated with vitamin D3 

(Fig. 4-16b, red line), the XRD pattern is similar to the one of the empty alginate aerogel, again 

characteristic for an amorphous aggregate state. Contrary to the one in powder form, 

impregnated vitamin D3 is in an amorphous state, according to XRD patterns. After the 

dissolution and impregnation by CO2, and together with impregnation into amorphous carriers, 

the aggregate state of vitamin D3 changes from crystalline to amorphous. Furthermore, the XRD 

pattern for impregnated alginate aerogel is moved slightly to the right compared to that of an 

empty aerogel, which is a consequence of its vitamin D3 content. 
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             a) 

 

 

             b) 

 

Figure 4-16: X-ray patterns for a) vitamin D3 and b) empty alginate aerogel and alginate 
aerogel impregnated with vitamin D3. 
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4.2.4 In vitro dissolution tests 

Since the carrier was synthesised, and loading with the active substance was performed 

afterwards, the application of the developed product should be tested as the last and final step. 

For that purpose, in vitro dissolution testing was applied for vitamin D3 loaded alginate aerogels 

to investigate the release profiles. By this means, a simulation of vitamin D3’s release in the 

intestinal tract was performed. These tests, however, were not applied for vitamin K3, since this 

vitamin is not a recommended nutritional supplement and shows toxic effects. 

The release experiments of vitamin D3 were performed in a solution of 0.3% SDS in milli-Q 

water as a dissolution medium. This solution was chosen as a dissolution medium following the 

recommendations of the FDA [165]. The measured pH value of the 0.3% SDS solution was 7.3, 

representing the pH value of the lower gastrointestinal tract where the adsorption of vitamin D3 

occurs. 

In vitro dissolution tests were performed for both crystalline vitamin D3 and vitamin D3 

impregnated into alginate aerogels, and the results obtained are presented in Fig. 4-17. 
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Figure 4-17: Release kinetics of crystalline vitamin D3 and vitamin D3 from alginate aerogels 
impregnated at 150 bar and 40˚C. 
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Firstly, the white circles present the experimental points for crystalline vitamin D3, and clearly 

it is shown to be practically insoluble in the given dissolution medium. On the contrary, the 

dissolution and release rate of vitamin D3 from alginate aerogels was significantly improved. 

Up to twenty times greater concentrations were detected than in the case of the crystalline drug, 

with approximately the same starting concentrations in both cases. This also means that the use 

of hydrophilic alginate aerogels as carriers promotes the faster release of vitamin D3. 

Spherical alginate aerogels have previously been used for their application in the drug delivery 

of hydrophilic drugs, where the incorporation of the drug was performed through sol-gel 

synthesis. In the first example, Veronovski et al. [80] used spherical calcium crosslinked 

alginate aerogels as carriers for nicotinic acid. 75% of the drug was released in 5 min. However, 

by adding membranes to the basic core, the process of drug release was slowed down, and a 

controlled release of the drug was achieved. In another study, Tkalec et al. [81] encapsulated 

diclofenac sodium into calcium crosslinked alginate aerogels. Around 90% of the drug was 

released within the first hour, showing that this formulation is more appropriate for immediate 

release dosage forms. Nonetheless, in both studies the drugs used were hydrophilic, with 

hydrophilic carriers. That led to a burst release. On the other hand, by using these hydrophilic 

carriers, the solubility of practically insoluble drugs could potentially be improved obviously 

from the results (Fig. 4-17). 

The release behaviour of drugs from aerogels is influenced by two factors: 

1. The nature of the carrier (alginate aerogels); 

2. The solubility and permeability of the drug (vitamin D3) within the dissolution medium.  

Alginate aerogels are hydrophilic: soluble in alkali and insoluble in acids. Therefore, they will 

easily collapse in water (0.3% SDS). Namely, the water enters the pores causing capillary forces 

and, thus, the collapse of the aerogel structure. The water surrounds the molecules of 

impregnated vitamin D3 in an amorphous state, thus providing the possibility for faster 

dissolution. On the contrary, in the case of crystalline vitamin D3 the crystals should be 

destroyed prior to dissolution. This caused a 20 times higher solubility of vitamin D3 in its 

amorphous state than in crystalline. 

The alginate aerogels showed a sustained release for up to 6 h. The maximal released 

concentration of vitamin D3 after 6 h was 2.3 µg/ml, which corresponded to 41.64 µg per 1 mg 
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of alginate aerogel. As the therapeutic dose of vitamin D3 is up to 25 µg, it is possible to prepare 

a 0.60 mg alginate aerogel tablet containing the therapeutic dose of vitamin D3. 

Vitamin D3 release curves were further fitted into the various mathematical models (Zero order, 

First order, Higuchi, Hixson and Crowell, Korsmeyer-Peppas and Beker-Lonsdale). The 

coefficients of determination of the fit for all models were low:  

R2 (Zero order) = 0.9633, 

R2 (First order) = 0.9615,  

R2 (Higuchi) = 0.7922,  

R2 (Hixson and Crowell) = 0.9614,  

R2 (Korsmeyer-Peppas) = 0.9619,  

R2 (Beker-Lonsdale) = 0.7911.  

None of these models was used to describe the possible mechanism of release. For these specific 

conditions, a special model would need to be developed. 

4.3 High pressure impregnation of vitamin D3 at temperatures 
below 40̊C 

4.3.1 Supercritical impregnation 

While investigating the kinetics of impregnation at 150 bar and 40˚C, a reverse shape of the 

kinetic curve was obtained (Fig. 4-7). The concentration of vitamin D3 gradually decreased over 

a period of 24 hours. Thus, the concentration achieved after 1 hour of impregnation was higher 

compared to the one after 24 hours. The assumption behind the unusual behaviour of vitamin 

D3 was its high sensitivity to elevated temperatures. The longer the vitamin stayed under a 

temperature of 40˚C, the more it degraded, and, therefore, the concentrations measured were 

lower. The reverse shape of the curve served as the idea for lower temperature impregnations 

as a way to reduce or completely avoid the degradation of vitamin D3. 

The kinetic behaviour was monitored for a period of 24 hours, in the same manner as before. 

Firstly, a few experiments were performed at 150 bar and 35̊C, to investigate whether a change 

of 5̊ C had any influence on the end result. The results were compared with the ones obtained 
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at 150 bar and 40˚C, and their comparison is given in Fig. 4-18. The vitamin D3 to alginate 

aerogels mass ratio for the given conditions was 1:5. This concentration of the vitamin was 

chosen so that an unsaturated solution was formed. In this way, crystallisation of the vitamin 

was avoided. 
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Figure 4-18: The kinetics of vitamin’s D3 impregnation at 150 bar and 35˚C and 40˚C. 

 

As shown, in the case of impregnation at 35˚C, higher loadings were achieved compared to 

their equivalents at 40˚C. This could mean that at 35˚C, vitamin D3 is more stable, resulting in 

higher loadings compared to 40˚C. Additionally, the density of CO2 is higher at 35̊C compared 

to 40̊C and might have resulted in higher solubility of the vitamin in those conditions. All of 

the density data were taken from the National Institute of Standards and Technology (NIST) 

and are given in Table 4-3. However, higher loadings were achieved after 1 h than after 4 h, 

similar to the behaviour at 40˚C. This also means that vitamin D3 is not stable at 35˚C and 

degradation of the vitamin is still present. 
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Table 4-3: Data on the density of CO2 taken from NIST. 

Temperature, ˚C Pressure, bar Density, kg/m3 

40 150 780 

35 150 

120 

80 

815 

767 

419 

25 120 

80 

845 

777 

15 80 868 

5 80 934 

 

In the next step, lower pressure ranges were used to see whether the pressure change had any 

influence on the kinetic behaviour of vitamin D3. Pressures of 80 bar and 120 bar were used at 

a temperature of 35˚C. The dose requirements for vitamin D3 were easily achieved with a mass 

ratio of vitamin D3 to alginate aerogels of 1:5, but for these experiments the mass ratio was 

reduced to 1:10. The kinetic curves obtained are presented in Fig. 4-19. 
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Figure 4-19: Kinetics of vitamin’s D3 impregnation at 35˚C and 80 bar and 120 bar. 
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As presented, the kinetics of impregnation at different pressures differ. Firstly, at 120 bar and 

35 ̊ C the kinetic behaviour of vitamin D3 is very similar to its behaviour at 150 bar and 40˚C, 

and its densities are also similar in those conditions. The vitamin reaches its maximal 

concentration within the 1st hour of impregnation. After that, the concentration of the vitamin 

decreases, indicating that the degradation of the vitamin in the system occurs under the given 

conditions. Secondly, at 80 bar the vitamin needs more time, approximately 4 hours, to reach 

its maximal concentration. After that, the concentration starts to decrease, again testifying to 

degradation being present in the system. Apparently, at lower pressure ranges the vitamin’s 

solubility decreases, owing to a much lower density of CO2, and therefore, the vitamin needs 

more time in order to dissolve to reach maximal concentration. However, the problem of 

degradation remains in the system. 

4.3.2 Subcritical impregnation 

Since the previous findings led to the conclusion that degradation may be caused by elevated 

temperatures (40˚C and 35̊C), even lower temperatures were employed for the impregnation 

of vitamin D3 in the next step. 

The impregnation experiments were performed under conditions close to the critical point of 

carbon dioxide. Two pressures - 80 bar and 120 bar - and a temperature of 25˚C were employed 

to observe the kinetics of impregnation over 24 hours. The chosen conditions do not take up the 

area of the supercritical fluids anymore, except the subcritical liquid phase, which is below the 

supercritical region (Fig. 2-5). However, the depressurising step was performed from the 

supercritical region. When the depressurising step is performed from a supercritical state, the 

liquid-gas phase transition is avoided. The presence of liquid and gas, and their interface will 

cause the formation of capillary forces and the collapse of the porous network if the liquid is 

water or organic solvent. It is unknown whether this is the case with liquid CO2. For this 

purpose, at the end of the impregnation process, the temperature was increased to 35˚C for 5 

min to ensure that depressurisation was performed from the supercritical phase in order to avoid 

the liquid-gas phase transition. By raising the temperature, the pressure also increased to 120 

bar in the case of 80 bar, or to 170 bar in the case of 120 bar. The vitamin D3 to alginate aerogels 

mass ratio for the kinetic curves presented in Fig. 4-20 was 1:10, with unsaturated solutions of 

vitamin D3.  
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Evidently, liquid CO2 proved to be a feasible solvent and subcritical liquid impregnation a 

feasible technique for the entrapment of vitamin D3. When comparing kinetic curves at 80 bar 

and 25/35˚C, and at 120 bar and 25/35˚C, no significant difference is noticeable. Slightly higher 

loadings were achieved in the case of higher pressures, probably due to a slightly higher 

solubility based on slightly higher density of CO2 under those conditions. However, the shape 

of both curves was very similar. The concentration of vitamin D3 increased until maximal 

concentration was achieved, after which it started to decrease, indicating that degradation is still 

present in the system. 
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Figure 4-20: Kinetics of vitamin’s D3 impregnation at 25̊C with the depressurising step at 
35̊ C and 80 bar and 120 bar. 

 

Entrapping vitamin D3 using either supercritical or liquid CO2 was an easier task. However, 

keeping it stable over a longer time period appeared to be a huge challenge. As a way of 

overcoming the problem of degradation, another set of experiments was performed. For that 

purpose, a pressure of 80 bar was fixed, but the temperature was varied: 35˚C, 25̊C, 15̊C and 

5˚C. The kinetics of impregnation over a period of 24 hours for all these conditions was 

examined and the resulting kinetic curves are shown in Fig. 4-21. In all these cases, used ratio 
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of vitamin D3 and the alginate aerogels’ mass was 1:10, with unsaturated solutions of vitamin 

D3. 

Five different curves are visible in Fig. 4-21. The kinetic curves were obtained for the pressure 

of 80 bar and various temperatures: 35˚C, 25˚C, with a depressurising step from 35˚C, 25˚C, 

15˚C and 5˚C. The temperature of 25˚C was employed twice, and the only difference was in 

the depressurising step. In the first case, depressurising was performed from the supercritical 

state (35˚C) in the manner explained above, and in the second, from the liquid state (25˚C). In 

the case of the kinetic curve obtained at 35˚C, depressurising was performed from the 

supercritical state, while for the ones at 15˚C and 5˚C, from the liquid state. 
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Figure 4-21: Kinetics of vitamin’s D3 impregnation at 80 bar and different temperatures: 35, 
25/35, 25, 15 and 5˚C. 

 

The first thing to be noticed is that the impregnation of vitamin D3 was successful for all the 

temperature ranges used, from 35˚C to 5˚C. Evidently, kinetic curves obtained in the 

supercritical phase (35˚C) and in the liquid phase close to the critical point (25˚C, 25/35˚C) can 

be distinguished from those obtained in the liquid phase farther from the critical point (15˚C, 

5˚C).  
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First of all, by moving from 35˚C to 25˚C, slightly higher concentrations (loadings) were 

achieved within the first hours of impregnation. Nonetheless, after reaching the maximum, a 

decrease in concentration was detected with the still present degradation of the vitamin. 

However, the degradation slope at 25˚C, compared to 35˚C, was alleviated, indicating slower 

degradation and improved stability under those conditions, while moving from 25˚C to 15˚C 

and 5˚C, caused much lower concentrations (loadings) to be achieved. In the case of the kinetic 

curve obtained at 15˚C and 5˚C, degradation of the vitamin was significantly delayed after the 

8th hour. The degradation slope was even more alleviated than the one at 25˚C. For these 

conditions, the concentration of the vitamin increased with the time interval and the curve took 

on a shape more similar to the “normal” shape of a kinetic curve (Fig. 4-8). Furthermore, within 

the first hours the concentration of the vitamin varied more, owing to the still present mixing 

and equilibrium establishment in the autoclave. After the equilibrium was reached, the system 

was stabilized. 

Most importantly, all of the concentrations given by the kinetic curves in Fig. 4-21, are 

sufficient and fulfil the dosage requirements for vitamin D3. Even in the case of 15˚C and 5̊C, 

the concentrations achieved were much lower but still high enough for a therapeutic dosage. 

To summarize, vitamin D3 loadings were influenced by two distinct factors: its solubility and 

stability. The supercritical (35˚C) and liquid CO2 close to the critical point (25˚C) provided 

higher loadings compared to the liquid CO2 further from the critical point (15˚C and 5˚C), 

offering the possibility of achieving much higher loadings within a shorter period of 

impregnation time. However, using liquid CO2 resulted in lower loadings. Furthermore, under 

these conditions, the stability of the vitamin was improved with a noticeable alleviation of the 

degradation slope. By this means, the impregnation of temperature sensitive compounds will 

be possible and advantageous by applying liquid over supercritical CO2. Furthermore, similar 

behaviour was present for the supercritical CO2 and liquid CO2 close to its critical point. By 

using liquid CO2 and a temperature of 25˚C it is possible to achieve similar loadings for the 

same period of time compared to supercritical CO2. This would mean, that the significant cost 

of the process and energy consumption could be reduced, making the impregnation process 

more economically and environmentally efficient. 
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4.3.3 Simulated impregnation process 

When the experiments with liquid CO2 started, a concern about the structure of aerogels arose. 

In the past, supercritical CO2 was used in many examples (Tables 2-5 and 2-6) to impregnate 

drugs into aerogels. However, to the best of our knowledge, there are no reported studies using 

liquid CO2 for the impregnation of drugs into any kind of porous material. The behaviour of 

alginate aerogels in liquid CO2 and their influence on its structure are unknown and, as of yet, 

unexplored. 

The behaviour of aerogels in liquids depends on the nature of the liquid, and it is not uniform. 

For example, when alginate aerogels are placed in a PBS, they swell and eventually dissolve, 

on account of the water  soluble nature of alginate [81]. Another example is the behaviour of 

alginate aerogels in alcohols. Herein, alginate aerogels were obtained with the extraction of 

ethanol from alcogels by supercritical drying. When the dried aerogels were immersed once 

again in ethanol, they turned back to alcogels, a state in which they could remain for a long 

period of time. 

A simulation of the high pressure impregnation process was performed to investigate whether 

liquid or supercritical CO2 influence the structure of aerogels during the impregnation process. 

The simulation of the impregnation process consisted of a few steps. Firstly, empty alginate 

aerogels were treated with CO2 at 80 bar and the following temperatures: 35, 25, 15 and 5̊C. 

The same conditions were chosen as for the last set of impregnation experiments (Fig. 4-21). 

After the synthesis, the alginate aerogels were pressurised and depressurised for a second time 

without vitamin D3. Not using vitamin D3 meant that only the influence of CO2 on the end 

structure of the aerogels during the impregnation process could be tested. It is important to 

emphasize that different samples pass through different phase transitions during the 

impregnation process, depending on the state of CO2. During impregnation at 35˚C, the sample 

passed from the gaseous, to the supercritical, and back to the gaseous phase. For impregnation 

at 25̊C with a depressurising step at 35˚C, the sample passed from gaseous to liquid, from 

liquid to supercritical, and back to the gaseous phase. Finally, the samples impregnated at 25˚C, 

15̊ C and 5̊C, passed from gaseous to liquid and back to the gaseous phase. These distinct 

phase transitions may have also been the reason of some structural changes in the aerogels. 

Therefore, a full characterisation of all the samples was performed. A detailed comparison 

between the reference sample (the sample before the simulated impregnation process) and the 

samples treated with CO2 for the second time was performed. 
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Visual appearance 

Firstly, all the samples were compared by visual appearance. The visual appearance did not 

reveal any differences among the samples, as presented in Fig. 4-22. All of the samples looked 

similar; they had the same colour and were of a similar shape and size. 

 

 

Figure 4-22: The visual appearance of reference sample and the samples after the simulated 
impregnation process at 80 bar and different temperatures: 35, 25/35, 25, 15 and 5˚C. 

 

 Scanning electron microscopy 

The samples’ visual appearance gave us information about their external characteristics. 

However, it revealed nothing about their inner structures. Therefore, scanning electron 

microscopy was employed to determine the morphology of the interior of the aerogels.  

As presented in Fig. 4-23, SEM images reveal the highly porous structure of all of the samples. 

Both the reference sample and the later samples kept their porous networks after the simulated 

impregnation process under any conditions. However, when the morphologies of the samples 

after the simulated impregnation process were compared with the morphology of the reference 

sample, no significant differences were visible; moreover, there were morphological 

similarities between them. An interconnected network of pores with varying shapes and sizes 

was visible in all the samples, and a conclusion about any clear differences among them could 

not be made. According to Figs. 4-22 and 4-23, the samples following the simulated 

impregnation process and the treatment with either supercritical or liquid CO2 did not change 

their structure compared to the reference sample. Apparently, during the impregnation process, 
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the structure of the aerogels is not damaged by the CO2 and the highly porous network is 

preserved. 

a)

 

b)

 

c)

 

d)

 

e) 

 

f) 

 

Figure 4-23: SEM images of the interior of the reference sample (a) and the samples after the 
simulated impregnation process at 80 bar and different temperatures: 35˚C (b), 25/35˚C    (c), 

25˚C (d), 15˚C (e) and 5˚C (f). 

Nitrogen adsorption-desorption analysis 

To prove the previous statements, as the final step, N2 adsorption-desorption analyses were 

employed for measuring the textural properties of the samples, with surface area as the most 
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important property among them. Table 4-4 reveals the values of surface areas, pore volumes 

and pore diameters of the reference sample and the samples after the simulated impregnation 

process. In the case of specific surface areas, the results show a small drop in specific surface 

between the reference sample and the samples after the simulated impregnation process. Also, 

a small drop was spotted between the samples impregnated at higher temperatures and the one 

impregnated at 5̊C. However, the drop of approximately 20 m2/g in the first case and 10 m2/g 

in the second is negligible and fits the experimental error. The difference in the surface area of 

the reference sample and the samples after the simulated impregnation process may be caused 

by the second pressurisation and depressurisation, in the case of the samples after the simulated 

impregnation process, which may have had a slight effect on the structure of the aerogels. 

Nonetheless, the structure of the aerogels was not destroyed or damaged during the simulated 

impregnation process and high porosity was preserved. 

 

Table 4-4: Specific surface areas, pore volumes and pore diameters of the reference sample 
and the samples after the simulated impregnation process at 80 bar and different 

temperatures: 35, 25/35, 25, 15 and 5˚C. 

Alginate aerogels SBET, m2/g Vm, cm3/g D, nm 

Reference sample 418 0.87 11.4 

35˚C 398 0.84 11.3 

 25/35˚C 400 0.81 10.9 

25˚C 400 0.87 11.7 

15˚C 397 0.93 12.3 

5˚C 391 1.14 14.6 

 

Pore volumes and pore diameters were also determined by employing the BJH method. 

However, this method for determining pore volumes and pore diameters has recently been 

questioned when it comes to polysaccharide aerogels. Looking at the SEM image of one of the 

samples, for example the sample after the simulated impregnation process at 80 bar and 35˚C, 

it can be noticed that the pore diameters determined by SEM do not correspond to the ones 

determined by the BJH method, as shown in Fig. 4-24. The values for the pore diameters 

determined by SEM are much higher (starting at 12 and even going up to 90 nm) compared to 
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the ones determined by the BJH method (11-13 nm). When obtaining values with the BJH 

method, structural changes of the N2 pressure during the measurements resulted in some errors 

in pore diameter and volume values [167]. Moreover, besides mesopores, many macropores are 

also visible on the SEM images. Using N2 adsorption-desorption analysis, macropores cannot 

be measured and, therefore, are not calculated into the end value. This is the reason why the 

end value determined by BJH does not correspond to the values determined from SEM images. 

Furthermore, an intense search through the available literature did not result in finding any 

appropriate method for measuring the pore volumes and pore diameters for these materials. 

This is a field with possible space for improvement, and new ways and methods must be 

developed. 

 

Figure 4-24: SEM image of the interior of the sample after the simulated impregnation 
process at 80 bar and 35˚C with a few measured pore diameters. 

4.3.4 Characterisation of impregnated aerogels 

4.3.4.1 Scanning electron microscopy 

The morphology of empty alginate aerogels after the simulated impregnation process (80 bar 

and 35, 25/35, 25, 15 and 5˚C) was compared to the morphology of impregnated alginate 

aerogels after the real impregnation process (80 bar and 35, 25/35, 25, 15 and 5˚C) and 

presented in Fig. 4-25.  
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a)       

b)       

c)       

d)       

e)       

Figure 4-25: SEM images of empty (left side) and impregnated alginate aerogels (right side) 
at 80 bar and different temperatures: 35 (a), 25/35 (b), 25 (c), 15 (d), and 5˚C (e). 
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The observation is the same as in the previous case: all of the samples possess highly porous 

networks. A detailed comparison of these on the nanoscale, however, yielded no significant 

differences. Thus, the structure of alginate aerogels was not destroyed by impregnating vitamin 

D3 inside their network, while their high porosity was preserved. After a severe SEM analysis 

(Figs. 4-15, 4-23, 4-24 and 4-25) it could be concluded that alginate aerogels do not transform 

under the influence of high pressures, neither liquid nor supercritical CO2. The process of 

pressuring and depressurising may slightly affect their structure. However, the structure is not 

damaged or significantly changed, so this process is safe for loading various drugs into alginate 

aerogels as carriers. 

4.3.4.2 X-ray diffraction 

XRD diffraction patterns once again confirmed the amorphous state of vitamin D3 when 

impregnated into alginate aerogels. The patterns did not reveal diffraction peaks for any of the 

alginate aerogels impregnated with the vitamin under varying conditions (80 bar and 35, 25/35, 

25, 15 and 5̊C), thus confirming the vitamin’s amorphous state. Because the samples were the 

same, the XRD patterns were the same as the ones presented in Fig. 4-16. Owing to the brevity 

of the study, their presentation will not be repeated. 

4.3.5 In vitro dissolution tests 

Once again, in vitro dissolution testing was applied for vitamin D3-loaded alginate aerogels to 

investigate their release profiles. As explained, following the recommendations of the FDA, the 

release experiments for vitamin D3 were performed in 0.3% SDS in milli-Q water with a pH 

value of 7.3. 

Fig. 4-26 shows the dissolution profiles for vitamin D3 impregnated into alginate aerogels using 

a pressure of 80 bar and the following temperatures: 35, 25/35, 25, 15 and 5˚C. As a comparison, 

this test was also applied for crystalline vitamin D3. The scale is adjusted to the percentage of 

the vitamin released. The dissolution profiles were determined by the hydrophilic nature of 

alginate aerogels and the hydrophobic nature of vitamin D3. 

The release profiles in the SDS solution clearly indicate the controlled release of vitamin D3 

over a span of time. Controlled drug delivery provides lower dosages of drugs, increases the 

therapeutic effect and improves the patient’s compliance. It is more effective and safe compared 
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to conventional immediate release, since it is capable of maintaining a constant concentration 

of the drug in tissues or blood for a lengthy period. The release profiles of vitamin D3 from all 

of the samples were similar. Namely, the complete release of vitamin D3 was achieved after 5 

to 6 hours, depending on the sample. 

However, by comparing crystalline vitamin D3 to vitamin D3 impregnated into alginate aerogels 

under any conditions, the difference is obvious. Crystalline vitamin D3 was shown to be 

practically insoluble in an SDS solution as presented in Fig. 4-26, with white squares at the 

bottom of the figure. Impregnating the vitamin into alginate aerogels using any of the 

temperatures (35, 25/35, 25, 15 or 5˚C) significantly improved its dissolution. Furthermore, 

there were no significant differences in the release profiles of vitamin D3 impregnated using 

supercritical conditions and the one impregnated using subcritical liquid conditions. Both 

subcritical and supercritical impregnations have proven to be promising methods for increasing 

the dissolution and bioavailability of vitamin D3. 
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Figure 4-26: Release kinetics of crystalline vitamin D3 and vitamin D3 from alginate aerogels 
impregnated at 80 bar and different temperatures: 35, 25/35, 25, 15 and 5˚C. 
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Vitamin D3 release curves were further fitted into various mathematical models (Zero order, 

First order, Higuchi, Hixson and Crowell, Korsmeyer-Peppas and Beker-Lonsdale). The 

coefficients of determination of the fit for all of the models and all of the formulations are listed 

in Table 4-5. The model that best describes the process of release was chosen from the values 

of R2, but also by the assumption of the possible mechanism of dissolution and the release 

process for the vitamin D3-alginate aerogels system.  

 

Table 4-5: The coefficients of determination of the fit (R2) for different models. 

 Zero 
order 

First 
order 

Higuchi Hixson– 
Crowell 

Krosmeyer–
Peppas 

Beker–
Lonsdale 

35˚C 0.8616 0.9918 0.9559 0.9921 0.9563 0.9239 

25/35˚C 0.8835 0.9689 0.9173 0.9871 0.9441 0.8540 

25˚C 0.8735 0.9837 0.9381 0.9961 0.9519 0.8825 

15˚C 0.9261 0.9722 0.9357 0.9914 0.9692 0.8656 

5˚C 0.7827 0.9749 0.9019 0.9921 0.9027 0.8736 

 

From Table 4-5 it is evident that the release kinetics for all of the formulations have the highest 

value of R2 for the Hixson-Crowell release model. On the other hand, the first order model is 

also a good fit for all of the formulations, with a slightly lower R2. This means that according 

to the R2 value, both models can be used to describe the mechanism of vitamin D3 release from 

alginate aerogels. In accordance with the theoretical basis of the Hixson-Crowell model, during 

dissolution the dimensions of the matrix diminish proportionally, in such a manner, that the 

initial geometrical form remains constant the whole time. Furthermore, it is assumed that the 

release rate is limited by the drug particle dissolution rate. However, for porous materials like 

aerogels it is more likely that the dissolution process is a diffusion-controlled process. This 

means that it is better explained by the First order model than the Hixson-Crowell model. As 

reported by the First order model, the drug is released in a way that is proportional to the amount 

remaining in the interior of the matrix. Therefore, in this case the better choice is the First order 

model, even though the Hixon-Crowell model has a slightly higher value of R2. 
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4.3.6 Liquid chromatography-mass spectroscopy analysis 

The LC-MS analyses were employed for the in-vitro dissolution testing to detect vitamin D3 in 

the SDS solution. However, the overall loading of vitamin D3 was determined using a different 

method. For that purpose, the impregnated alginate aerogels were placed in ethanol, and the 

concentration of dissolved vitamin D3 was checked with a UV spectrometer. This method is 

much easier and more convenient than LC-MS. Regrettably, it cannot be applied for the 

detection of vitamin D3 in an SDS solution, since the surfactant masks the vitamin D3 signal 

and the results on the UV spectrometer are not reliable. 

A few experiments were performed to see whether these two methods are compliant. Namely, 

a weighted amount of alginate aerogels impregnated with vitamin D3 was placed in ethanol, 

and the concentration of vitamin D3 was measured with UV spectroscopy. The same amount 

from the same batch of impregnated alginate aerogels was placed in SDS, and the concentration 

was determined with LC-MS. The final concentrations measured by these two techniques were 

the same. The experiment was repeated a few times with samples with different loading and in 

all cases the concentrations detected were the same. 

Moreover, LC-MS analyses were applied to fully scan the solution of vitamin D3 in ethanol and 

also the solution of alginate aerogels impregnated with vitamin D3 in ethanol. Figs. 4-27 and 4-

28 show the mass spectrometers of pure vitamin D3 and vitamin D3 impregnated into alginate 

aerogels. Fig. 4-27 shows just a critical fragment of the whole vitamin D3 spectra. At an m/z 

value of 385.2 a characteristic peak for vitamin D3 appears. Namely, its molecular weight is 

384.6 g/mol. The value of 385.2 means that vitamin D3 bonded an atom of hydrogen [M+H+]. 

Furthermore, in Fig. 4-28, the difference among spectra is clear. The black line presents the 

spectra of empty alginate aerogels placed in ethanol, and none of the peaks appears. This is 

expected, since alginate aerogels do not dissolve in ethanol. However, when alginate aerogels 

impregnated with vitamin D3 are placed in ethanol, LC-MS detects dissolved vitamin D3, and 

the spectra is presented with a red line. Again, as in the Fig. 4-27, at the value of approx. 385 a 

peak characteristic for vitamin D3 appears.  
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Figure 4-27: Mass spectra of vitamin D3 in ethanol. 

 

 

Figure 4-28: Mass spectra of empty alginate aerogels (black line) and alginate aerogels 
impregnated with vitamin D3 (red line). 
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4.3.7 Stability testing 

The problem of vitamin D3 stability was the initial idea for this study and the doctoral thesis in 

the first place. As a way to overcome this problem, many researches focus on the processes of 

fortifying food (usually milk or milk products) with vitamin D3. Others, however, are trying to 

find other carriers, both in wet and dry forms. 

Up to now, various carriers have been used for vitamin D3, and some of have been tested to 

determine the stability of these formulations. Table 4-6 presents, to the best of our knowledge, 

a review of investigated carriers for vitamin D3 and data on the encapsulation efficiency and 

stability if investigated. 

 

Table 4-6: Review of vitamin D3 encapsulation into various carriers with available data on 
encapsulation efficiency and stability tests. 

Carriers for  

vitamin D3 

Encapsulation 
efficiency, % 

Stability after 5 
weeks at 4̊C, % 

Reference 

α-lactalbumin   [170] 

β-lactoglobulin 
complex 

 43.0±5.1 [171,172] 

β-lactoglobulin-
based coagulum 

complex 
94.5±1.8 86.3±3.2 [173] 

β-lactoglobulin-
lysozyme complex 

 56.0±4.3 [174] 

Casein micelles 

 

60 (unhomogenized 
CM) 

90 (homogenized 
CM) 

[175] 

Alginate hydrogels   [176] 

Oleoyl alginate ester 
nanoparticles 

  [177] 

Oleoyl alginate ester 
nanoparticles 

45.8±1.55 – 67.6±2.76  [178] 
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Carboxymethyl 
chitosan-soy protein 

nanoparticles 

50.19±1.97 – 
96.75±1.99 

 [179] 

Carboxymethyl 
chitosan hydrogels 

96.9±0.9  [180] 

N,N-
dimethylhexadecyl 

carboxymethyl 
chitosan 

53.2  [181] 

Zein nanoparticles 
coated with 

carboxymethyl 
chitosan 

52.2±1.7 – 87.9±1.8  [182] 

Whey protein isolate 
nanoparticles 

  [183] 

Poly(D,L)lactic acid 
nanoparticles 

69.8±2.4 – 97.2±0.6  [184] 

 

The idea from the beginning was to isolate vitamin D3 from all of the environments that may 

cause degradation by impregnating it into alginate aerogels. To evaluate the protection achieved 

through impregnation into alginate aerogels, the stability of vitamin D3 during storage under 

refrigerated conditions (2-8˚C) was determined over 5 weeks and compared to data found in 

previously existing literature. The batch of alginate aerogels was impregnated with vitamin D3 

and the samples were stored at 4˚C in a fridge. The impregnated samples were weighted, 

dispersed in ethanol and left overnight under stirring. Afterwards, the concentration of the 

released vitamin was determined using a UV spectrometer. Each week, fresh samples were 

taken from the fridge and subjected to the same procedure to determine the concentration of the 

remaining vitamin D3. Solutions of D3 in ethanol were prepared and analysed under the same 

conditions. All of the experiments were repeated three times. 

In week 1, approximately 93 to 97% of vitamin D3 was preserved in all of the samples. After 3 

weeks this amount decreased to 76-78% for the samples impregnated at 25˚C or 35˚C, and 82-

86% for the samples impregnated at 5˚C or 15˚C. After 5 weeks at 4˚C, 65-68% of vitamin D3 

still remained in the samples impregnated at 25 or 35˚C, and 76-78% in those impregnated at 5 

or 15˚C, as presented in Fig. 4-29. 
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Figure 4-29: The stability of vitamin D3 within the alginate aerogels impregnated at 80 bar 
and different temperatures: 35, 25/35, 25, 15 and 5˚C. 

 

The obtained results were further compared to the ones found in previously existing literature 

(Table 4-6). The first examples are the stability of the β-lactoglobulin/D3 complex [171,172], 

which preserved approx. 45% of vitamin D3, and the β-lactoglobulin-lysozyme/D3 complex 

[174], which preserved approx. 56%. In the next study, the stability of vitamin D3 in β-

lactoglobulin-based coagulum was improved [173] to approx. 88% at 4˚C over 5 weeks. In 

another study, the residual vitamin D3 in the unhomogenised casein micelles was approx. 60%, 

while the homogenized preserved approx. 90% of the vitamin after cold storage for 5 weeks.  

Furthermore, the concentrations of vitamin D3 gradually decreased, as observed in Fig. 4-29. 

Therefore, for describing vitamin degradation, the experimental data was fitted with the pseudo-

second-order kinetic model. t/qt varies linearly with the time, confirming the suitability of the 

chosen model for describing the degradation of vitamin D3, as presented in Fig. 4-30. 
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Figure 4-30: Pseudo-second-order kinetic plot for vitamin D3 on alginate aerogels;R2 (35˚C) 
= 0.9820, R2 (25/35˚C) = 0.9896, R2 (25˚C) = 0.9919, R2 (15˚C) = 0.9940, R2 (5˚C) = 0.9966. 

 

The results obtained by our research group indicate that alginate aerogels can be used as dry 

carriers for vitamin D3. The results are comparable to those reported in previous studies. The 

stability and shelf life of vitamin D3 in refrigerated conditions was improved by its impregnation 

into alginate aerogels. These carriers provided significant protection for vitamin D3 against 

oxygen. 
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5 Conclusion 

This doctoral thesis encompasses complete drug product development: synthesis of the carrier, 

loading of the carrier with the drug, optimization of the process, and finally, application of the 

produced formulation. 

In the first step, the carriers, alginate aerogels were produced. The production process included 

sol-gel synthesis, followed by supercritical drying. Supercritical drying was performed at 

different pressures (100, 120 and 150 bar). However, higher pressures produced alginate 

aerogels with higher specific surface areas. The specific surfaces areas ranged within 400-430 

m2/g. The solvent power of scCO2 increases at higher pressures causing the higher solubility of 

ethanol and better conditions for its extraction from alcogels. Furthermore, from the shape of 

the adsorption isotherms, it could be concluded that all aerogels were mesoporous materials. 

After producing the carriers, the impregnation with fat-soluble vitamins was carried out. The 

impregnation experiments are divided into two independent parts. 

In the first part, the supercritical impregnation experiments were performed using vitamins K3 

and D3. By impregnating vitamins into aerogels, the appearance of aerogels changes. The colour 

changes from white, which is characteristic for empty alginate aerogels, to yellow (impregnated 

with vitamin D3) or dark red (impregnated with vitamin K3). Furthermore, during impregnation 

experiments, it was crucial to stay below the saturation concentration of the vitamins to avoid 

their crystallisation. The vitamins’ affinity for alginate aerogels was high, which was concluded 

from the slopes of the adsorption isotherms. The vitamins’ loadings increased with the increase 

of their concentrations of scCO2. However, pressure change (from 150 bar to 200 bar) did not 

have a significant influence on the final vitamins’ loadings. Alginate aerogels impregnated with 

vitamin K3 had a higher concentration of the vitamin compared to those impregnated with 

vitamin D3, owing to the higher concentration range used. However, for the same starting values 

(vitamins and aerogels), higher loading was achieved with vitamin D3. Namely, because of the 

higher solubility of vitamin K3 in scCO2, more of it was extracted during the depressurising 

step and its final loading was lower. When investigating the kinetics of impregnation, a 

decreasing trend of the kinetic curves was observed, indicating that vitamin degradation 

occurred in the system. Vitamin D3 showed to be more sensitive compared to vitamin K3. The 

assumption behind this behaviour of the vitamins was the high sensitivity of fat-soluble 

vitamins to elevated temperatures. The similarities in behaviour of vitamin D3 and vitamin K3 
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offer great possibilities in applying this process for any fat-soluble vitamin and extension of the 

study. However, since the main focus of this thesis was on vitamin D3, and vitamin K3 was only 

used as model substance, all further experiments were performed only with vitamin D3. The 

FTIR spectra of impregnated alginate aerogels clearly indicated a correlation between the 

spectra and the amount of impregnated vitamin D3. Following this, SEM images proved that 

empty and impregnated alginate aerogels were morphologically similar, which means that 

vitamin D3 does not damage the structure of alginate aerogels by impregnation. The XRD 

patterns showed that impregnating vitamin D3 into alginate aerogels changes its aggregate state 

from crystalline to an amorphous form, which is a desirable effect. Because of the amorphous 

state of impregnated vitamin D3, its dissolution was significantly improved, and during in-vitro 

dissolution tests, the detected dissolved concentration of impregnated vitamin D3 was up to 20 

times higher compared to its crystalline form. 

In the second part, supercritical impregnation, as well as the subcritical liquid impregnation of 

vitamin D3 was performed. Because of the problem of vitamin D3’s degradation in the system, 

lower temperature impregnations were seen as a way to reduce or avoid the degradation of 

vitamin D3. Firstly, small changes were introduced. A reduction of only 5̊C (from 40̊C to 

35̊ C) caused higher loadings and more stable conditions for vitamin D3 impregnation. 

However, degradation remained. At lower pressures (from 120 bar to 80 bar), the vitamin 

needed more time to reach its maximal concentration, therefore also to dissolve. Still, 

degradation was present. Liquid CO2 showed to be a feasible solvent, and subcritical liquid 

impregnation a feasible technique for vitamin D3 impregnation. Namely, impregnation was 

successful for all temperature ranges used (from 35˚C to 5̊C). However, the kinetic curves 

obtained in the supercritical phase (35˚C) and the liquid phase that is close to the critical point 

(25̊ C, 25/35̊C) could be distinguished from the kinetic curves obtained in the liquid phase that 

is further from the critical point (15˚C, 5̊ C). Vitamin D3’s loadings were influenced by two 

distinct factors: its solubility and stability. Higher temperatures (35˚C, 25̊C) provided higher 

loadings compared to lower temperatures (15˚C, 5̊ C). Furthermore, much higher loadings were 

achieved within a shorter period of impregnation time. At lower temperatures, much lower 

loadings were achieved but the stability of vitamin D3 was improved with a noticeable 

alleviation of the degradation slopes. Because liquid CO2 had not yet been applied for the 

impregnation of active substances into porous carriers, the behaviour of aerogels in liquid CO2 

was unexplored. For that purpose, a simulation of the high pressure impregnation process was 

performed. After extensive characterisation: visual appearance, SEM and N2 adsorption-



High pressure impregnations of fat-soluble vitamins into polysaccharide aerogels 
  

101 
 

desorption analysis, it could be concluded that neither liquid nor supercritical CO2 damages the 

highly porous network of aerogels during the impregnation process, and both techniques can 

potentially be used for the loading of aerogels with vitamin D3 and broader, hydrophobic 

substances. A detailed comparison of empty and impregnated alginate aerogels once again 

confirmed that impregnating vitamin D3, either by supercritical or subcritical routes, the high 

porosity of aerogels was preserved. Moreover, XRD patterns proved that vitamin D3 changes 

aggregate state from crystalline to amorphous regardless of liquid/supercritical CO2 conditions. 

Impregnation of the vitamin into alginate aerogels using any temperature (from 35˚C to 5̊C) 

significantly improved its dissolution compared to its crystalline form. There were no 

significant differences in the release profiles between vitamin D3 impregnated using either 

supercritical or subcritical liquid conditions. Hence, supercritical and subcritical liquid 

impregnations are promising methods for increasing the dissolution and bioavailability of 

vitamin D3. The high value of R2 in the First order model gave the possible explanation for the 

mechanism of vitamin D3’s release from alginate aerogels, which is most likely a diffusion 

controlled process. Lastly, stability tests performed during storage under refrigerated conditions 

(2-8̊ C) confirmed that alginate aerogels provided significant protection to vitamin D3, where 

approximately 70-80% of the vitamin was preserved after 5 weeks. 

The presented thesis shows a possible application of CO2 as a solvent for the impregnation of 

fat-soluble vitamins. Even though a lot has been done on the optimization of the impregnation 

process for vitamin D3, this study can be extended further. Special attention should be paid to 

investigating the stability of vitamin D3 under various environments. The stability of vitamin 

D3 under the influence of different temperatures in the air should be tested and the results should 

be compared with the ones obtained in a CO2 atmosphere. Furthermore, the influence of UV 

light on the stability of alginate aerogels impregnated with vitamin D3 should also be tested. 

  



High pressure impregnations of fat-soluble vitamins into polysaccharide aerogels 
  

102 
 

  



High pressure impregnations of fat-soluble vitamins into polysaccharide aerogels 
  

103 
 

6 References 
 

[1] P.T. Anastas, J.C. Warner, Green Chemistry: Theory and Practice, Oxford University 

Press, 2000. 

[2] P.T. Anastas, J.B. Zimmerman, Design through the 12 principles of green engineering, 

Environ. Sci. Technol. 37 (2003) 94A–101A. 

[3] N. Hüsing, U. Schubert, Aerogels—Airy Materials: Chemistry, Structure, and 

Properties, Angew. Chem. Int. Ed. 37 (1998) 22–45. 

[4] S.S. Kistler, Coherent Expanded Aerogels and Jellies., Nature. 127 (1931) 741–741. 

[5] C.A. García-González, M. Alnaief, I. Smirnova, Polysaccharide-based aerogels—

Promising biodegradable carriers for drug delivery systems, Carbohydr. Polym. 86 

(2011) 1425–1438. 

[6] M.A. Aegerter, N. Leventis, M.M. Koebel, Aerogels Handbook, Springer, 2011. 

[7] R.A. Siegel, M.J. Rathbone, Overview of Controlled Release Mechanisms, in: J. 

Siepmann, R.A. Siegel, M.J. Rathbone (Eds.), Fundam. Appl. Control. Release Drug 

Deliv., Springer US, 2012: pp. 19–43. 

[8] I. Kikic, P. Sist, Applications of Supercritical Fluids to Pharmaceuticals: Controlled 

Drug Release Systems, in: E. Kiran, P.G. Debenedetti, C.J. Peters (Eds.), Supercrit. 

Fluids, Springer Netherlands, 2000: pp. 291–306. 

[9] M.F. Holick, T.C. Chen, Vitamin D deficiency: a worldwide problem with health 

consequences, Am. J. Clin. Nutr. 87 (2008) 1080S–6S. 

[10] M.F. Holick, Vitamin D: importance in the prevention of cancers, type 1 diabetes, heart 

disease, and osteoporosis, Am. J. Clin. Nutr. 79 (2004) 362–371. 

[11] S.A. Kazmi, R. Vieth, D. Rousseau, Vitamin D3 fortification and quantification in 

processed dairy products, Int. Dairy J. 17 (2007) 753–759.  

[12] L.T. Grady, K.D. Thakker, Stability of solid drugs: Degradation of ergocalciferol 

(vitamin D2) and cholecalciferol (vitamin D3) at high humidities and elevated 

temperatures, J. Pharm. Sci. 69 (1980) 1099-1102. 

[13] T.C. Chen, F. Chimeh, Z. Lu, J. Mathieu, K.S. Person, A. Zhang, N. Kohn, S. 

Martinello, R. Berkowitz, M.F. Holick, Factors that influence the cutaneous synthesis 

and dietary sources of vitamin D, Arch. Biochem. Biophys. 460 (2007) 213–217. 

[14] P.B. Malafaya, G.A. Silva, R.L. Reis, Natural–origin polymers as carriers and scaffolds 

for biomolecules and cell delivery in tissue engineering applications, Adv. Drug Deliv. 

Rev. 59 (2007) 207–233. 



High pressure impregnations of fat-soluble vitamins into polysaccharide aerogels 
  

104 
 

[15] C.J. Hawker, K.L. Wooley, The Convergence of Synthetic Organic and Polymer 

Chemistries, Science. 309 (2005) 1200–1205.  

[16] T. Coviello, P. Matricardi, C. Marianecci, F. Alhaique, Polysaccharide hydrogels for 

modified release formulations, J. Controlled Release. 119 (2007) 5–24.  

[17] S. Klein, Polysaccharides in Oral Drug Delivery — Recent Applications and Future 

Perspectives, in: Polysacch. Mater. Perform. Des., American Chemical Society, 2009: 

pp. 13–30.  

[18] U.S. Pharmacopeial Convention, Available from: http://www.usp.org/ (accessed July 

21, 2016). 

[19] A.J. Domb, J. Kost, D. Wiseman, Handbook of Biodegradable Polymers, CRC Press, 

1998. 

[20] P. Laurienzo, Marine Polysaccharides in Pharmaceutical Applications: An Overview, 

Mar. Drugs. 8 (2010) 2435–2465. 

[21] I.J. Colquhoun, A.J. Jay, J. Eagles, V.J. Morris, K.J. Edwards, A.M. Griffin, M.J. 

Gasson, Structure and conformation of a novel genetically engineered polysaccharide 

P2, Carbohydr. Res. 330 (2001) 325–333. 

[22] C. Alvarez-Lorenzo, B. Blanco-Fernandez, A.M. Puga, A. Concheiro, Crosslinked ionic 

polysaccharides for stimuli-sensitive drug delivery, Adv. Drug Deliv. Rev. 65 (2013) 

1148–1171. 

[23] D.A. Rees, The shapes of molecules: carbohydrate polymers, Oliver & Boyd, 1967. 

[24] N.A. Peppas, P. Bures, W. Leobandung, H. Ichikawa, Hydrogels in pharmaceutical 

formulations, Eur. J. Pharm. Biopharm. 50 (2000) 27–46. 

[25] P. Gacesa, Alginates, Carbohydr. Polym. 8 (1988) 161–182. 

[26] A. Chenite, C. Chaput, D. Wang, C. Combes, M.D. Buschmann, C.D. Hoemann, J.C. 

Leroux, B.L. Atkinson, F. Binette, A. Selmani, Novel injectable neutral solutions of 

chitosan form biodegradable gels in situ, Biomaterials. 21 (2000) 2155–2161.  

[27] F. Yokoyama, I. Masada, K. Shimamura, T. Ikawa, K. Monobe, Morphology and 

structure of highly elastic poly(vinyl alcohol) hydrogel prepared by repeated freezing-

and-melting, Colloid Polym. Sci. 264 (1986) 595–601.  

[28] K. Akiyoshi, S. Deguchi, I. Taniguchi, J. Sunamoto, Nanosize Hydrogel Formed by 

Self-Assembly of Hydrophobized Polysaccharides, in: N. Ogata, S.W. Kim, J. Feijen, 

T. Okano (Eds.), Adv. Biomater. Biomed. Eng. Drug Deliv. Syst., Springer Japan, 1996: 

pp. 331–332. 

[29] K.V. Harish Prashanth, R.N. Tharanathan, Crosslinked chitosan—preparation and 

characterization, Carbohydr. Res. 341 (2006) 169–173. 



High pressure impregnations of fat-soluble vitamins into polysaccharide aerogels 
  

105 
 

[30] P. Edman, B. Ekman, I. Sjöholm, Immobilization of proteins in microspheres of 

biodegradable polyacryldextran, J. Pharm. Sci. 69 (1980) 838–842.  

[31] J.-P. Draye, B. Delaey, A. Van de Voorde, A. Van Den Bulcke, B. Bogdanov, E. 

Schacht, In vitro release characteristics of bioactive molecules from dextran dialdehyde 

cross-linked gelatin hydrogel films, Biomaterials. 19 (1998) 99–107. 

[32] S.H. Gehrke, L.H. Uhden, J.F. McBride, Enhanced loading and activity retention of 

bioactive proteins in hydrogel delivery systems, J. Controlled Release. 55 (1998) 21–

33.  

[33] P. Eiselt, K.Y. Lee, D.J. Mooney, Rigidity of Two-Component Hydrogels Prepared 

from Alginate and Poly(ethylene glycol)−Diamines, Macromolecules. 32 (1999) 5561–

5566. 

[34] C. Alvarez-Lorenzo, A. Concheiro, Intelligent Drug Delivery Systems: Polymeric 

Micelles and Hydrogels, Mini-Rev. Med. Chem. 8 (2008) 1065–1074. 

[35] K.I. Draget, 29 - Alginates, in: Handb. Hydrocoll. Second Ed., Woodhead Publishing, 

2009: pp. 807–828. 

[36] K.Y. Lee, D.J. Mooney, Alginate: Properties and biomedical applications, Prog. Polym. 

Sci. 37 (2012) 106–126. 

[37] S.E. Sakiyama-Elbert, J.A. Hubbell, Functional Biomaterials: Design of Novel 

Biomaterials, Annu. Rev. Mater. Res. 31 (2001) 183–201.  

[38] J.L. Drury, R.G. Dennis, D.J. Mooney, The tensile properties of alginate hydrogels, 

Biomaterials. 25 (2004) 3187–3199. 

[39] A.S. Marriott, E. Bergström, A.J. Hunt, J. Thomas-Oates, J.H. Clark, A natural template 

approach to mesoporous carbon spheres for use as green chromatographic stationary 

phases, RSC Adv. 4 (2014) 222–228. 

[40] C.K. Kuo, P.X. Ma, Ionically crosslinked alginate hydrogels as scaffolds for tissue 

engineering: Part 1. Structure, gelation rate and mechanical properties, Biomaterials. 22 

(2001) 511–521. 

[41] A.D. Augst, H.J. Kong, D.J. Mooney, Alginate Hydrogels as Biomaterials, Macromol. 

Biosci. 6 (2006) 623–633. 

[42] N.E. Simpson, C.L. Stabler, C.P. Simpson, A. Sambanis, I. Constantinidis, The role of 

the CaCl2–guluronic acid interaction on alginate encapsulated βTC3 cells, Biomaterials. 

25 (2004) 2603–2610. 

[43] K.A. Smeds, A. Pfister-Serres, D. Miki, K. Dastgheib, M. Inoue, D.L. Hatchell, M.W. 

Grinstaff, Photocrosslinkable polysaccharides for in situ hydrogel formation, J. Biomed. 

Mater. Res. 54 (2001) 115–121. 



High pressure impregnations of fat-soluble vitamins into polysaccharide aerogels 
  

106 
 

[44] H. Tanaka, Y. Sato, Photosensitivity of polyvinylesters of substituted 

cinnamylideneacetic acids, J. Polym. Sci. [A1]. 10 (1972) 3279–3287. 

[45] D. Roy, J.N. Cambre, B.S. Sumerlin, Future perspectives and recent advances in stimuli-

responsive materials, Prog. Polym. Sci. 35 (2010) 278–301. 

[46] S. Zhao, M. Cao, H. Li, L. Li, W. Xu, Synthesis and characterization of thermo-sensitive 

semi-IPN hydrogels based on poly(ethylene glycol)-co-poly(ε-caprolactone) macromer, 

N-isopropylacrylamide, and sodium alginate, Carbohydr. Res. 345 (2010) 425–431. 

[47] K. y. Lee, H. j. Kong, R. g. Larson, D. j. Mooney, Hydrogel Formation via Cell 

Crosslinking, Adv. Mater. 15 (2003) 1828–1832. 

[48] J.L. Drury, T. Boontheekul, D.J. Mooney, Cellular Cross-linking of Peptide Modified 

Hydrogels, J. Biomech. Eng. 127 (2004) 220–228. 

[49] K.H. Bouhadir, E. Alsberg, D.J. Mooney, Hydrogels for combination delivery of 

antineoplastic agents, Biomaterials. 22 (2001) 2625–2633. 

[50] I. Colinet, V. Dulong, T. Hamaide, D. Le Cerf, L. Picton, New amphiphilic modified 

polysaccharides with original solution behaviour in salt media, Carbohydr. Polym. 75 

(2009) 454–462. 

[51] C.-H. Chang, Y.-H. Lin, C.-L. Yeh, Y.-C. Chen, S.-F. Chiou, Y.-M. Hsu, Y.-S. Chen, 

C.-C. Wang, Nanoparticles Incorporated in pH-Sensitive Hydrogels as Amoxicillin 

Delivery for Eradication of Helicobacter pylori, Biomacromolecules. 11 (2010) 133–

142. 

[52] M. George, T.E. Abraham, Polyionic hydrocolloids for the intestinal delivery of protein 

drugs: Alginate and chitosan — a review, J. Controlled Release. 114 (2006) 1–14. 

[53] L.A. Wells, H. Sheardown, Extended release of high pI proteins from alginate 

microspheres via a novel encapsulation technique, Eur. J. Pharm. Biopharm. 65 (2007) 

329–335. 

[54] J.S. Boateng, K.H. Matthews, H.N.E. Stevens, G.M. Eccleston, Wound healing 

dressings and drug delivery systems: A review, J. Pharm. Sci. 97 (2008) 2892–2923. 

[55] D. Queen, H. Orsted, H. Sanada, G. Sussman, A dressing history, Int. Wound J. 1 (2004) 

59–77. 

[56] E.A. Silva, D.J. Mooney, Effects of VEGF temporal and spatial presentation on 

angiogenesis, Biomaterials. 31 (2010) 1235–1241. 

[57] H.J. Kong, E.S. Kim, Y.-C. Huang, D.J. Mooney, Design of Biodegradable Hydrogel 

for the Local and Sustained Delivery of Angiogenic Plasmid DNA, Pharm. Res. 25 

(2008) 1230–1238. 



High pressure impregnations of fat-soluble vitamins into polysaccharide aerogels 
  

107 
 

[58] H. Freundlich, H. Hatfield, Colloid & capillary chemistry, E.P. Dutton, New York, 

1922. 

[59] G.M. Pajonk, A Short History of The Preparation of Aerogels and Carbogels, in: Y.A. 

Attia (Ed.), Sol-Gel Process. Appl., Springer US, 1994: pp. 201–219.  

[60] F. Schwertfeger, N. Hüsing, U. Schubert, Influence of the nature of organic groups on 

the properties of organically modified silica aerogels, J. Sol-Gel Sci. Technol. 2 (1994) 

103–108. 

[61] F. Schwertfeger, W. Glaubitt, U. Schubert, Hydrophobic aerogels from 

Si(OMe)4/MeSi(OMe)3 mixtures, J. Non-Cryst. Solids. 145 (1992) 85–89. 

[62] R.W. Pekala, Low density, resorcinol-formaldehyde aerogels, US4873218, 1989. 

[63] Y.K. Akimov, Fields of application of aerogels (Review), Instrum. Exp. Tech. 46 (2003) 

287–299. 

[64] A.C. Pierre, G.M. Pajonk, Chemistry of Aerogels and Their Applications, Chem. Rev. 

102 (2002) 4243–4266. 

[65] J. Jagur-Grodzinski, Polymeric gels and hydrogels for biomedical and pharmaceutical 

applications, Polym. Adv. Technol. 21 (2010) 27–47. 

[66] H.-J. Huang, W.-K. Yuan, X.D. Chen, Microencapsulation Based on Emulsification for 

Producing Pharmaceutical Products: A Literature Review, Dev. Chem. Eng. Miner. 

Process. 14 (2006) 515–544. doi:10.1002/apj.5500140318. 

[67] P. Trens, R. Valentin, F. Quignard, Cation enhanced hydrophilic character of textured 

alginate gel beads, Colloids Surf. Physicochem. Eng. Asp. 296 (2007) 230–237.  

[68] T. Mehling, I. Smirnova, U. Guenther, R.H.H. Neubert, Polysaccharide-based aerogels 

as drug carriers, J. Non-Cryst. Solids. 355 (2009) 2472–2479.  

[69] L.W. Diamond, N.N. Akinfiev, Solubility of CO2 in water from -1.5 to 100 °C and from 

0.1 to 100 MPa: evaluation of literature data and thermodynamic modelling, Fluid Phase 

Equilibria. 208 (2003) 265–290. 

[70] F. Liebner, E. Haimer, A. Potthast, D. Loidl, S. Tschegg, M.-A. Neouze, M. Wendland, 

T. Rosenau, Cellulosic aerogels as ultra-lightweight materials. Part 2: Synthesis and 

properties 2nd ICC 2007, Tokyo, Japan, October 25–29, 2007, Holzforschung. 63 

(2008) 3–11. 

[71] F. Liebner, E. Haimer, M. Wendland, M.-A. Neouze, K. Schlufter, P. Miethe, T. Heinze, 

A. Potthast, T. Rosenau, Aerogels from unaltered bacterial cellulose: application of 

scCO2 drying for the preparation of shaped, ultra-lightweight cellulosic aerogels, 

Macromol. Biosci. 10 (2010) 349–352.  



High pressure impregnations of fat-soluble vitamins into polysaccharide aerogels 
  

108 
 

[72] M. Robitzer, L. David, C. Rochas, F.D. Renzo, F. Quignard, Nanostructure of Calcium 

Alginate Aerogels Obtained from Multistep Solvent Exchange Route, Langmuir. 24 

(2008) 12547–12552. 

[73] R. Valentin, R. Horga, B. Bonelli, E. Garrone, F. Di Renzo, F. Quignard, Acidity of 

Alginate Aerogels Studied by FTIR Spectroscopy of Probe Molecules, Macromol. 

Symp. 230 (2005) 71–77. 

[74] R. Valentin, R. Horga, B. Bonelli, E. Garrone, F. Di Renzo, F. Quignard, FTIR 

Spectroscopy of NH3 on Acidic and Ionotropic Alginate Aerogels, Biomacromolecules. 

7 (2006) 877–882.  

[75] G. Tkalec, R. Kranvogl, A. Perva Uzunalić, Ž. Knez, Z. Novak, Optimisation of critical 

parameters during alginate aerogels’ production, J. Non-Cryst. Solids. 443 (2016) 112–

117.  

[76] P. Gurikov, S.P. Raman, D. Weinrich, M. Fricke, I. Smirnova, A novel approach to 

alginate aerogels: carbon dioxide induced gelation, RSC Adv. 5 (2015) 7812–7818. 

[77] F. Quignard, R. Valentin, F.D. Renzo, Aerogel materials from marine polysaccharides, 

New J. Chem. 32 (2008) 1300–1310. 

[78] M. Robitzer, F.D. Renzo, F. Quignard, Natural materials with high surface area. 

Physisorption methods for the characterization of the texture and surface of 

polysaccharide aerogels, Microporous Mesoporous Mater. 140 (2011) 9–16. 

[79] M. Alnaief, M.A. Alzaitoun, C.A. García-González, I. Smirnova, Preparation of 

biodegradable nanoporous microspherical aerogel based on alginate, Carbohydr. Polym. 

84 (2011) 1011–1018.  

[80] A. Veronovski, Ž. Knez, Z. Novak, Comparison of ionic and non-ionic drug release 

from multi-membrane spherical aerogels, Int. J. Pharm. 454 (2013) 58–66. 

[81] G. Tkalec, Ž. Knez, Z. Novak, PH sensitive mesoporous materials for immediate or 

controlled release of NSAID, Microporous Mesoporous Mater. 224 (2016) 190–200. 

[82] G. Tkalec, Ž. Knez, Z. Novak, Formation of polysaccharide aerogels in ethanol, RSC 

Adv. 5 (2015) 77362–77371. 

[83] V. Goodship, E.O. Ogur, Polymer Processing with Supercritical Fluids, iSmithers Rapra 

Publishing, 2004. 

[84] Ž. Knez, M. Knez Hrnčič, M. Škerget, Particle Formation and Product Formulation 

Using Supercritical Fluids, Annu. Rev. Chem. Biomol. Eng. 6 (2015) 379–407.  

[85] Ž. Knez, M. Škerget, Termodifuzijski separacijski procesi: (zbrano gradivo), Fakulteta 

za kemijo in kemijsko tehnologijo, Maribor, 1999. 



High pressure impregnations of fat-soluble vitamins into polysaccharide aerogels 
  

109 
 

[86] M. Mukhopadhyay, Natural Extracts Using Supercritical Carbon Dioxide, CRC Press, 

2000. 

[87] R.B. Gupta, J.-J. Shim, Solubility in Supercritical Carbon Dioxide, CRC Press, 2006. 

[88] P. York, U.B. Kompella, B.Y. Shekunov, Supercritical Fluid Technology for Drug 

Product Development, CRC Press, 2004. 

[89] P. Pathak, M.J. Meziani, Y.-P. Sun, Supercritical fluid technology for enhanced drug 

delivery, Expert Opin. Drug Deliv. 2 (2005) 747–761. 

[90] E.M. Merisko-Liversidge, G.G. Liversidge, Drug Nanoparticles: Formulating Poorly 

Water-Soluble Compounds, Toxicol. Pathol. 36 (2008) 43–48.  

[91] T. Gamse, Technische Universität Graz, International Society for the Advancement of 

Supercritical Fluids, eds., New perspectives in supercritical fluids: nanoscience, 

materials and processing: abstracts, 12th European Meeting on Supercritical Fluids ; 9th 

- 12th May 2010, Graz, Austria, Institut National Polytechnique de Lorraine, Nancy, 

2010. 

[92] A.R. Berens, G.S. Huvard, R.W. Korsmeyer, F.W. Kunig, Application of compressed 

carbon dioxide in the incorporation of additives into polymers, J. Appl. Polym. Sci. 46 

(1992) 231–242. 

[93] S.G. Kazarian, N.H. Brantley, B.L. West, M.F. Vincent, C.A. Eckert, In situ 

Spectroscopy of Polymers Subjected to Supercritical CO2: Plasticization and Dye 

Impregnation, Appl. Spectrosc. 51 (1997) 491–494. 

[94] S.G. Kazarian, M.F. Vincent, B.L. West, C.A. Eckert, Partitioning of solutes and 

cosolvents between supercritical CO2 and polymer phases, J. Supercrit. Fluids. 13 

(1998) 107–112. 

[95] C. Elvira, A. Fanovich, M. Fernández, J. Fraile, J. San Román, C. Domingo, Evaluation 

of drug delivery characteristics of microspheres of PMMA–PCL–cholesterol obtained 

by supercritical-CO2 impregnation and by dissolution–evaporation techniques, J. 

Controlled Release. 99 (2004) 231–240. 

[96] A. López-Periago, A. Argemí, J.M. Andanson, V. Fernández, C.A. García-González, 

S.G. Kazarian, J. Saurina, C. Domingo, Impregnation of a biocompatible polymer aided 

by supercritical CO2: Evaluation of drug stability and drug–matrix interactions, J. 

Supercrit. Fluids. 48 (2009) 56–63. 

[97] M.E.M. Braga, M.T.V. Pato, H.S.R.C. Silva, E.I. Ferreira, M.H. Gil, C.M.M. Duarte, 

H.C. de Sousa, Supercritical solvent impregnation of ophthalmic drugs on chitosan 

derivatives, J. Supercrit. Fluids. 44 (2008) 245–257. 



High pressure impregnations of fat-soluble vitamins into polysaccharide aerogels 
  

110 
 

[98] S. Giray, T. Bal, A.M. Kartal, S. Kızılel, C. Erkey*, Controlled drug delivery through a 

novel PEG hydrogel encapsulated silica aerogel system, J. Biomed. Mater. Res. A. 100A 

(2012) 1307–1315.  

[99] I. Smirnova, S. Suttiruengwong, W. Arlt, Aerogels: Tailor-made Carriers for Immediate 

and Prolonged Drug Release, KONA Powder Part. J. 23 (2005) 86–97.  

[100] I. Smirnova, S. Suttiruengwong, W. Arlt, Feasibility study of hydrophilic and 

hydrophobic silica aerogels as drug delivery systems, J. Non-Cryst. Solids. 350 (2004) 

54–60. 

[101] I. Smirnova, J. Mamic, W. Arlt, Adsorption of Drugs on Silica Aerogels, Langmuir. 19 

(2003) 8521–8525. 

[102] B.S.K. Gorle, I. Smirnova, M. Dragan, S. Dragan, W. Arlt, Crystallization under 

supercritical conditions in aerogels, J. Supercrit. Fluids. 44 (2008) 78–84. 

[103] S. Kumar Rajanna, M. Vinjamur, M. Mukhopadhyay, Mechanism for formation of 

Hollow and Granular Silica Aerogel Microspheres from rice husk ash for drug delivery, 

J. Non-Cryst. Solids. 429 (2015) 226–231. 

[104] B.S.K. Gorle, I. Smirnova, W. Arlt, Adsorptive crystallization of benzoic acid in 

aerogels from supercritical solutions, J. Supercrit. Fluids. 52 (2010) 249–257.  

[105] X. Hu, S. Zheng, L. Zhu, A.R. Tanyi, H. Lan, Y. Hong, Y. Su, H. Wang, J. Li, 

Adsorption of 2-phenylethyl alcohol on silica aerogel from saturated solution in 

supercritical CO2, J. Supercrit. Fluids. 79 (2013) 41–45. 

[106] A.N. Mustapa, A. Martin, L.M. Sanz-Moral, M. Rueda, M.J. Cocero, Impregnation of 

medicinal plant phytochemical compounds into silica and alginate aerogels, J. Supercrit. 

Fluids. 116 (2016) 251–263. 

[107] I. Smirnova, S. Suttiruengwong, M. Seiler, W. Arlt, Dissolution rate enhancement by 

adsorption of poorly soluble drugs on hydrophilic silica aerogels, Pharm. Dev. Technol. 

9 (2004) 443–452. 

[108] M. Alnaief, S. Antonyuk, C.M. Hentzschel, C.S. Leopold, S. Heinrich, I. Smirnova, A 

novel process for coating of silica aerogel microspheres for controlled drug release 

applications, Microporous Mesoporous Mater. 160 (2012) 167–173.  

[109] D.D. Lovskaya, A.E. Lebedev, N.V. Menshutina, Aerogels as drug delivery systems: In 

vitro and in vivo evaluations, J. Supercrit. Fluids. 106 (2015) 115–121.  

[110] B.S.K. Gorle, I. Smirnova, M.A. McHugh, Adsorption and thermal release of highly 

volatile compounds in silica aerogels, J. Supercrit. Fluids. 48 (2009) 85–92.  

[111] M. Alnaief, I. Smirnova, Effect of surface functionalization of silica aerogel on their 

adsorptive and release properties, J. Non-Cryst. Solids. 356 (2010) 1644–1649.  



High pressure impregnations of fat-soluble vitamins into polysaccharide aerogels 
  

111 
 

[112] N. Murillo-Cremaes, A.M. López-Periago, J. Saurina, A. Roig, C. Domingo, 

Nanostructured silica-based drug delivery vehicles for hydrophobic and moisture 

sensitive drugs, J. Supercrit. Fluids. 73 (2013) 34–42.  

[113] I. Smirnova, M. Türk, R. Wischumerski, M.A. Wahl, Comparison of Different Methods 

for Enhancing the Dissolution Rate of Poorly Soluble Drugs: Case of Griseofulvin, Eng. 

Life Sci. 5 (2005) 277–280.  

[114] U. Guenther, I. Smirnova, R. Neubert, Hydrophilic silica aerogels as dermal drug 

delivery systems – Dithranol as a model drug, Eur. J. Pharm. Biopharm. 69 (2008) 935–

942.  

[115] G. Caputo, Fixed Bed Adsorption of Drugs on Silica Aerogel from Supercritical Carbon 

Dioxide Solutions, Int. J. Chem. Eng. 2013 (2013). 

[116] G. Caputo, M. Scognamiglio, I. De Marco, Nimesulide adsorbed on silica aerogel using 

supercritical carbon dioxide, Chem. Eng. Res. Des. 90 (2012) 1082–1089.  

[117] G. Caputo, Supercritical Fluid Adsorption of Domperidone on Silica Aerogel, Adv. 

Chem. Eng. Sci. 3 (2013) 189–194. 

[118] L.M. Comin, F. Temelli, M.D.A. Saldaña, Barley β-glucan aerogels as a carrier for flax 

oil via supercritical CO2, J. Food Eng. 111 (2012) 625–631.  

[119] V.S.S. Gonçalves, P. Gurikov, J. Poejo, A.A. Matias, S. Heinrich, C.M.M. Duarte, I. 

Smirnova, Alginate-based hybrid aerogel microparticles for mucosal drug delivery, Eur. 

J. Pharm. Biopharm. 107 (2016) 160–170. 

[120] M.A. Marin, R.R. Mallepally, M.A. McHugh, Silk fibroin aerogels for drug delivery 

applications, J. Supercrit. Fluids. 91 (2014) 84–89.  

[121] C.A. García-González, J.J. Uy, M. Alnaief, I. Smirnova, Preparation of tailor-made 

starch-based aerogel microspheres by the emulsion-gelation method, Carbohydr. 

Polym. 88 (2012) 1378–1386. 

[122] G. Tkalec, Ž. Knez, Z. Novak, Fast production of high-methoxyl pectin aerogels for 

enhancing the bioavailability of low-soluble drugs, J. Supercrit. Fluids. 106 (2015) 16–

22.  

[123] C.A. García-González, I. Smirnova, Use of supercritical fluid technology for the 

production of tailor-made aerogel particles for delivery systems, J. Supercrit. Fluids. 79 

(2013) 152–158. 

[124] M. Betz, C.A. García-González, R.P. Subrahmanyam, I. Smirnova, U. Kulozik, 

Preparation of novel whey protein-based aerogels as drug carriers for life science 

applications, J. Supercrit. Fluids. 72 (2012) 111–119.  



High pressure impregnations of fat-soluble vitamins into polysaccharide aerogels 
  

112 
 

[125] M. Díez-Municio, A. Montilla, M. Herrero, A. Olano, E. Ibáñez, Supercritical CO2 

impregnation of lactulose on chitosan: A comparison between scaffolds and 

microspheres form, J. Supercrit. Fluids. 57 (2011) 73–79.  

[126] EFSA Panel on Additives and Products or Substances used in Animal Feed (FEEDAP), 

Scientific Opinion on the safety and efficacy of vitamin K 3 (menadione sodium 

bisulphite and menadione nicotinamide bisulphite) as a feed additive for all animal 

species: Vitamin K3 for all animal species, EFSA J. 12 (2014) 3532. 

[127] C. Rt, D. M, A. S, B. Jb, Vitamin K3 inhibition of malignant murine cell growth and 

human tumor colony formation., Cancer Treat. Rep. 69 (1985) 527–532. 

[128] W. Fy, C. Nt, C. Wj, J. Cc, Vitamin K3-induced cell cycle arrest and apoptotic cell death 

are accompanied by altered expression of c-fos and c-myc in nasopharyngeal carcinoma 

cells., Oncogene. 8 (1993) 2237–2244. 

[129] National Center for Biotechnology Information. PubChem Substance Database; 

menadione, Available from: https://pubchem.ncbi.nlm.nih.gov/compound/menadione 

(accessed November 26, 2016). 

[130] Ž. Knez, M. Škerget, Phase equilibria of the vitamins D2, D3 and K3 in binary systems 

with CO2 and propane, J. Supercrit. Fluids. 20 (2001) 131–144. 

[131] P. Lips, Vitamin D physiology, Prog. Biophys. Mol. Biol. 92 (2006) 4–8.  

[132] M. Gonnet, L. Lethuaut, F. Boury, New trends in encapsulation of liposoluble vitamins, 

J. Controlled Release. 146 (2010) 276–290.  

[133] T.K. Basu, D. Donaldson, Intestinal absorption in health and disease: micronutrients, 

Best Pract. Res. Clin. Gastroenterol. 17 (2003) 957–979. 

[134] W.R. Wecksler, R.S. Masont, A.W. Norman, Specific cytosol receptors for 1,25-

dihydroxyvitamin D3 in human intestine, J. Clin. Endocrinol. Metab. 48 (1979) 715–

717.  

[135] M.J. Favus, D.J. Mangelsdorf, V. Tembe, B.J. Coe, M.R. Haussler, Evidence for in vivo 

upregulation of the intestinal vitamin D receptor during dietary calcium restriction in 

the rat., (1988).  

[136] R. Nicolaysen, Studies upon the mode of action of vitamin D, Biochem. J. 30 (1936) 

1329–1337. 

[137] R. Nicolaysen, Studies upon the mode of action of vitamin D, Biochem. J. 31 (1937) 

323–328. 

[138] L. Lind, A. Hänni, H. Lithell, A. Hvarfner, O.H. Sörensen, S. Ljunghall, Vitamin D is 

related to blood pressure and other cardiovascular risk factors in middle-aged men, Am. 

J. Hypertens. 8 (1995) 894–901. 



High pressure impregnations of fat-soluble vitamins into polysaccharide aerogels 
  

113 
 

[139] E. Abe, C. Miyaura, H. Sakagami, M. Takeda, K. Konno, T. Yamazaki, S. Yoshiki, T. 

Suda, Differentiation of mouse myeloid leukemia cells induced by 1 alpha,25-

dihydroxyvitamin D3., Proc. Natl. Acad. Sci. U. S. A. 78 (1981) 4990–4994. 

[140] M.T. Cantorna, J. Humpal-Winter, H.F. DeLuca, In Vivo Upregulation of Interleukin-4 

Is One Mechanism Underlying the Immunoregulatory Effects of 1,25-

Dihydroxyvitamin D3, Arch. Biochem. Biophys. 377 (2000) 135–138. 

[141] C.W. Lo, P.W. Paris, T.L. Clemens, J. Nolan, M.F. Holick, Vitamin D absorption in 

healthy subjects and in patients with intestinal malabsorption syndromes, Am. J. Clin. 

Nutr. 42 (1985) 644–649. 

[142] C. Palacios, L. Gonzalez, Is vitamin D deficiency a major global public health problem?, 

J. Steroid Biochem. Mol. Biol. 144, Part A (2014) 138–145.  

[143] M.S. Calvo, S.J. Whiting, Survey of current vitamin D food fortification practices in the 

United States and Canada, J. Steroid Biochem. Mol. Biol. 136 (2013) 211–213.  

[144] W. Huber, O.W. Barlow, Chemical and Biological Stability of Crystalline Vitamins D2 

and D3 and Their Derivatives, J. Biol. Chem. 149 (1943) 125–137. 

[145] National Center for Biotechnology Information. PubChem Substance Database;Vitamin 

D3, Available from: https://pubchem.ncbi.nlm.nih.gov/compound/Vitamin_D3 

(accessed November 8, 2016). 

[146] M. Johannsen, G. Brunner, Solubilities of the Fat-Soluble Vitamins A, D, E, and K in 

Supercritical Carbon Dioxide, J. Chem. Eng. Data. 42 (1997) 106–111.  

[147] A.C. Ross, Institute of Medicine (U.S.)., Committee to Review Dietary Reference 

Intakes for Vitamin D and Calcium., Dietary reference intakes: calcium, vitamin D, 

National Academies Press, Washington, DC, 2011. 

[148] P.A. Webb, C. Orr, M.I. Corporation, Analytical methods in fine particle technology, 

Micromeritics Instrument Corporation, 1997. 

[149] A. Guinier, X-ray Diffraction in Crystals, Imperfect Crystals, and Amorphous Bodies, 

Courier Corporation, 1994. 

[150] B.C. Smith, Fundamentals of Fourier Transform Infrared Spectroscopy, CRC Press, 

1995. 

[151] J. Goldstein, D.E. Newbury, D.C. Joy, C.E. Lyman, P. Echlin, E. Lifshin, L. Sawyer, 

J.R. Michael, Scanning Electron Microscopy and X-ray Microanalysis: Third Edition, 

Springer Science & Business Media, 2012. 

[152] L. Ohannesian, A. Streeter, Handbook of Pharmaceutical Analysis, CRC Press, 2001. 

[153] J.W. Robinson, E.S. Frame, G.M. Frame, Undergraduate Instrumental Analysis, CRC 

Press, 2014. 



High pressure impregnations of fat-soluble vitamins into polysaccharide aerogels 
  

114 
 

[154] Spectrophotometry: Basic Principles, Available from: 

http://www.chm.davidson.edu/vce/spectrophotometry/Spectrophotometry.html 

(accessed November 15, 2016). 

[155] J.J. Pitt, Principles and Applications of Liquid Chromatography-Mass Spectrometry in 

Clinical Biochemistry, Clin. Biochem. Rev. 30 (2009) 19–34. 

[156] Z. Novak, Ž. Knez, Diffusion of methanol–liquid CO2 and methanol–supercritical CO2 

in silica aerogels, J. Non-Cryst. Solids. 221 (1997) 163–169. 

[157] J.A. Hyatt, Liquid and supercritical carbon dioxide as organic solvents, J. Org. Chem. 

49 (1984) 5097–5101. 

[158] S. Milovanovic, M. Stamenic, D. Markovic, J. Ivanovic, I. Zizovic, Supercritical 

impregnation of cellulose acetate with thymol, J. Supercrit. Fluids. 97 (2015) 107–115. 

[159] R.K. Bregg, New Frontiers in Polymer Research, Nova Publishers, 2006. 

[160] Langmuir Adsorption Isotherm | Chemistry Learning, Available from: 

http://www.chemistrylearning.com/langmuir-adsorption-isotherm/ (accessed 

November 24, 2016). 

[161] S. Freiberg, X.X. Zhu, Polymer microspheres for controlled drug release, Int. J. Pharm. 

282 (2004) 1–18. 

[162] P.J. Tarcha, Polymers for Controlled Drug Delivery, CRC Press, 1990. 

[163] R.F. (PharmD.), M.A. Clark, L.X. Cubeddu, Pharmacology, Lippincott Williams & 

Wilkins, 2009. 

[164] R. Uddin, Dissolution and Dissolution Apparatus: A Review, Int J Cur Biomed Phar 

Res. 1(4) (2011) 201–207. 

[165] U.S. Food and Drug Administration, Dissolution Methods, Available from: 

http://www.accessdata.fda.gov/scripts/cder/dissolution/ (accessed April 7, 2015) 

[166] S. Dash, P.N. Murthy, L. Nath, P. Chowdhury, Kinetic modeling on drug release from 

controlled drug delivery systems, Acta Pol. Pharm. 67(2010) 217-223. 

[167] H. Maleki, L. Durães, C.A. García-González, P. del Gaudio, A. Portugal, M. Mahmoudi, 

Synthesis and biomedical applications of aerogels: Possibilities and challenges, Adv. 

Colloid Interface Sci. 236 (2016) 1–27. 

[168] Z.A. ALOthman, A Review: Fundamental Aspects of Silicate Mesoporous Materials, 

Materials. 5 (2012) 2874–2902. 

[169] C.H. Giles, T.H. MacEwan, S.N. Nakhwa, D. Smith, 786. Studies in adsorption. Part 

XI. A system of classification of solution adsorption isotherms, and its use in diagnosis 

of adsorption mechanisms and in measurement of specific surface areas of solids, J. 

Chem. Soc. Resumed. (1960) 3973–3993. 



High pressure impregnations of fat-soluble vitamins into polysaccharide aerogels 
  

115 
 

[170] B. Delavari, A.A. Saboury, M.S. Atri, A. Ghasemi, B. Bigdeli, A. Khammari, P. 

Maghami, A.A. Moosavi-Movahedi, T. Haertlé, B. Goliaei, Alpha-lactalbumin: A new 

carrier for vitamin D3 food enrichment, Food Hydrocoll. 45 (2015) 124–131.  

[171] F. Diarrassouba, G. Garrait, G. Remondetto, P. Alvarez, E. Beyssac, M. Subirade, 

Increased stability and protease resistance of the β-lactoglobulin/vitamin D3 complex, 

Food Chem. 145 (2014) 646–652.  

[172] F. Diarrassouba, G. Remondetto, L. Liang, G. Garrait, E. Beyssac, M. Subirade, Effects 

of gastrointestinal pH conditions on the stability of the β-lactoglobulin/vitamin D3 

complex and on the solubility of vitamin D3, Food Res. Int. 52 (2013) 515–521.  

[173] F. Diarrassouba, G. Garrait, G. Remondetto, P. Alvarez, E. Beyssac, M. Subirade, 

Improved bioavailability of vitamin D3 using a β-lactoglobulin-based coagulum, Food 

Chem. 172 (2015) 361–367.  

[174] F. Diarrassouba, G. Garrait, G. Remondetto, P. Alvarez, E. Beyssac, M. Subirade, Food 

protein-based microspheres for increased uptake of vitamin D3, Food Chem. 173 (2015) 

1066–1072. 

[175] M. Haham, S. Ish-Shalom, M. Nodelman, I. Duek, E. Segal, M. Kustanovich, Y.D. 

Livney, Stability and bioavailability of vitamin D nanoencapsulated in casein micelles, 

Food Funct. 3 (2012) 737–744.  

[176] E. Josef, K. Barat, I. Barsht, M. Zilberman, H. Bianco-Peled, Composite hydrogels as a 

vehicle for releasing drugs with a wide range of hydrophobicities, Acta Biomater. 9 

(2013) 8815–8822. 

[177] F. Sun, C. Ju, J. Chen, S. Liu, N. Liu, K. Wang, C. Liu, Nanoparticles Based on 

Hydrophobic Alginate Derivative as Nutraceutical Delivery Vehicle: Vitamin D 3 

Loading, Artif. Cells Blood Substit. Biotechnol. 40 (2012) 113–119. 

[178] Q. Li, C.-G. Liu, Z.-H. Huang, F.-F. Xue, Preparation and Characterization of 

Nanoparticles Based on Hydrophobic Alginate Derivative as Carriers for Sustained 

Release of Vitamin D 3, J. Agric. Food Chem. 59 (2011) 1962–1967. 

[179] Z. Teng, Y. Luo, Q. Wang, Carboxymethyl chitosan–soy protein complex nanoparticles 

for the encapsulation and controlled release of vitamin D3, Food Chem. 141 (2013) 

524–532. 

[180] Y. Luo, Z. Teng, X. Wang, Q. Wang, Development of carboxymethyl chitosan hydrogel 

beads in alcohol-aqueous binary solvent for nutrient delivery applications, Food 

Hydrocoll. 31 (2013) 332–339. 



High pressure impregnations of fat-soluble vitamins into polysaccharide aerogels 
  

116 
 

[181] W. Li, H. Peng, F. Ning, L. Yao, M. Luo, Q. Zhao, X. Zhu, H. Xiong, Amphiphilic 

chitosan derivative-based core–shell micelles: Synthesis, characterisation and properties 

for sustained release of Vitamin D3, Food Chem. 152 (2014) 307–315.  

[182] Y. Luo, Z. Teng, Q. Wang, Development of Zein Nanoparticles Coated with 

Carboxymethyl Chitosan for Encapsulation and Controlled Release of Vitamin D3, J. 

Agric. Food Chem. 60 (2011) 836–843.  

[183] A. Abbasi, Z. Emam-Djomeh, M.A.E. Mousavi, D. Davoodi, Stability of vitamin D3 

encapsulated in nanoparticles of whey protein isolate, Food Chem. 143 (2014) 379–383.  

[184] E. Almouazen, S. Bourgeois, L.P. Jordheim, H. Fessi, S. Briançon, Nano-encapsulation 

of Vitamin D3 Active Metabolites for Application in Chemotherapy: Formulation Study 

and in Vitro Evaluation, Pharm. Res. 30 (2013) 1137–1146.  

 



High pressure impregnations of fat-soluble vitamins into polysaccharide aerogels 
  

117 
 

7 Scientific bibliography of the candidate 

1.01 Original scientific articles 

1. PANTIĆ, Milica, KNEZ, Željko, NOVAK, Zoran. Supercritical impregnation as a feasible 
technique for entrapment of fat-soluble vitamins into alginate aerogels. Journal of non-
crystalline solids, ISSN 0022-3093. [Print ed.], Jan. 2016, vol. 432, part B, str. 519-526, doi: 
10.1016/j.jnoncrysol.2015.11.011. [COBISS.SI-ID 19191830], 

2. PANTIĆ, Milica, KOTNIK, Petra, KNEZ, Željko, NOVAK, Zoran. High pressure 
impregnation of vitamin D3 into polysaccharide aerogels using moderate and low temperatures. 
The Journal of supercritical fluids, ISSN 0896-8446. [Print ed.], Dec. 2016, vol. 118, str. 171-
177, doi: 10.1016/j.supflu.2016.08.008. [COBISS.SI-ID 19777046],  

3. MILOVANOVI Ć, Stoja L., PANTIĆ, Milica , IVANOVIĆ, Jasna Z., ŽIŽOVIĆ, Irena T. 
Uticaj pripreme hitozan gelova na natkritičnu impregnaciju sa timolom. Novi materijali, ISSN 
0354-2300, 2015, god. 24, br. 3, str. 391-396. http://scindeks-clanci.ceon.rs/data/pdf/0040-
2176/2015/0040-21761503391M.pdf, doi: 10.5937/tehnika1503391M. [COBISS.SI-ID 
19777814]  

1.02 Original review articles 

4. HORVAT, Gabrijela, PANTIĆ, Milica , NOVAK, Zoran, KNEZ, Željko. Supercritical 
impregnation of drugs and supercritical fluid deposition of metals into aerogels. Journal of 
Materials Science, ISSN 0022-2461, Jan. 2015, vol. 50, iss. 1, str. 1-12, doi: 10.1007/s10853-
014-8626-0. [COBISS.SI-ID 18137110], 

1.08 Published scientific conference contribution 

5. PANTIĆ, Milica , KNEZ, Željko, NOVAK, Zoran. Impregnation of vitamin D3 using 
supercritical and liquid carbon-dioxide. V: KAUČIČ, Venčeslav (ur.), BEŠTER-ROGAČ, 
Marija (ur.), GANTAR, Marjana (ur.). Zbornik referatov in povzetkov, 22. Slovenski kemijski 
dnevi, Portorož, 28.-30. september 2016 = 22. Slovenian Chemical Days Portorož, September 
28-30, 2016. Ljubljana: Slovensko kemijsko društvo, 2016, str. 1-6, ilustr. [COBISS.SI-ID 
19921686]  

6. MILOVANOVI Ć, Stoja L., IVANOVIĆ, Jasna Z., PANTIĆ, Milica , PETROVIC, Filip, 
ŽIŽOVIĆ, Irena T. Supercritical CO2 impregnation of different polysaccharide-based polymers 
with thymol. V: SKALA, Dejan (ur.), DEKANSKI, Aleksandar (ur.). Proceedings. Belgrade: 
Association of Chemical Engineers of Serbia, 2013, str. 280-284. [COBISS.SI-ID 19778070]  

  



High pressure impregnations of fat-soluble vitamins into polysaccharide aerogels 
  

118 
 

1.12 Published scientific conference contribution abstract 

7. PANTIĆ, Milica , KNEZ, Željko, NOVAK, Zoran. Polysaccharide aerogels as carriers in 
pharmaceutical industry. V: MLAKAR, Damir (ur.). 1st AARC PhD Students Conference on 
Environment and Sustainable Energy, November 24th - 25th 2016, Maribor, Slovenia. Maribor: 
University, 2016, str. 75. [COBISS.SI-ID 20060950]  

8. PANTIĆ, Milica , KNEZ, Željko, NOVAK, Zoran. Supercritical and subcritical 
impregnation of vitamin D3 into polysaccharide aerogels. V: Book of abstracts, 15th European 
meeting on Supercritical fluids, EMSG 2016, 8-11 May 2016, Essen, Germany. [S. l.: s. n., 
2016], str. 60. [COBISS.SI-ID 19579670]  

9. PANTIĆ, Milica , KNEZ, Željko, NOVAK, Zoran. High pressure impregnation of vitamin 
D3 : prospective and challenges. V: Proceedings, Third international seminar on aerogels, 
synthesis-properties-applications, 22-23 September 2016, Sophia Antipolis (France). [S. l.: 
ISASF, 2016], str. 59. [COBISS.SI-ID 20011030]  

10. PANTIĆ, Milica , KNEZ, Željko, NOVAK, Zoran. Supercritical impregnation of alginate 
aerogels with fat-soluble vitamins : the design, fesibility and optimization of the process. V: 
Chemical engineering and biochemical engineering for a new sustainable process industry in 
Europe : abstract book. [S. l.: s. n., 2015], str. 475. 
http://reg.livebyglevents.com/Download.axd?FileID=9b986587-52ff-4a43-be4f-
26a05cb329c4. [COBISS.SI-ID 19014934]  

11. PANTIĆ, Milica , KNEZ, Željko, NOVAK, Zoran. Feasibility studies of feat-soluble 
vitamins impregnation via supercritical routes. V: Szuperkritikus oldószerek analitikai és 
műveleti alkalmazása konferencia, 2015. május 21, Budapest. [S.l.: s.n.], 2015, str. 19. 
[COBISS.SI-ID 19238934]  

12. MILOVANOVI Ć, Stoja L., PANTIĆ, Milica , IVANOVIĆ, Jasna Z., ŽIŽOVIĆ, Irena T. 
Optimization of chitosan gel preparation for supercritical impregnation of thymol. V: 
MARKOVIĆ, Smilja (ur.). Thirtheen Young Researchersʼ Conference Materials Science and 
Engineerings, December 10-12, 2014, Belgrade, Serbia : programme and the book of abstracts, 
Thirtheen Young Researchersʼ Conference Materials Science and Engineerings, December 10-
12, 2014, Belgrade, Serbia. Belgrade: Institute of Technical Sciences of SASA, 2014, str. 28. 
http://www.mrs-serbia.org.rs/index.php/yrc-books-of-abstracts/13th-young-researchers-
conference. [COBISS.SI-ID 19778326]   



High pressure impregnations of fat-soluble vitamins into polysaccharide aerogels 
  

119 
 

8 Biographic information about the candidate 

Personal information 

Family name: Pantić 

First name: Milica 

Sex: Female 

Citizenship: Serbian 

Born: 31st January 1989 

Marital status: Married 

Temporary address: Gosposvetska cesta 83, 2000 Maribor, Slovenia 

Permanent address: Dragoljuba Dulejanovića 45, 34000 Kragujevac, Serbia 

Email: milica.pantic1@um.si 

milicapantic@outlook.com 

 

Education 

2004-2008 High School: First Gymnasium of Kragujevac, Serbia 

2008-2012: Undergraduate Studies: University of Belgrade, 
Faculty of Technology and Metallurgy 

2012-2013: Master Degree Studies: University of Belgrade, Faculty 
of Technology and Metallurgy 

 

 

Employment 

November 2013-to present University of Maribor, Faculty of Chemistry and 
Chemical Engineering 

 



High pressure impregnations of fat-soluble vitamins into polysaccharide aerogels 
  

120 
 

  



 

 

UNIVERZA V MARIBORU 

FAKULTETA ZA KEMIJO IN KEMIJSKO TEHNOLOGIJO 
 

 

 

 

Izjava doktorskega kandidata 

 

 

 

Podpisani-a MILICA PANTI Ć, vpisna številka 1002168597 

 

 

izjavljam, 

 

 

da je doktorska disertacija z naslovom  

VISOKOTLA ČNA IMPREGNACIJA MAŠ ČOBOTOPNIH VITAMINOV V 
POLISAHARIDNE AEROGELE 

 

 

• rezultat lastnega raziskovalnega dela,  

• da predložena disertacija v celoti ali v delih ni bila predložena za pridobitev kakršnekoli 
izobrazbe po študijskih programih drugih fakultet ali univerz, 

• da so rezultati korektno navedeni in  

• da nisem kršil-a avtorskih pravic in intelektualne lastnine drugih.  
 

 

 

 

Podpis doktorskega kandidata 

 

 


