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ABSTRACT 

The aim of this PhD dissertation was to describe and analyze the preparation and 

characterization of polysaccharide aerogels and their future pharmaceutical and medical 

application. For the research, we used four types of polysaccharides: pectin, alginate, xanthan 

and guar. We used two types of pectin, high-methoxyl and low-methoxyl pectin, because of 

their different gelation mechanisms. The first part of the dissertation describes the preparation 

and characterization of pure polysaccharide aerogels. First, we prepared pectin spherical 

aerogels, cross-linked with three different ions, and we investigated their final properties. Later, 

we developed a new method for the preparation of alginate, pectin, xanthan and guar aerogels. 

We used only ethanol and no other cross-linkers. Ethanol was removed in the later processes 

of supercritical drying, and the remaining final material was thus only porous polysaccharide. 

By this method, we were able to prepare pure xanthan and guar aerogels. Prior to this study, 

xanthan and guar aerogels were prepared only as composites. Pectin aerogels prepared by the 

new method have amazing properties. On the other hand, alginate aerogels show poor 

characteristics, and thus the methods need to be optimised. We tried different alginate 

viscosities, different alcohols (methanol, ethanol, 1-propanol and 1-butanol), and we 

investigated longer (24h) and shorter (1h) gel setting times.  

The second part of this dissertation describes the pharmaceutical and medical applications of 

prepared aerogels. The release of diclofenac sodium from spherical pectin aerogels was 

investigated in vitro. Calcium cross-linked aerogels were not able to retain the drug, and its 

release was immediate. In order to achieve controlled release of diclofenac sodium, zinc ions 

had to be used as cross-linkers. Later, a low water-soluble drug, nifedipine, was used as a model 

drug for the monolithic aerogels prepared by the new method. The release of nifedipine from 

pectin and alginate aerogels was highly increased, compared to the crystalline drug. This result 

is promising for future evaluation of these materials for increasing the bioavailability of poorly 

water-soluble drugs. Nifedipine release from xanthan and guar aerogels was prolonged up to 

two weeks. This result reveals a new perspective on such materials for their potential use in 
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medicine as implants and local drug delivery. According to these results, we then developed a 

new coating material for medical-grade stainless steel from xanthan and pectin. An aerogel 

coating was loaded with diclofenac sodium and indomethacin, and their release profiles were 

investigated in vitro. Electrochemical analysis and cell tests proved the safety of such materials 

for use in medicine. Using aerogel coatings, the drug can be introduced locally into the body; 

therefore, the need for intravenous, post-operational treatment is greatly reduced. 

KEYWORDS: polysaccharides, aerogels, supercritical drying, drug carriers 

UDK: 544.774.2:54-139(043.3) 
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POVZETEK 

Cilj doktorske dizertacije je priprava, karakterizacija in aplikacija polisaharidnih aerogelov. Za 

pripravo aerogelov smo uporabili štiri polisaharide: pektin, alginat, ksantan in guar. Uporabili 

smo dve vrsti pektina, visokometilirani in nizkometilirani pektin, ki se med seboj razlikujeta po 

stopnji esterifikacije ter s tem tudi po načinu geliranja. V prvem delu raziskave smo se 

osredotočili na pripravo in karakterizacijo polisaharidnih aerogelov. Najprej smo pripravili 

pektinske aerogele ter preiskovali vpliv ionov na geliranje ter končne lastnosti materialov. 

Razvili smo enotno metodo za pripravo alginatnih, pektinskih, ksantan in guar aerogelov z 

dodatkom etanola ter brez dodatnih zamreževalcev. Prvič smo opisali pripravo čistih ksantan 

in guar aerogelov, ki so do sedaj bili pripravljeni samo kot kompoziti. Z novo metodo smo 

dosegli izjemne lastnosti pektinskih aerogelov. Pripravo alginatnih aerogelov smo zaradi 

slabših strukturnih lastnosti optimizirali. Tako smo uporabili tri različne viskoznosti alginata, 

metanol, etanol, 1-propranol in 1-butanol ter primerjali krajši (1 h) ter daljši (24 h) čas geliranja.  

V drugem delu doktorske dizertacije smo raziskovali uporabo pripravljenih aerogelov kot 

nosilcev aktivnih učinkovin. Primerjali smo sproščanje doklofenak natrija iz pektinskih 

aerogelov, zamreženih z različnimi ioni in ugotovili, da je zamreževanje s kalcijem primerno, 

če želimo doseči takojšnje sproščanje učinkovine. Če želimo doseči podaljšano sproščanje, je 

primernejše zamreženje pektina s cinkovimi ioni. V nadaljevanju študije smo uporabili v vodi 

slabo topno učinkovino, nifedipin, ter jo vezali v monolitne polisaharidne aerogele, pripravljene 

po novi metodi. Ti nosilci so primerni za farmacevtske aplikacije, saj so pripravljeni samo iz 

polisaharida, brez dodatnih zamreževalcev. Tako je potencialni nosilec samo polisaharid v 

obliki visoko porozne strukture. Ugotovili smo, da se sproščanje nifedipina znatno poviša z 

vezavo na pektinske in alginatne aerogele v primerjavi s čisto učinkovino. Tako lahko 

dosežemo dosti višjo učinkovitost v vodi slabo topnih aktivnih učinkovin. Z vezavo na ksantan 

in guar aerogele je bilo sproščanje te učinkovine podaljšano do dveh tednov. Ta rezultat daje 

priložnost za aplikacijo takih aerogelov v medicini, morebiti za implantate ali za lokalno 

dostavo zdravil. V zadnjem delu smo pripravili kompozitni ksantan-pektin aerogel v obliki 
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prevleke na jeklo. Primerjali smo sproščanje dveh aktivnih učinkovin, indometacina ter 

diklofenak natrija. Elektrokemijske ter celične študije so potrdile varnost uporabe takih nosilcev 

v medicini. Z aerogelnimi prevlekami dosežemo direktni vnos zdravila na željeno mesto v 

telesu ter tako preprečimo kasnejša vnetja in bolečine, predvsem pa znižamo potrebo po 

intravenskem vnosu zdravil po operativnih posegih. Sproščanje obeh učinkovin iz ksantan-

pektin aerogelov je bilo podaljšano do 6 h.  

KLJUČNE BESEDE: polisaharidi, aerogeli, superkritično sušenje, nosilci zdravilnih 

učinkovin 

UDK: 544.774.2:54-139(043.3) 
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AIMS OF THE THESIS 

The research is based on optimising the method for the preparation of polysaccharide aerogels 

in order to achieve optimal properties for their later drug delivery application. The research is 

focused on the gelation mechanism of polysaccharides, mainly pectins but also alginate, 

xanthan and guar. The well-known gelation mechanism of pectin is first investigated and 

optimised by different cross-linking ions. The development of a new gelation method is 

essential for the fast and cost-effective production of various polysaccharide aerogels. The 

gelation mechanisms of pectin, alginate, xanthan and guar are studied in order to develop a new 

approach to the gelation of various water-soluble polysaccharides. Production of alcogels 

instead of hydrogels is crucial for the fast production of polysaccharide aerogels. Gelation 

parameters such as viscosity of the solution, gelation time, cross-linking agents, etc. are 

investigated. Structural properties of polysaccharides are essential for their application in drug 

delivery systems. Among those, swelling, available surface areas, pore volume and thermal 

stability have the greatest effect on drug encapsulation and release.  

However, there are several limitations regarding polysaccharide gelation. Some of them 

(xanthan and guar) are known to produce gels only by co-bonding with other polysaccharides. 

The production of alcogels is limited on account of the water-solubility of the chosen 

polysaccharides. Supercritical drying is effective only if the water is almost completely 

removed from the gel; if not, structural collapse follows.  
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1 INTRODUCTION 

The opening chapter of this dissertation provides an introduction into the world of aerogels. 

Aerogels are outstanding materials with high porosity and large surface areas. These materials 

can be roughly divided into two groups: inorganic and organic. Most organic aerogels are 

prepared from polysaccharides that have incredible gelling ability and are thus capable of forming 

a gel, which is further transformed into aerogel by a process called supercritical drying.  

This introduction is based on the theory of polysaccharides, their gelation and transformation into 

advanced materials - aerogels. The focus is placed on pectin, alginate, xanthan and guar, which 

were used in the later research.  
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Polysaccharides are complex polymeric carbohydrate molecules. They are composed of 

monosaccharide units arranged in chains. Periodic units are bound together by glycosidic 

linkages. Polysaccharides belong to a class of biopolymers and are present in different forms, 

from linear to highly branched.  

Table 1.1 Sources of food polysaccharides [1]. 

Polysaccharide Main sources 

Starch (amylose) Cereal grains, tubers 

Starch 8amylopectin) Cereal, tubers 

Modified starches Corn kernels 

Maltodextrins Corn and potato starches 

Carboxymethylcellulose Cotton cellulose 

Galactomannans Seeds of guar, locust bean, tara 

Carragenans Red seaweeds 

Agars Red seaweeds 

Gum Arabic Stem exudate of Acacia Senegal 

Gum Tragacanth Astragalus spp. 

Pectins Citrus, apple, and other fruits 

Alginates Brown seaweeds 

Xanthan gum Xanthomonas campestris 

Chitin, chitosan 
Invertebrates, lower forms of 

plants, shells of crustaceans 

Inulins Chicory, Jerusalem artichokes 

 

Polysaccharides can have animal, vegetal (algae, plants, seeds, and exudates), and 

microbial/fungal origins. Therefore, they hold a wide range of different functions. 

Polysaccharides can also be roughly divided into groups according to their two main functions: 

energy storage (starch, glycogen and polysaccharides of some plant seed) and their 

contributions to the structural components of cells. Polysaccharides can also contribute to the 

structural integrity and mechanical strength of plant tissues by forming a hydrated, cross-linked, 
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three-dimensional network, as in the case of pectins in land plants and carrageenan, agar and 

alginate in marine species.  

 

High-methoxyl pectin Low-methoxyl pectin 

  

Xanthan gum Alginate 

 

 

Guar gum 

 

Figure 1.1 Structural formula of polysaccharides, used in the doctoral research 

Plant foods are by far the commonest source of polysaccharides (Table 1.1). The 

polysaccharides that were used in the research work for this doctoral thesis will be thoroughly 

described deeply in the following subchapters. These are high- and low-methoxyl pectin, 

alginate, xanthan gum and guar gum, the structural formulas of which are presented in the 

Figure 1.1. 
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1.1 Pectin 

Pectin was first described by Henri Braccannot in the year of 1825. The definition of pectins 

was later established in 1944, but since then it has been changed and modified. Nowadays the 

following definition is used for commercial use: ‘Pectic acids are galacturonoglycans [poly(α-

D-galactopyranosyluronic acids)] without or with only a negligible content of methyl ester 

groups. Pectic acids may have varying degrees of neutralization. Salts of pectin acids are called 

pectates.’… ‘Pectins are mixtures of polysaccharides that originate from plants, contain 

pectinic acids as major component, are water soluble and are able to form gel under suitable 

conditions’[2].   

Pectins are a family of complex polysaccharides, composed of 1,4-linked α-D-galactosyluronic 

acid residues. Many of those residues are esterified to form methyl esters. Depending on the 

isolation conditions, the remaining free carboxylic acid groups may be partially or fully 

neutralized. The ratio of esterified D-galacturonic acid units to total D-galacturonic acid units 

is called the degree of esterification and strongly influences the solubility, gel forming ability, 

conditions required for the gelation, gelling temperature and gel properties of the preparation. 

The degree of esterification can theoretically range from 0 to 100%. Based on the degree of 

esterification, pectins are then divided into two main groups. High-methoxyl pectin (hmP) has 

a degree of esterification higher than 50%; consequently low-methoxyl pectin (lmP) has a 

degree of esterification lower than 50 %. However, the pectin’s structure is still not fully known 

[3], although it was discovered over 200 years ago. Three pectin polysaccharides have been 

isolated by now: homogalacturonan, rhamnogalacturonan-I and substituted galacturonans. The 

neutral sugars found in the pectin molecule are mainly D-galactose, L-arabinose and D-xylose. 

The total content of neutral sugars varies with the source, the extraction conditions and 

subsequent treatments. Pectin is both, polymolecular and polydisperse, i.e., it is heterogeneous 

with respect to both chemical structure and molecular weight.  

Pectin constitutes approximately one-third of the dry weight of higher primary plant cell walls 

[4]. The amount, structure and chemical composition of the pectin differs between plants, 
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within a plant over time and in different parts of a single plant. In particular, it can be found in 

fruit cell walls, such as in citrus fruit and apple pomace. However, pectin is present not only in 

the primary cell walls but also in the middle lamella between plant cells, where it helps to bind 

the cells together (Figure 1.2). For commercial manufacture, the sources of pectin are limited, 

mostly owing to the ability of pectin to form a gel, which depends mainly on the molecular size 

and degree of esterification. Consequently, the high amount of pectin in a fruit is not enough to 

qualify that fruit as a source of commercial pectin.  

 

Figure 1.2. The main source of pectin in the cell wall [5].  

For commercial use, nowadays pectins are almost exclusively derived from citrus peel or apple 

pomace. Both are by-products of juice manufacturing units. In applications, often both citrus 

and apple pectins act in a similar manner and are therefore often equally used. The physical 

appearance of apple and citrus pectin differs. Citrus pectins are light cream, whereas apple 

pectins are darker.  

Pectin is soluble in water, but it is insoluble in aqueous solutions, in which they would gel at 

the same temperature if dissolved at a higher temperature. However, if dry powdered pectin is 

added to water, it has a tendency to hydrate very rapidly. This causes the formation of clumps, 

which consist of semi-dry packets of pectin contained in an envelope of highly hydrated outer 
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coating. Any further process of solubilisation is therefore highly restricted. In order to prevent 

the formation of such clumps, the dry powdered pectin should be added to water very slowly. 

Additionally, the dry pectin powder could be mixed with water-soluble carrier material. At 

lower concentrations, pectin solutions are Newtonian; at a moderate concentration, they exhibit 

pseudo plastic behaviour characteristics. As with the solubility, viscosity is also related to the 

molecular weight and degree of esterification.  

Maximum stability of pectin solution or gel is found at pH 4. The presence of sugar also acts 

protectively, while elevated temperature increases the rate of degradation. With an increase in 

temperature or pH, chain cleavage is observed, which results in the rapid loss of viscosity and 

gelling properties. In an alkaline medium, pectin is rapidly de-esterified and degraded, even at 

room temperature [6]. Pectin is digested in the human body mainly in the large intestine (up to 

80%) and in the small intestine (up to 40%). In the faeces, 0 – 25% of pectin has been recovered. 

Pectin is digested by increased bacterial action [7].  

1.2 Alginate  

Alginate is another type of biomaterial, natural polysaccharide that has found numerous 

applications in biomedical science and engineering, owing to its favourable properties. Like 

pectin, alginate also has a high tendency to form a gel. Alginate is present in brown seaweed, 

hence his high abundance in nature and its relatively low cost. It is non-toxic and biocompatible.  

Commercially available alginate is typically extracted from brown algae (Phaeophyceae), 

including Laminaria hyperborea, Laminaria digitata, Laminaria japonica, Ascophyllum 

nodosum, and Macrocystis pyrifera.  

Alginates are block copolymers between guluronate and mannuronate. The ratio varies 

depending on the natural source. Alginate is now known to be a whole family of linear 

copolymers containing blocks of (1,4)-linked β-D-mannuronate (M) and α-L-guluronate (G) 
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residues. Alginates extracted from different sources differ in M and G content, as well as in the 

length of each block, and more than 200 different alginates are currently being manufactured.  

Only the G-blocks of alginate are believed to participate in intermolecular cross-linking with 

divalent cations (e.g., Ca2+) to form hydrogels [8]. The composition (i.e., M/G ratio), sequence, 

G-block length and molecular weight are thus critical factors affecting the physical properties 

of alginate and its resultant hydrogels. The mechanical properties of alginate gels typically are 

enhanced by increasing the length of the G-block and molecular weight. Physical properties 

significantly control the stability of the gels, the rate of drug release from gels, and the 

phenotype and function of cells encapsulated in alginate gels. 

The molecular weight of commercially available sodium alginates ranges between 32,000 and 

400,000 g/mol. The viscosity of alginate solutions increases as the pH decreases, and reaches a 

maximum around pH = 3–3.5, as carboxylate groups in the alginate backbone become 

protonated and form hydrogen bonds. 

Alginate hydrogels can be prepared by various cross-linking methods, and their structural 

similarity to extracellular matrices of living tissues allows wide application in wound healing, 

delivery of bioactive agents such as small chemical drugs and proteins, and cell transplantation. 

Alginate wound dressings maintain a physiologically moist microenvironment, minimize 

bacterial infection at the wound site, and facilitate wound healing. Drug molecules, from small 

chemical drugs to macromolecular proteins, can be released from alginate gels in a controlled 

manner, depending on the cross-linker types and cross-linking methods. In addition, alginate 

gels can be orally administered or injected into the body in a minimally invasive manner, which 

allows extensive applications in the pharmaceutical area.  

1.3 Xanthan 

Xanthan gum is a natural polysaccharide and an important industrial biopolymer. It was 

discovered in the 1950s. The polysaccharide, produced by the bacterium Xanthomonas 
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campestris, was extensively studied because of its properties, which allowed it to supplement 

other known natural and synthetic water-soluble gums [9].  

Xanthan gum is a heteropolysaccharide with a primary structure consisting of repeated 

pentasaccharide units formed by two glucose units, two mannose units and one glucuronic acid 

unit, in the molar ratio 2.8:2.0:2.0. Its main chain consists of β-D-glucose units linked at the 1 

and 4 positions. The chemical structure of the main chain is identical to that of cellulose. 

Trisaccharide side chains contain a D-glucuronic acid unit between two D-mannose units linked 

at the O-3 position of every other glucose residue in the main chain. Approximately one-half 

of the terminal D-mannose contains a pyruvic acid residue linked via keto group to the 4 and 6 

positions, with an unknown distribution. The D-Mannose unit linked to the main chain contains 

an acetyl group at position O-6. The presence of acetic and pyruvic acids produces an anionic 

polysaccharide type. The molecular weight distribution ranges from 2×106 to 20×106 Da. This 

molecular weight distribution depends on the association between chains, forming aggregates 

of several individual chains. Variations in the fermentation conditions used in production are 

factors that can influence the molecular weight of xanthan [10].  

Xanthan is non-toxic and does not inhibit growth. It is non-sensitizing and does not cause skin 

or eye irritation. It could be safely used as a food additive. Xanthan gum has been used in a 

wide variety of foods for a number of important reasons, including emulsion stabilization, 

temperature stability, compatibility with food ingredients, and its pseudoplastic rheological 

properties. Because of its properties in thickening aqueous solutions, as a dispersing agent, and 

stabilizer of emulsions and suspensions, xanthan gum is used in pharmaceutical formulations, 

cosmetics and agricultural products. It is used in textile printing pastes, ceramic glazes, slurry 

explosive formulations and rust removers. The high viscosity of solutions and water solubility 

of the polymer have created important applications for xanthan in the petroleum industry, where 

it is commonly used in drilling fluids and in enhanced oil recovery processes [9]. 

Xanthan gum is highly soluble in both cold and hot water, and this behavior is related to the 

polyelectrolyte nature of the xanthan molecule. Xanthan solutions are highly viscous even at 

low polymer concentrations [9].  
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1.4 Guar 

Guar gum, also called guaran, is a galactomannan. It is primarily the ground endosperm of guar 

beans. The guar gum which can be obtained from the seed of the legume Cyamopsis 

tetragonalobus is a functional polysaccharide composed of a linear chain of D-mannose 

residues connected by (1→4)-β-glycosidic linkages. Pendant from the D-mannose are 

randomly attached D-galactose residues via (1→6)-α-glycosidic linkage units. The ratio of D-

mannose to D-galactose is ca. 1.6–1.8:1 Among naturally occurring water-soluble 

polysaccharides, guar gum is known to have one of the highest molecular weights, reported 

[11] as ∼2.8 × 107 g mol−1.  

Guar gum is known for its low cost, nontoxicity, biodegradability, biocompatibility, high 

viscosity and high water-solubility. Thus, it is used in many industries as a sizing and finishing 

agent in the textile and paper industries; as a binder, stabilizer and thickener in the cosmetics 

and food industries; and as a fracturing fluid additive in mining and hydraulic fracturing 

processes. Guar gum is used as a thickener in cosmetics, sauces and salad dressings and as an 

agent in ice cream that prevents formation of ice crystals [12]. In the pharmaceutical sector, its 

functional properties are of primary importance for controlling the release of drugs in the 

gastrointestinal tract: as a carrier for colon targeted drugs, for anticancer drugs in the treatment 

of colorectal cancer and for oral rehydration solutions in the treatment of cholera in adults [13]. 

In pharmaceutical formulations, guar gum is used as a binder and disintegrant in solid dosage 

forms and as a suspending, thickening and stabilizing agent in liquid formulations [12]. Guar 

gum is a potential hydrophilic matrix carrier for oral controlled delivery of drugs with varying 

solubility [14]. On exposure to dissolution fluids, guar gum becomes hydrated and forms a 

viscous gel layer that slows down further seeping-in of dissolution fluids towards the core of 

the matrix tablet.  

Several cross-linking methods have been proposed for the gelation of guar gum e.g. cross-

linking with glutaraldehyde [15] and phosphating agents [16] in combination with polyacrylic 

https://en.wikipedia.org/wiki/Galactomannan
https://en.wikipedia.org/wiki/Endosperm
https://en.wikipedia.org/wiki/Guar
https://en.wikipedia.org/wiki/Guar
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acid [17], or recently by using 1,2,3,4-butanetetracarboxylic dianhydride as a cross-linking 

agent [13].  

1.5 Polysaccharide gelation 

The sol-gel process is a well-known method for producing solid materials and has been 

extensively reviewed in books [18–23] and research articles [24–27].  

The sol is a colloidal dispersion of particles with diameters in the range of 1 ± 1000 nm in a 

liquid [28]. When particles collide and polymerisation occurs, the molecule reaches 

macroscopic dimensions. The resulting structure is termed a gel. In summary, the gel is a 

substance that contains a continuous solid skeleton in which the liquid phase is enclosed. By 

Henisch [29], a gel has been defined as a “two-component system of a semisolid nature, rich in 

liquid”.  

The simplest way to understand the gelation process is to imagine the collision of clusters due 

to condensation or aggregation of particles. After the complete collision, one big cluster is 

formed, which is called a gel.  

Gelation is a process where homogenous dispersion of a sol rigidifies. The sol or solution is 

transformed into a gel by going through a gel-point, meaning that the sol goes from a liquid 

state to a viscous state and then transforms to a solid state, which is called a gel. Formation of 

a gel occurs if and when the molecules interact to form a three-dimensional network that entraps 

a solvent. Junction zones are formed on account of the chain interactions. Those junction zones 

should not be too large, because the solute would precipitate rather than forming a gel [2]. The 

definition of the sol and the gel is stated in the book Introduction to Sol-Gel Processing [20] : 

‘A sol is a stable suspension of colloidal solid particles within a liquid. … A gel is a porous 3-

dimensionally interconnected solid network that expand in a stable fashion throughout a liquid 

medium and is only limited by the size of the container.’ The solid particles must be small 

enough for the dispersion forces to be greater than those of gravity. Solid particles in the 
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colloidal sol should range between 2 nm – 0.2 µm. The most commonly used solvent for the 

dispersion of solid particles is pure water; nevertheless, other organic solvents could be used.  

The gel is composed of a solid network and a liquid medium, which have to be in 

thermodynamic equilibrium. Consequently, the liquid does not flow out of a gel. If the liquid 

in the gel is water, the corresponding gel is a hydrogel. These materials are usually very soft 

and can be easily cut with a knife. In contrast, if the liquid is alcohol, the gel is an alcogel. 

Eventually the liquid is removed from the gel, and only the solid network remains. Depending 

on the drying method, the resulting gel is then called a xerogel, aerogel or cryogel.  

Polysaccharides, including hydrocolloids, are strongly hydrated in an aqueous medium, but 

they tend to have less ordered structures. The mechanism of gelation depends on the nature of 

the gelling agent(s) and on the conditions of gel formation, like the temperature, the presence 

of ions, the pH, and the concentration of gelling agents. [30]. Based on their cross-linked nature, 

(polysaccharides) hydrogels can be defined as chemical or physical. In the first case, crosslinks 

between different chains are strong, permanent and punctual, since they are due to covalent 

bonds. Conversely, in the second case, crosslinks are due to either polymer chain topological 

entanglement or physical interaction (this being typical of glucans and xanthan), such as H-

bonds, ionic, van der Waals, dipole–dipole and hydrophobic interactions [31]. 

Pectin has been used for many years as a gelling agent. The earliest known research on the 

gelation of pectin goes back to 1933 [32], and since then, considerable research has been done 

in this field. Many of the findings have recently been published in the book ‘The Chemistry and 

Technology of Pectin’ [33]. To outline just a few important findings, the gelation mechanism 

of pectin is dependent on its degree of esterification. Thus, lmP can interact with divalent ions 

to form a three-dimensional gelled network. HmP requires a minimum amount of soluble solids 

and a pH within a narrow range, around 3.0, in order to form gels [34,35]. Apparent pK values 

vary with the degree of esterification. Pectins with a higher degree of esterification will gel at 

a higher pH because they have fewer carboxylate anions at any given pH. LmP forms 

thermoreversible gels at low pH (3-4.5), whereas hmP forms thermally irreversible gels in the 

presence of sugars, e.g. sucrose. If the methoxyl content is lower, the gelation is slower. The 
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main use of pectin still remains as a gelling agent, thickening agent and stabilizer in food. 

Because the commercial importance of pectin is predominantly the result of its unique ability 

to form spreadable gels in the presence of a dehydrating agent at a pH at or near 3 or in the 

presence of calcium ions, that is the property most often studied and focused upon. The factors 

that determine whether gelation can occur and that influence gel characteristics are pH, 

concentration of cosolutes (sugars), concentration and type of cations, temperature and pectin 

concentration. The way in which these factors influence gelation depends on the following 

molecular properties of the specific pectin: molecular weight, degree of esterification, degree 

of amidation, presence of acetate esters and heterogeneity. All these parameters are 

interdependent.  

Alginate can form a gel by ionic cross-linking, covalent cross-linking, thermal gelation and cell 

cross-linking [8]. Cross-linking with ions is still considered the most common method to 

prepare hydrogels from an alginate aqueous solution. The ions that are usually used are divalent 

cations (such as calcium). The most widely employed cross-linking agent in the case of alginate 

is calcium chloride. The gelation is usually rapid and poorly controlled, owing to its high 

solubility in aqueous solutions. To slow down the gelation process and consequently have more 

control over the outcome, researchers are recommending the use of a buffer, containing 

phosphate, sulphate or carbonate. These groups compete with carboxylate groups of alginate in 

the reaction with calcium, and thus the gelation process is retarded. For example, when calcium 

carbonate is used for cross-linking the alginate, glucono – δ – lactone should be added to the 

mixture in order to dissociate calcium by lowering the pH of the solution. To improve the 

physical properties of alginate gel, covalent cross-linking could be employed. The use of 

poly(ethylene glycol)-diamines of various molecular weights for hydrophilic cross-linking can 

compensate for the loss of the hydrophilic character of the hydrogel. The mechanical properties 

and swelling of alginate hydrogels could be strongly tuned by using different cross-linking 

molecules. The alginate can be covalently cross-linked with 1,6-diaminohexane bridges, which 

are expected to improve the mechanical strength and resistance to chemical and microbial 

degradation, without a change in adsorption property [36]. Photo cross-linking is another 

promising approach to stable alginate gels. Alginate modified with methacrylate and cross-
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linked by exposure to a laser forms clear, flexible hydrogels. However, covalent cross-linking 

may be toxic, and the unreacted chemicals may need to be removed thoroughly from the gels. 

Also, photo cross-linking reactions involve the use of light sensitizer or the release of acid, both 

of which may be harmful in the body. Thus, such prepared gels could rarely be used for 

biomedical applications. For the use of alginate gels in drug delivery applications, thermal 

gelation is one option. This is mostly because of their adjustable swelling properties in response 

to temperature changes. However, since alginate is not inherently thermo-sensitive, there have 

been only a few systems reporting thermal gelation of alginate [37]. Cell cross-linking of 

alginate is unfortunately the most often ignored method; however, it has been proven that the 

resulting gels might be ideal for cell delivery in tissue engineering. Cells added to a modified 

alginate solution form a uniform dispersion within the solution, and this system subsequently 

generates the cross-linked network structure [38]. If the alginate solution is not modified, the 

cells aggregate and form a non-uniform structure [8].  

Xanthan solution can form a gel by the addition of trivalent chromic ions. It has been found 

that the rate of gel formation is strongly dependent on the Cr3+ concentration, but to a much 

smaller extent on the xanthan concentration [39]. Xanthan gum usually does not gel by itself, 

but shows curious rheological characteristics [40], and forms a gel in a mixture solution with 

galactomannan [41,42] and glucomannan [43–45].  

The Guar gelation mechanism has not yet been investigated to the extent of pectin or alginate. 

Guar gum is readily soluble in cold water. There have been a few studies on the preparation of 

guar hydrogels; however, the vast majority of other studies are based on the gelation of guar 

together with other polysaccharides, or even inorganic substances. The gel is formed on cooling 

in the presence of salts [30]. Guar gum hydrogels were prepared via esterification with 1,2,3,4-

butanetetracarboxylic dianhydride (BTCA). BTCA contains two acid anhydrides in its 

structure, and each readily reacts with certain functional groups such as isocyanates, amines 

and hydroxyl groups to undergo crosslinking. Thus, the merit of BTCA is to convert nonionic 

polysaccharides to the chemically cross-linked anionic hydrogels by a one-step reaction [13]. 



1. CHAPTER: Introduction 

 

 

14 

 

1.6 From wet gels to aerogels 

A gel consists of a spongelike, three-dimensional solid network whose pores are usually filled 

with a liquid. The pore liquid mainly consists of water and/or alcohol. The resulting wet gels 

are therefore called hydrogels or alcogels.  

Wet gels are broadly classified into two categories: 

Permanent / chemical gel: covalently cross-linked (replacing the hydrogen bond by a stronger 

and stable covalent bond) networks. They attain an equilibrium swelling state which depends 

on the polymer-water interaction parameter and the crosslink density.  

Reversible / physical gel: networks are held together by molecular entanglement, and / or 

secondary forces including ionic, hydrogen bonding or hydrophobic interactions. In physically 

cross-linked gels, dissolution is prevented by the physical interactions that exist between 

different polymer chains. All of these interactions are reversible, and can be disrupted by 

changes in physical conditions or application of stress [46]. 

When the pore liquid is replaced by air without decisively altering the network structure or the 

volume of the gel body, aerogels are obtained (or cryogels when the pore liquid is removed by 

freeze-drying). A xerogel is formed upon conventional drying of the wet gels, that is, by an 

increase in temperature or a decrease in pressure, with concomitant major shrinkage (and 

mostly destruction) of the initially uniform gel body [28] (Figure 1.3). 

Therefore, the most common ways to dry wet gels are evaporative drying, freeze drying and 

supercritical drying. By evaporative drying, the microstructure collapses, mostly owing to 

capillary forces, and therefore some shrinkage of the solid occurs [47]. In the first stage of 

evaporative drying, the gel shrinks by the volume that was previously occupied by the liquid. 

The liquid flows/diffuses from the interior of the gel body to its surface. By continuing the 

drying process, the gel network becomes increasingly stiffer. The surface tension in the liquid 

rises, because the pore radii become smaller. Then, at some critical point in the drying process, 

the surface tension is no longer capable of deforming the network of the gel. The gel becomes 
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too stiff for further shrinkage. Since there is still liquid at the pore wall, this liquid film 

evaporates from the exterior surface of the gel body. Finally, the liquid that remains in isolated 

pockets of the gel leaves the gel by diffusion [28].  

In evaporative drying, the collapse of the network happens because of a pressure gradient inside 

the gel and because of the different sizes of the pores, which are subjected to uneven stress and 

crack. To minimize those capillary forces that are causing the network collapse, the size of the 

pores should be larger; the capillary force is inversely proportional to the pore radius; the gel 

should be aged so that the network can become stiffer, or some tensides or chemical additives 

should be added.  

Freeze-drying is a drying method where phase boundaries between liquid and gas phases are 

avoided. First, the liquid in the pores is frozen and then sublimed under vacuum. To achieve 

good network stability, aging periods have to be long enough, and the solvent must be 

exchanged for one with a lower expansion coefficient. A serious disadvantage of this process 

is that the network is often destroyed by the crystallization of the solvent in the pores. Cryogels 

are therefore often obtained in the form of a powder [28].  

However, by supercritical drying, the fluid is a single phase. The liquid-gas interface is 

circumvented, and therefore collapse of the network is prevented [48]. The resulting materials 

retain most of the structure of the wet gel and possess interesting properties, such as high 

porosity, large surface area, low thermal and electrical conductivity and low density.  

 

Figure 1.3. Methods of drying of a wet gel to give an (a) aerogel, (b) xerogel and (c) cryogel [49]. 
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Three types of supercritical drying can be performed to produce aerogels. The first and most 

commonly used method is low temperature drying. Supercritical carbon dioxide is used for 

extraction of an organic solvent at low temperatures. In the second method, liquid carbon 

dioxide displaces an organic solvent, with subsequent supercritical CO2 venting. Another 

possible way to dry wet gels is high temperature drying, where the wet gel is brought to the 

supercritical state of the organic solvent. In this method, the wet gel is placed in an autoclave 

with a sufficient amount of the solvent. By slowly raising the temperature above the critical 

point for the solvent, the pressure is also increased. These conditions are maintained for a 

certain time, after which the fluid is vented at a constant temperature. The pressure is therefore 

decreased, and the vessel is cooled to room temperature. The main disadvantage of high 

temperature drying is the high pressures and/or temperatures needed to reach the supercritical 

state. Supercritical drying depends on the solubility and diffusivity of the solvents in 

supercritical fluid. By increasing pressure, the solubility of organic materials or water increases, 

and therefore high pressures are used when the quantity of those substances is great.  

As seen in Table 1.2, most solvents have high critical temperatures (400-650 K) and higher 

critical pressures up to 220 bars. Many of them are flammable and potentially explosive under 

those conditions. Another concern with high temperature drying is that organic polymer 

aerogels cannot be prepared by this method. Indeed, many of them degrade or react at higher 

temperatures.  

Table 1.2. Critical data for the fluids used in the supercritical drying process.  

Fluid 

 

Tc  

K 

Pc  

bar 

ρc 

kgm-3 

Carbon dioxide (CO2) 304.2 73.75 468 

Water (H2O) 647.3 220.6 322 

Methanol (MeOH) 513.7 80.92 272 

Ethanol (EtOH) 516.3 61.37 276 

Acetone 508.2 46.6 273 

Ammoniac (NH3) 405.6 113.5 235 
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To summarize, carbon dioxide is the most desirable fluid in aerogel production. The physical 

properties of carbon dioxide have been known since the 1930s [50,51]. It is considered ‘green’ 

as it is relatively non-toxic, non-flammable and relatively inert. Its low price and relatively low 

critical conditions make it a highly desired solvent in the laboratory as well as on the industrial 

scale. Supercritical CO2 is more environmentally friendly than traditional organic solvents. In 

addition, CO2 occurs naturally, it is inexpensive, non-flammable and  recyclable, while also 

having a low critical point (31.1°C and 73.8 bar) [52]. Supercritical fluids (SCF) have 

diffusivities like gases and densities like liquids. 

The materials obtained after supercritical drying are termed aerogels. Aerogels are very low-

density materials with high porosity and large surface areas. The term was first used by Kistler 

in 1931, who defined them as porous materials with stable network structures after solvent 

exchange [53]. Aerogel production starts with a traditional sol-gel synthesis, which has been 

reviewed in many research papers and books [18–22,26]. First, a precursor is added to a solution 

to form the sol. After polymerisation, a wet gel (hydrogel/alcogel) is formed. This wet gel is 

then supercritically dried.  

Initially, silica aerogels were used in cosmetics [54]. Over the last decade, organic aerogels 

have been proposed for use in medical applications, especially within drug delivery systems 

[55]. Given their outstanding properties, today’s aerogels have become interesting materials for 

a variety of applications [56]. To name just a few, aerogels are used in microelectronics [57], 

as catalysts [58], insulators [59], capacitors [60,61] or carriers of active substances in the food 

or pharmaceutical industries [62]. Silica aerogels have been used as additives in toothpastes or 

cosmetics since the 1960s. In 1995 Berg et al [55] proposed the use of organic aerogels in 

medical applications and also in drug delivery. This research was the beginning of increased 

interest in the use of inorganic and organic aerogels in the area of drug delivery. 
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2 METHODS 

Chapter 2 briefly describes the methods that were used in the research, including supercritical 

drying of wet gels, characterization methods, supercritical impregnation, swelling and erosion 

and in vitro dissolution testing. Characterization methods are used for observing, measuring and 

describing the properties of an aerogel. There are many different ways of characterizing the 

materials. To characterize polysaccharide aerogels, most common and attractive methods include 

nitrogen adsorption, scanning electron microscopy, differential scanning calorimetry, 

thermogravimetry and thermal conductivity.  
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2.1 Supercritical drying with CO2 

Polysaccharide gels are prepared by mixing the precursors in water. Prior to supercritical 

drying, the water in the resulting gels should be replaced by an appropriate organic solvent e.g. 

ethanol or acetone. The reason involves the solubility of CO2 in water and/or in this organic 

solvent. For instance, experiments showed [63] that the solubility of ethanol in supercritical 

CO2 is much higher than the solubility of water. Inorganic aerogels, such as silica, are prepared 

by mixing the precursors in alcohol. Thus, the step of water/alcohol exchange is not needed. In 

order to prevent the formation of a liquid-vapour meniscus, which recedes during the emptying 

of the pores in wet gel, only one phase can be present during drying. Transformation of a liquid 

in SCF is one way of doing so. In supercritical drying, there is no capillary pressure gradient in 

the pore walls [64]. Thus, there is very low shrinkage and no surface tension; hence, the 

structure of the gel is almost unaffected [65]. However, organic polysaccharide aerogels are 

often prepared in water. Hence, the solvent (water) cannot be eliminated only by the 

supercritical CO2. The solvent exchange step is performed prior to supercritical drying [62].  

Supercritical drying with CO2 can be performed in two ways:  

A widely used method in the literature is the extraction of alcohol by liquid CO2. The extraction 

is performed under 25°C and 67 bars. The time required for exchanging the original pore liquid 

for liquid CO2 is determined by the diffusion of carbon dioxide into the gel, and is therefore 

dependent on the dimensions of the gel body [28]. Another requirement is the miscibility of the 

pore liquid with carbon dioxide. After final extraction, the extractor is heated to the critical 

point of CO2. Consequently, the pressure also increases above the critical point.  

Another method is the extraction of ethanol by supercritical CO2. The temperature is first raised 

above the critical temperature, and then the pressure in the extractor is increased above the 

critical pressure. After complete extraction of alcohol, the system is slowly depressurized. In 

this step, the temperature has to stay above the critical point to avoid the liquid state of carbon 
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dioxide. CO2 has to go from the supercritical state directly to the gas. Once atmospheric 

pressure in the extractor has been reached, the system can be cooled down. 

 

Figure 2.1. Experimental apparatus [66].  

The process for drying wet gels in this research work is as follows (Figure 2.1): wet gels are 

placed into an autoclave, which is filled with the same solvent as in the gel pores. The solvent 

in the autoclave prevents the evaporation of solvent from the gel pores during the heating and 

pressure elevating steps, hence avoiding pore collapse. CO2 is then heated above its critical 

temperature and pumped into the autoclave. CO2 extracts the solvent from the wet gel. The CO2 

flow should be constant during the drying process. The solvent is then separated from the CO2 

in the separator. After few hours, the solvent is completely extracted from the gel, and 

supercritical CO2 is the only substance remaining in the pores. Now is the time to slowly 

depressurize the system. After reaching atmospheric pressure, the system is left to cool down, 

and then the samples (aerogels) are withdrawn from the autoclave. It is difficult to predict the 

appropriate time for the drying of aerogels. Hence, mathematical modelling of the supercritical 

drying procedure could provide important information about optimization of the process.  

2.2 Nitrogen adsorption 

Nitrogen adsorption is a great tool for the characterisation of a variety of porous materials. 

Langmuir worked on monolayer adsorption, and his model predicted that the amount of 
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adsorbed gas at the plateau of a Type I isotherm corresponds to complete monolayer coverage. 

Later, it was proven that multilayer nitrogen adsorption is possible at a temperature of 77 K 

(temperature of liquid nitrogen) [67]. Brunauer and Emmett conducted those studies for the 

determination of surface area, and in 1938 Brunauer-Emmett-Teller (BET) published the theory 

providing theoretical support for determining the surface area [68].  

Surface tension, like gas adsorption, is the result of surface energy. Except on the surface, the 

molecules of all solids are surrounded by and bound to neighbouring molecules. Surface 

molecules are bound on one side to inner molecules, and the surface is thus exposed to attract 

gas or liquid molecules. Those attractions are called van der Waals forces and are responsible 

for physisorption, surface tension and condensation in liquids.  

From the specific surface area, it can be determined how solids burn, dissolve or react with 

other substances. To determine surface area, the solid material is first treated by a combination 

of heat, vacuum and/or gas to remove adsorbed substances (water and CO2). Under vacuum, 

the sample is cooled to cryogenic temperatures (77K, -195°C). An adsorbent (usually nitrogen) 

is introduced in specific amounts into the sample tube. After each dosage, pressure equilibrium 

is reached, and the amount of adsorbed gas is then calculated. The amount of adsorbed gas at 

each temperature and pressure defines the adsorption isotherm. The amount of gas required to 

form a monolayer (one molecule thick) is calculated from the adsorption isotherm. BET is used 

to calculate the specific surface area.  

Surface area determination requires special conditions for forming a monolayer of gas 

molecules on the surface of the sample. Continuing this process, gas condenses in the pores, 

and in this way porosity can be determined. By increasing the pressure, gas first condenses in 

smaller pores. Pressure then increases until all pores are filled with liquid. Pressure is 

immediately decreased to remove condensed gas from the system. Analysis of the adsorption 

and desorption branch of this curve, as well as its hysteresis, gives us information about pore 

size, pore volume and surface area.  
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Most reactions in solids take place on their surface. The porous structure, size and shape of an 

adsorbent determines whether the adsorbent reaches an active site in the sample. The IUPAC 

system divides pores according to adsorption mechanisms. Micropores (<2nm) have higher 

enthalpies of adsorption than meso- (2-50nm) or macropores (>50nm). Gas adsorption is an 

important characterization method for a wide range of porous materials [69]. Of all the gases, 

nitrogen is the one most commonly used in these analyses [70].  

For interpretation of the adsorption isotherm, we first have to determine its type. IUPAC [71] 

divides isotherms into 6 groups, presented in Figure 2.2. Type 1 is typical of materials with 

very small pores, and types 2 and 4 characterize nonporous materials or materials with relatively 

wide pores. Types 3 and 5 appear under conditions when adsorbent molecules have a higher 

affinity for one another than for the sample. The type 6 isotherm is quite rare and represents 

nonporous solids with an almost completely uniform structure. Adsorption isotherms for 

organic aerogels a have typical hysteresis loop, determining a meso- and microporous structure 

[64]. 

 

Figure 2.2. IUPAC classification: adsorption isotherms [72]. 

Before analysis, the sample should first be outgassed by evacuation or by sparging the adsorbed 

gas to remove all impurities from the air. The temperature is then decreased to cryogenic 
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temperature. The quantity of adsorbed gas vs. relative pressure at a specific temperature is 

presented as an adsorption isotherm. The resulting data are calculated according to gas 

adsorption theories. Results for surface area are given in m2g-1 [72]. Gas adsorption is a 

volumetric method. It is calculated as the difference between the number of molecules 

introduced and the number of un-adsorbed molecules at equilibrium pressure. Assuming both 

molecules have the same size, and the absorption pressure (molecule number) is 50 Pa, we have 

to measure pressure change for 0.16% (N2) and 38% (Kr) at relative pressure (P/P0 = 0.3, N2 

= 30400 Pa, Kr = 80 Pa). As it is easier to measure higher-pressure changes, accuracy is 

obviously better. To summarize, the lower the vapour pressure at adsorption temperature, the 

greater the accuracy in measuring lower surface areas of the sample.  

Table 2.1 presents the properties of various gases used in gas adsorption. Krypton adsorption 

is usually used to determine very low specific surface areas. The cross-sectional area figures 

for krypton and nitrogen are 0.202 nm2 and 0.162 nm2, respectively. This means that the krypton 

molecule is larger than nitrogen by around 25%. To conclude, the krypton molecule is not 

suitable for measuring lower surface areas, owing to its greater cross-sectional area. However, 

the reason for using krypton lies in its adsorption temperature and its vapour pressure.  

Gas adsorption is a volumetric method. It is calculated as the difference between the number of 

molecules introduced and the number of un-adsorbed molecules at equilibrium pressure. 

Assuming both molecules have the same size, and the absorption pressure (molecule number) 

is 50 Pa, we have to measure pressure change for 0.16% (N2) and 38% (Kr) at relative pressure 

(P/P0 = 0.3, N2 = 30400 Pa, Kr = 80 Pa). As it is easier to measure higher-pressure changes, 

accuracy is obviously better. To summarize, the lower the vapour pressure at adsorption 

temperature, the greater the accuracy in measuring lower surface areas of the sample.  

Table 2.1. Adsorbent properties. 

Adsorptive 
Temperature 

 K 

Vapour pressure  

 Pa 

Cross sectional area 

nm2 

Range  

m2 

N2 77.4 101325 0.162 >1 
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Ar 77.4 26664 0.166 0.1˙10 

Kr 77.4 267 0.202 0.01˙1 

Xe 77.4 0.23 0.232 Ca. 1cm2 

CO2 273.2 3490 k 0.195 
Coal, active 

carbon 

2.3 Scanning electron microscopy 

Scanning electron microscopes (SEM) can image and analyse bulk specimens. Electrons are 

accelerated through a voltage difference between cathode and anode that may be as low as 0.1 

keV or as high as 50 keV. The signals that derive from electron-sample interactions reveal 

information about the sample, including external morphology (texture), chemical composition, 

and the crystalline structure and orientation of materials making up the sample. In most 

applications, data are collected over a selected area of the surface of the sample, and a 2-

dimensional image is generated that displays spatial variations in these properties. The SEM is 

routinely used to generate high-resolution images of shapes of objects and to show spatial 

variation in chemical composition. The SEM is also widely used to identify phases based on 

qualitative chemical analysis and/or crystalline structure. Precise measurement of very small 

features and objects down to 50 nm in size is also accomplished using the SEM [73,74]. Field 

emission scanning electron microscopy (FESEM) provides topographical and elemental 

information at magnifications of 10x to 300,000x, with virtually unlimited depth of field. 

Compared with a conventional SEM, FESEM produces clearer, less electrostatically distorted 

images, with spatial resolution down to 1.5 nanometers – three to six times better. Since 

aerogels are highly non-conductive materials, SEM imaging presents a special challenge. 

Therefore, sputter coating of such materials is essential prior to each analysis. Usually, aerogels 

are sputter coated with gold particles and then scanned at an accelerating voltage.  

http://serc.carleton.edu/research_education/geochemsheets/electroninteractions.html
http://photometrics.net/PhotoMetrics/scanning-electron-microscopy-sem/
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2.4 Differential scanning calorimetry and thermogravimetry 

Differential scanning calorimetry (DSC) and thermogravimetry (TG) are two highly important 

analytical methods for determining the thermal characteristics of various materials. DSC 

(Figure 2.3a) is a thermal analysis technique that looks at how a material’s heat capacity (Cp) 

is changed by temperature. The sample and an empty reference crucible are heated at a constant 

heat flow. A difference in the temperature of the two crucibles is caused by the thermal critical 

points of the sample and can be detected. This allows the detection of transitions such as 

melting, glass transitions, phase changes and curing. Because of this flexibility, since most 

materials exhibit some sort of transition, DSC is used in many industries, including 

pharmaceuticals, polymers, food, paper, printing, manufacturing, agriculture, semiconductors 

and electronics. The biggest advantage of DSC is the ease and speed with which it can be used 

to see transitions in materials. In TG (Figure 2.3b), the sample is heated under nitrogen or 

synthetic air with a constant heat rate, while the difference of the mass during this process is 

measured. A mass loss indicates that a degradation of the measured substance has taken place. 

The reaction with oxygen from the synthetic air, for example, could lead to an increase in mass.  

 

Figure 2.3. Schematic presentation of a) DSC [75] and b) TG [76].  

 

TGA/DSC 1, Mettler Toledo was used for analysis of the aerogel samples. Calibration was 

performed by indium sample. A small amount of the sample (e.g. 10 mg) was weighed into an 

aluminium crucible and then heated to the desired temperature at a predetermined heating rate.  

a) 
b) 
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2.5 Thermal conductivity 

Energy use in the EU is projected to decrease by 20% in 2020 and 50% in 2050 compared to 

energy use in 1990. A large amount of energy is used for heating buildings; therefore, the 

demand for new thermal insulation materials is increasing enormously [77]. The function of 

insulation materials is to minimize the transport of heat. Heat transport is a combination of three 

factors: conduction through solids, conduction through gas and radiation through pores. The 

largest component of total conductivity occurs through solid conduction. Therefore, it is 

preferable that insulation materials be highly porous, with only a small amount of solid structure 

[78,79]. Figure 2.4 is a schematic representation of conductivity in porous materials, in which 

the largest part is a result of conduction through gas.  

 

Figure 2.4. Thermal conductivity in porous materials as a result of several different mechanisms, 

including conduction through porous solids (purple arrow), conduction through gas contained in the 

pores (red arrow) and radiation (blue arrow).   

 

The materials with the highest porosities (up to 99%) are aerogels prepared using the sol-gel 

process and dried under such conditions that the structure of the wet gel is preserved. Inorganic 

silica aerogels are most widely used for building applications. Because of the Knudsen effect, 

their thermal conductivity can be lower than that of still air [80,81]. Silica aerogels usually 

th
er

m
al

 c
o

n
d

u
ct

iv
it

y
 /

 W
m

-1
K

-1

density / kgm-3

GAS

RADIATION

SOLID

TOTAL 



2. CHAPTER: Methods 

 

 

27 

 

possess some limitations caused by their brittleness. Other recent studies [82–85] are thus 

focusing on the mechanically more stable polysaccharide aerogels. To combine both the 

mechanical properties of polysaccharide aerogels and the low thermal conductivity of silica 

aerogels, composites of cellulose-silica with low conductivities of 27 mWm-1K-1 were reported 

[86].  

There are many ways to measure the thermal conductivity of insulation materials [87]. One 

method is the DSC, which was first proposed by Hakvoort and van Reijen [88]. In this method, 

the melting behaviour of a pure metal (such as indium) on top of a cylindrical sample or disk is 

measured. During heating, the metal reaches its melting point, and the temperature remains 

constant while the metal melts. The temperature difference between the lower surface of the 

disk and the heat flowing into the disk is measured by the DSC, and the thermal conductivity 

is calculated from the temperature difference and the heat flow. The DSC method is a simple 

and useful method for measuring all sorts of materials, from polymers, ceramics and glasses 

[89], to powders [90]. This analysis was based on previously published studies on measuring 

the thermal conductivities of polymers with an uncertainty of 10% [91]. The assembly is shown 

in Figure 2.5. The sample is placed directly on the sensor. One should ensure that the sample 

does not melt in order to avoid destroying the sensor. Then the metal (e.g. indium) is placed on 

the top of the sample in a light aluminium crucible. On the reference side, an empty aluminium 

crucible is used.  

 

Figure 2.5. Schematic presentation of the sample arrangement on the DSC sensor. 
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After the setup, the heat flow is measured in the range where the selected metal melts. For 

indium, the heat flow is measured from 153°C to 162°C. The melting point of indium is 

156.6°C.  

The slope S (left side of the melting peak) is determined by plotting the DSC curve against the 

temperature [91]. This slope is essential for the determination of thermal conductivity according 

to Eq. 1:  

𝑆 =
𝜙

∆𝑇
            (1) 

Where Φ is the heat flow and ΔT is the difference between the temperature of the sample at 

time t and the melting point of the metal (Tonset). For determination of thermal conductivity, we 

then used Eq.2:  

𝜆 =
𝜙

∆𝑇

ℎ

𝐴
= 𝑆

ℎ

𝐴
           (2) 

Where h is the sample height, A is the cross-sectional area and λ is thermal conductivity in units 

(WK-1m-1).  

2.6 Supercritical impregnation in drug delivery 

Supercritical impregnation can be used in many different applications. One of the latest 

opportunities is its implementation in the pharmaceutical sciences. Because the vast majority 

of newly discovered drugs are poorly water soluble, incorporation into the matrix becomes a 

huge challenge. Supercritical impregnation is one option for incorporating such drugs into 

carriers. It has been proven [92] that supercritical impregnation is a more effective method for 

incorporation of drugs than, for instance, the traditional sol-gel method. However, supercritical 

impregnation requires detailed method design. The matrix and the desired drugs to be 

impregnated need to be carefully chosen. The solubility of a drug within the adsorption medium 

is one of the most relevant characteristics [93]. Final loading of a drug is affected by the 

solubility of the drug in SCF and by the carrier surface. It is advisable for the carrier to have as 
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high a surface area as possible, in order to provide more ‘space’ for the incorporated drugs, 

hence higher loadings [94]. Lately, aerogels have become highly investigated materials for 

supercritical drug impregnation.  

Supercritical technology offers a more ecological alternative to conventional impregnation 

processes. Supercritical fluid properties--i.e. low viscosity, low surface tension, high density 

and gas-like diffusivity--allow faster and more homogeneous impregnation.  

A very important parameter for supercritical impregnation (SCI) is the interaction between the 

SCF and the polymer matrix. Three possible effects need to be considered when attempting to 

understand these reactions [56]: 

1. dissolution of SCF in the polymer matrix (polymer sorption); 

2. swelling of the polymer matrix; 

3. plasticisation (depression of polymer glass transition temperature - Tg).  

 

Swelling and plasticisation are caused by the sorption of SCF. The sorbed gas acts as a 

‘molecular lubricant’ making the polymer chains softer (the polymer transition from a glassy 

state to a rubbery state occurs) and able to move more freely. The impregnation compound 

should be soluble in SCF, and the diffusion coefficient between the compound and polymer 

molecules must be sufficiently favourable to charge the matrix with an adequate amount [95]. 

Supercritical impregnation of compounds into aerogels can be achieved by two different 

mechanisms [96]. The first one is the deposition approach for compounds that are highly soluble 

in SCF. This process starts with solubilisation of the compound in SCF. The polymer is then 

exposed to such a solution by consecutive depressurisation and removal of SCF. Thus, the SCF 

molecules quickly leave the polymer matrix, leaving the compound molecules inside. The 

second mechanism is the partitioning mechanism for compounds that are very poorly soluble 

in SCF. For successful impregnation, it is important that the compound have a high affinity for 

a certain polymer matrix, which would result in preferential partitioning of a compound in a 
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way that favours the polymer over the fluid phase. The partitioning mechanism has a major 

advantage over the deposition approach. The reason is due to the re-crystallisation process of 

the compound when using the deposition approach. Specific interactions between compound 

and matrix usually prevent such re-crystallisation. 

There are two different ways to impregnate compounds into aerogels, depending on the contact 

between the SCF solution (SCF with compound) and the aerogel. The static method places the 

compound and an aerogel in a vessel that is heated to the desired temperature and charged with 

the fluid to the desired pressure. In the flowing mode in the dynamic method, the SCF solution 

is constantly passing over the aerogel matrix. The impregnation process is governed by the 

amount of the drug that can be carried by the SCF, as well as the diffusion coefficient of the 

compound [97]. 

2.7 Swelling and erosion 

Swelling and erosion are important characteristics of polymeric systems. Clearly understanding 

the swelling kinetics and erosion behaviour of a polymer can reveal the drug release mechanism 

and kinetics. Swellable matrices are also termed gel-forming matrices, as their drug-delivery 

behaviour is characterized by the formation of an outer gel layer on the matrix surface. If the 

polymer gels slowly, the solvent can penetrate deep into the glassy matrix, thus dissolving the 

drug and disintegrating the matrix. This gel layer acts as a ‘protective’ layer for the matrix, and 

its stability is as essential as its rapid formation. Therefore, gel-layer thickness behaviour is 

crucial in describing the release kinetics of swellable matrices [98].  

The swelling behaviour can be described by the front positions. Front indicates the position in 

the matrix where the physical conditions sharply change. The swelling front is where the 

rubbery region of a matrix is clearly separated from the glassy region. The erosion front 

separates the matrix from the solvent [98]. The gel-layer thickeness as a function of time is 

determined by the relative position of the swelling and erosion moving fronts (Figure 2.6).  



2. CHAPTER: Methods 

 

 

31 

 

It is reported that swelling and erosion of drug matrices in dissolution media have a significant 

effect on controlled drug release [99,100]. The swelling properties of polymers vary in different 

solutions. High swelling progress with a low erosion rate results in a thick swelling gel layer or 

a long diffusion distance for the drug. Moreover, the strength of the gel layer also affects the 

diffusion coefficient of a drug [101].  

 

Figure 2.6. Swelling and erosion phenomena of a water-soluble polymer [102]. 

The most common technique for determining the swelling properties of polymers is the 

gravimetric technique (weight difference between dry and wet polymer) [99]. The dry matrix 

is accurately weighed (W0) then placed in closed containers with the dissolution medium at 37 

± 0.5°C. After a predetermined time, the matrix is withdrawn from the medium and lightly 

blotted with tissue paper to remove excess dissolution medium. It is then re-weighed (W1). The 

percentage increase in weight due to absorbed dissolution medium is estimated at each time 

point from the Eq 3:  

𝑠𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 (%) =  
𝑊1−𝑊0

𝑊0
∙ 100        (3) 

Studies of erosion are followed by those of Roy and Rohera [103]. After the swelling studies, 

the wet samples are dried in an oven at 80°C for 24 h, then cooled and weighed until a constant 

weight is achieved (final dry weight, W2). The matrix erosion at predetermined times is 

estimated from the Eq. 4:  
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𝑚𝑎𝑡𝑟𝑖𝑥 𝑒𝑟𝑜𝑠𝑖𝑜𝑛 =
𝑊0−𝑊2

𝑊0
          (4) 

2.8 In vitro dissolution test 

Dissolution tests are usually performed in vitro or in vivo. In vivo tests are extremely costly, 

tedious and time consuming. In addition, healthy subjects are often exposed to risks from the 

drugs. In the early stages of drug formulation development, in vitro dissolution tests are thus a 

desirable alternate for in vivo tests as quality control tests.  

The drug must first be dissolved to be absorbed by the gastrointestinal tract (GIT). Dissolution 

tests are designed to mimic the conditions of the GIT. The dissolution of drugs from orally 

administered solid dosage forms in vivo and in vitro is influenced by variation in the natural or 

simulated gastrointestinal fluid (and physical variables such as hydrodynamic flow and 

mechanical stress). Intestinal transit time, gastric emptying time and variable pH can also affect 

drug release.  

Depending on the material, in vitro tests are performed by different apparatus according to USP 

(United States Pharmacopeia) standards. There are 7 different apparatus according to USP:  

basket, paddle, reciprocating cylinder, flow-through cell, paddle-over-disk, cylinder and 

reciprocating holder [104].  

Dissolution tests of solid oral dosage forms are normally employed by USP I or II apparatus, 

also known as basket and paddle. Both are considered closed-system methods, since a fixed 

volume of dissolution medium is used. Both apparatus consist of a large vessel with 500 to 

1000ml of fluid that is immersed in a thermostatic water bath. In the center of both apparatus, 

there is a rotating axis with a basket (USP I) or paddle (USP II) (Figure 2.7). These are the 

apparatus of first choice in dissolution testing of solid oral dosage forms. They are easy to 

operate, but the main disadvantage is the limited volume of dissolution media [104].  
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For extended release, at least three specification points should be fulfilled according to 

European Pharmacopeia. After 1-2 h, around 20-30% drug release should be achieved, to 

provide assurance against premature drug release. The second specification point should be 

around 50% drug release to define a dissolution pattern. At least 80% of a final drug release 

should be obtained for the last point.  

 

Figure 2.7. Schematic diagram of (a) USP I and (b) USP II [104].  

The method for dissolution tests of oral dosage forms is prescribed by EU Pharmacopoeia. 

When using paddle or basket apparatus, the prescribed volume of the dissolution medium is 

placed in the vessel, and the apparatus is assembled. The dissolution medium is warmed to 37 

± 0.5°C. The tablet is then placed into the apparatus, and the rotation of the apparatus is started 

immediately at the prescribed rate. In the case of paddle apparatus and basket apparatus, the 

aliquots are withdrawn at the prescribed time, at the prescribed intervals or continuously. The 

volume of aliquots is prescribed. Sampling is performed in the positon midway between the 

surface of the dissolution medium and the top of the basket and not less than 10 mm from the 

vessel wall. Except where continuous measurement is used with the basket or paddle method 

or where a single portion of fluid is removed, it is necessary to add a volume of a dissolution 

medium equal to the volume of liquid removed. The removed liquid has to be filtered using an 

inert filter of appropriate pore size that does not cause significant adsorption of the active 

ingredient from the solution and does not contain substances extractable by the dissolution 

medium that would interfere with the prescribed analytical method. The analysis of the filtrate 



2. CHAPTER: Methods 

 

 

34 

 

is then performed by UV spectrophotometer or high-performance liquid chromatography 

(HPLC). The quantity of the active ingredient dissolved in a specified time is expressed as a 

percentage of the content. The cumulative release is calculated by Eq. (5).  

𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 =  
𝐶∙𝑉

𝑚𝑡
∙ 100 % ,        (5) 

where C is the concentration of the drug in the release medium after the selected time intervals, 

V is the volume of the release medium, and mt is the final amount of the drug within the release 

medium. At least three replicates should be performed for each formulation.  
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3 GELATION BY DIVALENT IONS 

This chapter investigates the influence of various ions used as cross-linking agents for low-

methoxyl pectin (lmP) and alginate (Al) on aerogel characteristics. Calcium, strontium and zinc 

were used as cross-linkers for lmP, Al and lmP:Al to produce microspheres by the diffusion 

method. Gels were dried in the presence of supercritical carbon dioxide, and surface area, 

adsorption capacity, pore size distribution, swelling and erosion of final aerogels were 

investigated.  

TKALEC, G., KNEZ Ģ., NOVAK Z., PH sensitive mesoporous materials for immediate or controlled release of NSAID, 

Microporous and mesoporous materials, 224 (2016), 190-200 
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3.1 Introduction 

Both low-methoxyl pectin (lmP) and alginate (Al) and their gelation mechanisms were 

thoroughly described in the introduction to Chapter 1.5. Both are built of G-G blocks, G-M 

blocks and M-M blocks. These blocks can be found in different ratios and in different molecular 

weights, which gives alginate and pectin different physical and chemical characteristics. 

Although there are a number of different gelation methods for Al and lmP, cross-linking with 

calcium ions is one of the most widely used methods and can be used with both polysaccharides 

[105–110]. However, calcium ions can form cross-links by either the diffusion method or the 

internal setting method. The difference is in the salt being used for the gelation. Gelation with 

calcium chloride is faster; thus, this is used for the diffusion method. Phosphates or carbonates 

are then used for the internal setting method, where the gelation is induced by the addition of 

glucono – δ – lactone. By the diffusion method, the resulting gels are mostly in the form of 

(micro)spheres. In this method, Al or lmP are usually collected in a solution containing a high 

concentration of cations, which leads to gel formation. Very often, the polysaccharide solution 

is dropped into the salt solution in order to obtain small spheres, as shown in Figure 3.1. 

The model that describes this gelation mechanism is called egg-box. Figure 3.2 shows the two-

step reaction in which in the first step (Step I) calcium ions attach to functional groups on Al 

or lmP and those groups then loss their reactivity. Further in Step II, bounded calcium ions are 

still active and therefore they can react with other available functional groups, forming a 

junction zone between two chains. The constitutive uronic molecules in Al create zones in the 

gel that are interconnected and this causes the rigidity. But the rigidity is not only determined 

by the type of polysaccharide but also of the cation, used for the gelation. Namely, atomic 

number, ionic radius, ionic strength, association constant and chemical affinity toward Al or 

lmP all take part [111].  

Diffusion of calcium ions through Al or lmP depends on the concentration of calcium ions in 

the reservoir [112]. Zhao Et al. [111] used population balance model to describe the sol-gel 

transition in Al which could be very useful for the examination of relative values of the reaction 
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rate constants and the gelation time. Other ions could be used for gelation of Al or lmP [113–

115]. Kinetics and mechanism of the sol-gel process between Al and some heavy divalent metal 

ions (Cu, Ni and Co) was investigated by Khairou Et al. [116]. Zinc cross-linking was 

investigated in contrast to calcium. Results show that calcium ions can form more homogenous 

network than zinc cations (Figure 3.3) [117].  

 

Figure 3.1. Gelation process of alginate. Alginate dropped from an air droplet generator into a CaCl2 

solution to form a non-homogenous microcapsule in an “egg” formation. Gels are formed by cross-

linking of alginate-polymers with calcium ions between G-G and M-G-blocks. [118] 

 

 

Figure 3.2. Schematic representation of the multiple-step binding of Ca2+ ions to alginate [111]. 
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Figure 3.3. LmP cross-linking with calcium and zinc ions [117].  

It is proposed that zinc ions interact with carboxylate and hydroxyl groups of galacturonic acid 

similar to its description in the egg-box model. On the other hand, calcium interacts only with 

carboxylate groups. It is so that the interactions between water molecules and zinc are stronger. 

Therefore, zinc binds less easily to pectin than calcium [117]. Alginate’s affinity toward the 

different divalent ions has been shown to decrease in the following order: Pb > Cu > Cd > Ba 

> Sr > Ca > Co, Ni, Zn > Mn. Binding studies revealed that different block structures in the 

alginate bind the ions to a different extent. More specifically, Ca2+ was found to bind to G- and 

MG-blocks, Ba2+ to G- and M-blocks, and Sr2+ to G-blocks solely [119].  

Given these findings, the attempt was made to prepare lmP, Al and lmP:Al aerogels by cross-

linking with various divalent ions and to investigate their properties. The influence of calcium, 

strontium and zinc ions on specific surface area, adsorption capacity, pore size distribution, 

swelling and erosion of prepared aerogels was investigated.  

3.2 Experimental 

3.2.1 Materials 

LmP (citrus, degree of esterification=23-28%, degree of amidation=22-25%) was provided by 

Herbstreith & Fox and Al was purchased from Sigma Aldrich. Three different salts were chosen 

for the cross-linking as the source of divalent ions: Sr(CH3COO)2 – Sigma Aldrich, 
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Zn(CH3COO)2 and CaCl2 – Kemika. Prior supercritical drying with CO2 (Messer), absolute 

ethanol (Sigma Aldrich) was used to obtain alcogels. The hydrochloric acid and NaCl were 

from Merck. KH2PO4 and NaOH were obtained from Sigma Aldrich.  

Hydrochloric acid (HCl) medium (pH 1.2) was prepared by mixing 250 mL of 0.2 M NaCl and 

425 mL of 0.2 M hydrochloric acid and diluting to 1000.0 mL with distilled water. A phosphate 

buffer solution (PBS) with a pH of 6.8 was prepared by mixing 250.0 mL of 0.2 M potassium 

dihydrogen phosphate and 112.0 mL of 0.2 M sodium hydroxide and diluted to 1000.0 mL with 

water.  

3.2.2 Aerogel formation 

The formation of Al and lmP aerogel started with the traditional sol-gel synthesis using the 

diffusion method (Figure 3.4). Al and lmP were weighed and then slowly transferred to water 

while stirring, in order to avoid the formation of clumps. Three different polysaccharide 

solutions were obtained: 2% wt lmP, 2% wt Al and 2% wt Al:lmP (1:1). Each of those solutions 

was dropped into its respective salt solution (2% wt Zn(CH3COO)2, Sr(CH3COO)2 and CaCl2) 

by using a 5 mL syringe equipped with a 0.8 mm needle. The solutions formed spherical gels 

immediately upon contact with the salt solution, and these gels were then aged in the cross-

linking solution for an additional 1 h in order to achieve the complete inner gelation of spherical 

gels. The solution was vacuum filtered, and the remaining spherical gels were washed and then 

stored in water.  

Since hydrogels cannot be dried by supercritical CO2, which was theoretically explained in 

Chapter 2.1, the dehydration step was performed. In order to avoid the collapse of the gel 

framework, dehydration took place in stages. Water in the hydrogels was slowly removed by 

absolute ethanol. First, the hydrogels were exposed and left for 1h in 10% wt ethanol solution. 

Then the gels were replaced every hour in an ethanol solution at increasing concentrations: 30, 

50, 70, 90 and 100%. In this way, shrinkage of the gel was minimised.  
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The resulting alcogels (gels with alcohol in the pores) were transferred to a 500 mL autoclave, 

which was filled with absolute ethanol in order to avoid diffusion of the solvent from the 

alcogels during the heating period. Once the autoclave was sealed, the temperature was slowly 

raised up 40°C. Then the CO2 was slowly released into the autoclave (3 bar min-1) until it 

reached the set value of 120 bars. Samples were dried for 5 h and then the pressure was slowly 

released. Samples were left to cool down until room temperature and then stored in a desiccator.  

 

Figure 3.4. Diffusion method for producing aerogels. 

3.2.3 Aerogel characterization 

The shrinkage after supercritical drying was determined by sieve analysis. At least 100 

spherical samples were used for the analysis, which was repeated three times.  

Nitrogen adsorption analysis was used to determine the total surface area of the prepared 

aerogels (Micromeritics Asap 2020MP). The aerogel sample was weighed and then outgassed 

at 343 K until 10 µmHg was reached. Adsorption-desorption isotherms were registered at 77 

K, and the surface area was evaluated by the BET method. The average area of nitrogen at 77 

K was assumed to be 0.162 nm2. Mean mesopore size was determined by the Barrett-Joyner-

Halenda (BJH) method from the desorption branch of the isotherm.  
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Swelling studies were performed as described in Chapter 2.7. Briefly, aerogel samples were 

weighed and placed in 100 mL of HCl medium at a pH of 1.2 or PBS at a pH of 6.8. Samples 

were withdrawn after a predetermined time, blotted dry with tissue paper to remove excess 

solution and weighed. At least three measurements were performed for each sampling. Then 

the swelling ratio was calculated according to Eq.3. 

Aerogel erosion was measured by recording mass lost during the experiment. After the swelling 

experiments, samples were dried in an oven at 70°C for 24 h until a constant mass was reached. 

Then the samples were weighed, and the erosion was estimated using Eq. 4.  

3.3 Results and discussion 

3.3.1 Aerogel formation 

The binding of ions is highly selective, and the affinity strongly depends on the Al or lmP 

composition and sequence. For instance, Zn2+ binds to G-G and M-M blocks, Ca2+ to G-G and 

M-G blocks and Sr2+ binds only to G-G blocks (Figure 3.5). Therefore, the varying properties 

of the final materials are the result of the chosen ion.  
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Figure 3.5. Binding of Sr2+, Ca2+, and Zn2+ to alginate. Cross linking between ions and G-G and M-M 

or G-M blocks of alginate occurs in specific conformations, (a) Sr2+ binds to G-G blocks solely, (b) 

Ca2+ binds to G-G and M-G blocks, and (c) Zn2+ binds to G-G and M-M blocks [118].  

 

3.3.2 Aerogel characterization 

Shrinkage of the aerogels was measured by sieve analysis. The diameter of the resulting 

hydrogels was measured at 2.1 ± 0.2 mm. After supercritical drying, some shrinkage was 

observed; therefore, the resulting spherical aerogels had a diameter of 1.8 ± 0.3mm (Figure 

3.6).  

Nitrogen adsorption was used to determine the type of isotherm in the prepared aerogels. Figure 

3.7 shows the adsorption isotherm for the sample Al-Zn, obtained from Micromeritics ASAP 

2020. All other prepared samples showed the same characteristic isotherm.  

c) 

a) 

b) 
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Figure 3.6. Al-Zn A) hydrogels and B) aerogels. 

 

Figure 3.7. Adsorption isotherm for Al-Zn, classified as type IV isotherm.  

Isotherms for all prepared aerogels (Al-Zn, Al-Sr, Al-Ca, lmP-Zn, lmP-Sr, lmP-Ca, Al:lmP-Zn, 

Al:lmP-Sr, Al:lmP-Ca) registered on a Micromeritics ASAP 2020 apparatus are classified as 

type IV, as specified in Figure 2.2.  

Further classification of the type IV isotherm divides the hysteresis loops into four types. As 

shown in Figure 3.8, H1 and H4 represent two extreme cases, and H2 and H3 are the 

intermediate situations. 

The adsorption and desorption branches of H1 are almost vertical and nearly parallel over an 

appreciable range of gas uptake. The adsorption and desorption branches of H4 are almost 

b) a) 
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horizontal and nearly parallel over a wide range of relative pressure. The shapes of hysteresis 

loops are associated with specific pore structures. 

 

Figure 3.8. Categories of gas adsorption loops (IUPAC). 

For example, porous materials that consist of well aligned spheres and briquettes can produce 

an H1 type loop line, and materials of this type tend to have relatively narrow pore size 

distributions. For the H2 type loops, the hysteresis loop is wide, and the desorption curve is 

more precipitous than the adsorption curve. This situation usually occurs when the distributions 

of pore size radii are wide. The presence of slit-shaped pores and/or panel-shaped particles 

generates the H3 and H4 curves. However, the exhibition of H4 loops indicates the existence 

of the micropore. 

According to this classification, the isotherm of the sample Al-Zn (Figure 3.7) and all other 

aerogel samples belong to a type IV isotherm (Figure 2.2) with an H1 hysteresis loop (Figure 

3.8). This clearly indicates that polysaccharide aerogels cross-linked with divalent ions are 

typical mesoporous materials. The detailed data are listed in Table 3.1.  

The greatest surface areas were recorded by Ca cross-linked aerogels; however, these aerogels 

had the smallest mean pore sizes. In contrast, Zn cross-linked aerogels provided the smallest 

surface areas.  
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Table 3.1. Nitrogen adsorption measurements. 

Sample a 
Surface area BET  

m2g-1 

Mean pore sizeb  

nm 

Pore volumeb  

cm3g-1 

Al-Zn 261 12.65 0.64 

Al-Sr 287 13.14 0.73 

Al-Ca 437 11.07 0.94 

lmP-Zn 272 16.67 1.44 

lmP-Sr 292 16.78 1.56 

lmP-Ca 407 13.07 1.09 

Al:lmP-Zn 299 14.16 1.14 

Al:lmP-Sr 332 11.32 1.03 

Al:lmP-Ca 417 10.44 0.85 

a Al: alginate, lmP: low-methoxyl pectin, Al:lmP: alginate-pectin, Zn: zinc, Sr: strontium, Ca: calcium 

b Only pores up to 100 nm are taken into account by the BJH method 

 

Among the ions used (Zn, Sr and Ca), Zn has the lowest affinity towards Al and lmP. The 

gelation is weaker and the cross-links are not so dense, resulting in a smaller surface area. Even 

though the affinity of Sr towards Al and lmP is higher compared to Ca, the resulting surface 

area of samples prepared by Sr ions is lower than for those prepared with Ca ions.  

In order to investigate the behaviour of the prepared samples in simulated body fluids, swelling 

and erosion experiments were performed. By immersing an aerogel within body fluid, aqueous 

solutions enter the gel, transforming the aerogel into a hydrogel. The physical properties of the 

hydrated gel layer are therefore an important parameter in aerogels, especially when using 

aerogels for pharmaceutical application and thus performing drug dissolution tests [120]. The 

pH of the release media (HCl 1.2 and PBS 6.8) affects the cross links between Al or lmP chains 

and divalent ions. De-protonation of Al and lmP carboxyl groups occurs at higher pH [121]. In 

an acidic environment, Al and lmP are converted to their parent acids. Pectinic or alginic acid 

have lower swelling capacities than lmP or Al [120], so it is assumed that they resist the acidic 

environment of the stomach (pH 1.2) and degrade in the basic medium within the intestines (pH 

6.8).  
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Therefore, minimal swelling was expected within the acidic environment in HCl media at pH 

1.2. and the experimental results confirmed our assumptions. The swelling rates were 4.72% 

and 4.55% for Al-Zn and lmP-Zn, respectively. Higher swelling rates were obtained for Al-Sr 

(6.42%) and lmP-Sr (5.32%). There was almost no disintegration over the 7 h period. After 

immersing the samples in a higher pH of 6.8 (PBS), the samples started to swell rapidly. This 

behaviour is shown in Figure 3.9.  

  

Figure 3.9. a) Swelling and b) Erosion of the aerogels, cross-linked with zinc, strontium and calcium 

in PBS (pH 6.8) 

As shown in Figure 3.9a, the lmP-Zn samples can achieve the highest swelling rate, up to 60%. 

For all samples, the highest swelling rate is achieved after 2 h, after which, the swelling rate 

again decreases, showing in the sample’s mass loss. Figure 3.9b shows the results of erosion 

tests. For all surface-eroding devices, the mass loss should be linear. Here, the polymer chain 

cleavage is much faster than the water intrusion into the material. Erosion therefore affects only 

the outermost layers. In contrast, if the water uptake is faster than the degradation, bulk erosion 

occurs [122,123]. The water uptake in Ca cross-linked aerogels is high. Therefore, bulk erosion 

occurs quickly after contact with the buffer solution. On the other hand, water uptake in Zn 

b) a) 
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cross-linked aerogels is slower and so is the erosion. Complete degradation of Al-Ca aerogel 

occurs after 7 h. The most stable aerogel after this time is lmP-Zn, with only 80% degradation. 
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4 ETHANOL INDUCED AEROGEL 

FORMATION 

The fourth chapter of this thesis describes the development of a new method for the formation of 

polysaccharide aerogels. Ethanol was used for the formation of pectin, alginate, xanthan and guar 

aerogels. Formation of hydrogel and the dehydration step were avoided in this process. The 

polysaccharide aerogels obtained by this method possessed outstanding properties, including a 

porosity of up to 97% and a surface area up to 500 m2g-1. Pectin aerogels possessed lower thermal 

conductivity than that of still air. The production process for alginate aerogels was optimised in 

order to obtain materials with higher surface areas and lower thermal conductivity. Methanol was 

chosen as the best solvent for the formation of alginate aerogels.  

TKALEC G., KNEZ Z., NOVAK Z., Formation of polysaccharide aerogels in ethanol, RSC Advances, 5 (2015), 77362-77371.  

TKALEC G., KRANVOGL R., PERVA-UZUNALIĹ A., KNEZ Z., NOVAK Z., Optimisation of critical parameters during alginate 

aerogelsô production, Journal of Non-Crystalline Solids, 443 (2016), 112 ï 117.  

HORVAT G., FAJFAR T., PERVA-UZUNALIĹ A., KNEZ Z., NOVAK Z., Thermal properties of polysaccharide aerogels, Journal 

of Thermal Analysis and Calorimetry, (2016), 1 ï 8. 
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4.1 Introduction 

The sol-gel process is essential for the production of all aerogels. Briefly, wet gels are produced 

by chemical or physical gelation, as previously described in Chapter 1.5. With physical 

gelation, the resulting gels are usually weaker, since the interactions between chains are weaker. 

Bonds between the chains are formed by ionic bonds, hydrogen bonds or hydrophobic bonds, 

as presented in Figure 4.1.  

 

Figure 4.1. Types of interaction in the process of gelation [124].  

Until now, LmP aerogels had been prepared mostly by cross-linking with calcium or other 

divalent ions [125,126] and hmP aerogels by thermal or acidic gelation [1,82,127,128]. 

Alginate aerogels have been highly researched materials in recent years [129–131]. The 

gelation of this naturally-occurring polysaccharide is obtained by divalent or multivalent 
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cations (except Mg2+) [132]. Xanthan gum/Clay aerogels were prepared by Wang et al. [133]; 

however, pure xanthan or guar aerogels have never yet been prepared. Recently, the gelation of 

xanthan gum was performed in glycerol [134], but only wet gels were produced in this research. 

Guar freeze-dried aerogels were prepared by enzymatic oxidation and possessed some 

outstanding properties, such as high compressive modulus [135]. Table 4.1 briefly summarizes 

the already prepared polysaccharide monolithic aerogels, together with their specific surface 

areas.  

Long production times for aerogel preparation, together with high organic solvent consumption 

has led us to investigate new possibilities for polysaccharide aerogel production. This high 

consumption of organic solvents (mostly alcohol) is the result of the interexchange between 

water and the organic solvent before supercritical drying. Therefore, a new method of producing 

polysaccharide aerogels should be developed and presented in order to decrease organic solvent 

consumption and reduce overall processing time to make those polysaccharide aerogels more 

desirable and industrially applicable.  

The conventional route for polysaccharide aerogel preparation is presented in Figure 4.2, 

following the black arrows. The simplest way to decrease organic solvent consumption and 

total production time is then clearly seen from the same Figure 4.2, marked with a green arrow. 

It simply shows that, in order to decrease the consumption of organic solvents due to the 

dehydration step, wet gels should be prepared directly in alcohol. Hence, the production of 

hydrogel is avoided and the resulting alcogels are directly dried with supercritical carbon 

dioxide.  
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Figure 4.2. Hypothetic production of polysaccharide aerogels, avoiding high organic solvent 

consumptions and large processing times.  

Table 4.1. Specific surface areas of monolithic polysaccharide aerogels. 

Aerogel 

 

Crosslinking method 

 

Polysaccharide concentration  

% 

SBET  

m2g-1 

Reference 

 

hmP Acid gelation 5 200 [128] 

hmP Thermal gelation 6 247 [127] 

hmP Acid gelation 2-6 230-270 [82] 

lmP Calcium ions 
2 

2 

213 (apple) 

248 (citrus) 
[125] 

Al Calcium ions 2 150-300 [136] 

Al Acid gelation 2 391 [137] 

Al Cation ions 1 298-374 [137] 

Al Cation ions 1 187-356 [138] 

Al Cation ions 0.25-2.98 545-264 [84] 

Starch Thermal gelation 2 
72 (potato) 

90 (corn) 
[136] 

Cellulose NaOH 1 200 [139] 

Cellulose NaOH 5-7 200-240 [140] 

Cellulose Ionic liquids 
3 

15 

230 

130 
[83] 

Cellulose Catalyst  1 500-600 [141] 

Chitin Acid gelation 1 560 [142] 

 

Since most of the naturally occurring polysaccharides are soluble only in water, the task of 

preparing alcogels directly was not easy. After making a literature review, we found that 

hydrophobic interactions in polysaccharides are increased with the addition of alcohol [143]. 

This was then the outline for further research. Hydrophobic interactions are among the 
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possibilities for the production of gels. Thus, we assumed that polysaccharides can form gels 

only by the addition of alcohol. The hypothetical model is presented in Figure 4.3.  

Hence, we further investigated the applicability of the model by preparing polysaccharide 

aerogels in ethanol. The first part of the research was performed on pectin and subsequently on 

other polysaccharides, e.g., alginate, xanthan and guar.  

 

Figure 4.3. The ethanol induced gelation – a model.  

High-methoxyl pectin aerogels 

4.2 Experimental 

4.2.1 Materials 

High-methoxyl pectin (hmP) (Pectin Classic CU-L 069/13, degree of esterification: 78%) was 

kindly provided by Herbstreith&Fox. Absolute ethanol (Sigma Aldrich) was used to induce the 

gelation of polysaccharides. Wet gels were dried with supercritical CO2 (Messer).  
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4.2.2 Aerogel formation 

The initial part of the research involved investigating the proper concentration of 

polysaccharide solution in order to achieve the best properties in the final material. HmP was 

dissolved in water in order to form 1%, 2% and 4% solutions. To each solution, 10 v/v% ethanol 

was added. The solutions were then transferred to molds and immersed in absolute ethanol for 

an additional 1 h. The process is presented in Figure 4.4. 

 

Figure 4.4. Production of polysaccharide alcogels by ethanol-induced gelation.  

Supercritical drying was chosen to obtain dry materials with their structure unchanged. No 

solvent exchange was needed prior to the drying. The wet gels were placed in a 500 ml 

autoclave filled with 100% ethanol. The autoclave was heated to 40°C, and then the pressure 

was slowly increased to 150 bar. After 6 h of drying at the desired temperature and pressure, 

the autoclave was slowly depressurized and left to cool down.  

4.2.3 Aerogel characterization 

Nitrogen adsorption measurements for polysaccharide aerogel monoliths were performed by 

outgassing the samples; the adsorption-desorption isotherms were then obtained at 77 K. 

Surface area was determined by the BET method and mean pore size by the BJH method from 

the desorption side of the branch.  
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Scanning electron micrographs of the prepared aerogel samples were obtained using a Sirion 

400NC field emission scanning electron microscope (FESEM). The samples were fractioned 

and then sputter-coated with gold particles and scanned at an accelerating voltage of 5-10 kV. 

Aerogel shrinkage was determined by measuring the diameter and height of the alcogels and 

the resulting aerogels with a digital caliper.  

Porosity was determined as the ratio between bulk and true density by Eq. 6:  

𝜀(%) = (1 −  
𝜌𝑩

𝜌𝑇
) ∙ 100          (6)  

where 𝜌𝑩 is the bulk density of the aerogel, and 𝜌𝑇 is the true density of the aerogel. 

True densities (ρT) of the aerogels were measured by gas pycnometer (Micromeritics AccuPyc 

II 1340). Bulk densities were then determined as the ratio of mass to volume. The mass of the 

aerogel was determined by five-digit analytical balance, and the volume was determined by 

measuring the diameter and height of an aerogel of cylindrical shape.  

4.3 Results and duscussion 

4.3.1 Aerogel formation 

This chapter describes a new method for the formation of polysaccharide gels. The first part of 

the research is devoted to the formation of hmP gels. It is proposed that junction zones are 

strengthened by hydrophobic interactions between methyl ester groups. These are needed to 

overcome the entropic barrier to gelation [143].  

An immediate increase in viscosity was observed after the addition of 10% wt ethanol to the 

hmP solution. Therefore, the hmP solutions were mixed and after the homogenization 

transferred to molds, which were then immersed into absolute ethanol. The time of gelation was 
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strongly influenced by the size of the monolith. Tablet shaped wet gels (15 mm in diameter) 

became set in 1 h.  

Gelation is governed by the diffusion of ethanol into the polysaccharide aqueous solution 

(Figure 4.5). Selected polysaccharides are soluble in water but poorly soluble in ethanol. As the 

solvent exchange occurs, hydrophobic interactions are strengthened. The affinity of 

polysaccharide is greater between the polysaccharide molecules than between polysaccharide 

and ethanol. Therefore, polysaccharide molecules bind together, leaving ethanol in the pores. 

Ethanol can then be easily removed by supercritical drying without collapsing the inner 

structure of the gel.  

 

Figure 4.5. Gelation, governed by the diffusion of ethanol into the aqueous solution.  

Three different concentrations of hmP were used to prepare aerogels in order to investigate the 

impact of concentration on the morphological characteristics of the dry material. Figure 4.6 

shows hmP alcogel on the left, and the obtained aerogels on the right. It is apparent that the 

concentration of hmP has a significant impact on shrinkage of the gel during supercritical 

drying. All three aerogels were dried together under the same conditions in the specially 

designed autoclave. Therefore, all other impacts except the concentrations were limited 

From Figure 4.7, it can be concluded that the lower the pectin concentration, the higher the 

shrinkage. Moreover, a clear trend can be observed. By increasing the concentration by 1%, 

shrinkage decreases by 6.66%. A possible option to avoid shrinkage among 1% and 2% hmP 

gels would be longer aging in absolute ethanol, hence providing denser cross links and a more 

stable inner structure for those gels. 

a) b) c) 



4. CHAPTER: Ethanol induced aerogel formation 

 

 

 

56 

 

 

Figure 4.6. hmP A) alcogels and B) aerogels. 

Additionally, Figure 4.7 shows the difference between the drying of aerogels at two different 

pressures, 150 bars and 200 bars. It is observable that higher pressures do not necessarily mean 

less shrinkage (see 4% hmP aerogel). In 1% and 2% hmP aerogels, the shrinkage is not 

significantly lower and surely does not cover the cost of higher pressures.  

 

 

Figure 4.7. Shrinkage of obtained monolithic aerogels after supercritical drying under 150 bar and 

40 °C and 200 bar and 40 °C. 

 

b) a) 
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4.3.2 Aerogel characterization 

Nitrogen adsorption was employed for determining the surface area, pore size distribution and 

pore volume of the prepared 1, 2 and 4% hmP aerogels. Surface area is determined when 

relative pressures P/P0 are lower than 0.05, and nitrogen is adsorbed in the form of single 

molecules. With an increase in relative pressure, multi-layered adsorption and subsequent 

capillary condensation occur in some small micropores which are larger than the pore of 

monomolecular adsorption, accompanied by increases in the amount of adsorption. When the 

relative pressure achieves a particular high value, capillary condensation approaches the largest 

pore size, and the processes of adsorption and condensation are terminated. With a decrease in 

relative pressure, the absorbed nitrogen begins to desorb, and the adsorption layers weaken. 

When the relative pressure decreases to a certain point, capillary evaporation occurs, and the 

condensed nitrogen starts to desorb, providing the adsorption isotherms and pore size 

distribution. Adsorption isotherms were obtained by the BJH method and were of class IV 

(Figure 4.8a), which is typical for mesoporous materials according to IUPAC classification 

(Figure 2.2). The hysteresis loop occurs when the adsorption and desorption branches of the 

adsorption isotherms do not coincide. The shapes of the hysteresis loops provide information 

about pore structure. Therefore, the pore structures of various materials can be indirectly 

analysed by investigating the hysteresis loops. When the shapes of the capillary pores are 

similar, the relative pressure of evaporation and condensation are equal, and the adsorption and 

desorption branches of the adsorption isotherm coincide, so there is no hysteresis.  

Results for pore size distribution obtained with nitrogen adsorption-desorption and the BJH 

method are presented in Figure 4.8b. Micropores (< 2nm) were not considered in the evaluation. 

The largest surface area was achieved by 4% hmP aerogel, 384 m2g-1 and the least by 2% hmP 

aerogel (Table 4.2). However, these low variations could be attributed to experimental error. 

The surface area of 2% hmP aerogel was 8% lower than for 4% hmP aerogel. Even more, pore 

size was comparable among all three samples. Pore size decreases along with increased 

concentrations of pectin. The volume was slightly higher in the case of 4% hmP aerogel, which 

certainly has an impact on the greater porosity of those samples.  
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Figure 4.8. Nitrogen adsorption analysis. a) Adsorption-desorption isotherms and b) pore size 

distribution for different hmP concentrations. 

 

Table 4.2. Physicochemical characterization of hmP aerogels, prepared at 40 °C and 150 bar.    

Sample 
Ў 

/ % 

SBET 

/ m2g-1 

Pore size 

/ nm 

Pore volume 

/ cm3g-1 

1 % hmP 70.8 ± 0.8 374 17.08 1.73 

2 % hmP 75.3 ± 0.9 354 16.67 1.86 

4 % hmP 95.7 ± 0.6 386 15.64 2.15 

 

These surface areas are the highest yet reported in the literature concerning hmP aerogel 

monoliths. Until now, to our knowledge, monolithic hmP aerogels have only been prepared by 

White et al [128], Rudaz et al [82] and González-García et al [127], who obtained the largest 

surface area of SBET = 200 m2g-1, SBET = 270 m2g-1 and SBET = 284 m2g-1.  

Rudaz et al. [82] prepared high methoxyl pectin aerogels by dissolving pectin in HCl aqueous 

solution and then leaving it to gel for 24 to 48 h. The sample was then coagulated with 50% 

ethanol and dried with supercritical CO2. González-García et al [127] and White et al [128] 

both used thermal gelation with the addition of ethanol.  

b) a) 
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The porosities for 4% hmP aerogels were high, around 96%. HmP aerogels prepared from lower 

concentrated solutions showed less porosity, which is probably caused by the greater shrinkage 

of those gels. The SEM picture ( 

Figure 4.9) shows the highly compact structure of hmP aerogel.  

  

Figure 4.9. SEM micrographs of 4% hmP aerogel at 25,000 times magnification (a) and 100,000 times 

magnification (b). 

Pectin, alginate, guar and xanthan aerogels 

Based on the research on hmP aerogels, later research was performed using other 

polysaccharides, such as low-methoxyl pectin (lmP), alginate (Al), guar (Gu) and xanthan (Xa).  

4.4 Experimental 

4.4.1 Materials 

LmP (citrus, degree of esterification=23-28%, degree of amidation=22-25%) was kindly 

provided by Herbstreith&Fox. Al, Gu and Xa were purchased from Sigma Aldrich.  

b) a) 
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4.4.2 Aerogel formation 

Polysaccharide aqueous solutions (4 wt%) were prepared. Ethanol was added (10 wt%) to the 

homogenised solution, after which the solution was transferred to molds. These were immersed 

in 100% ethanol, whereupon the surface layer gelled immediately. Tablet shaped gels were left 

in ethanol for an additional 1 h until complete gelation and then dried above supercritical 

conditions of CO2.  

4.4.3 Aerogel characterization 

All prepared polysaccharide aerogels were characterized as previously described in Chapter 

4.2.3. Additionally, the thermal and rheological properties of aerogels were determined as 

described below.  

Thermogravimetric analysis (TG) of the materials was carried out with a TGA/DSC1 Mettler 

Toledo instrument. About 10 mg of the sample was placed in the crucible and heated at a rate 

of 10°C min-1 to 600°C. As described in the literature [144], heating rates between 5 and 20°C 

min-1 do not markedly influence the final signal. 10°C min-1 is suggested as the most suitable 

compromise between the time and resolution of the analysis. The initial decomposition 

temperature (IDT), T20%, T50% of mass loss, the temperature of the maximum mass loss (Tmax) 

and the residue after 600°C were determined.  

Thermal transitions were studied using a differential scanning calorimeter (DSC) with a 10°C 

min-1 heating-rate. DSC analysis was performed for studying the phase transitions of melting, 

glass transitions and exothermic decomposition. The analysis was performed on a TGA/DSC1 

Mettler Toledo instrument. The temperature range during analysis was set at between 30°C and 

600°C.  

To determine the thermal conductivity of prepared aerogels, a 40 µL light aluminium crucible 

without a lid was used. Thermal conductivity was determined as described in Chapter 2 and in 
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Figure 2.5. Pure indium (80 mg) was measured into the crucible. The bottom of the crucible 

was completely covered when the indium melted.  

Aerogels were prepared in the form of discs with a height of 0.5 to 1.5 mm. The circular end 

surfaces were carefully polished with fine emery paper so that the height and diameter could be 

accurately determined. The diameter of the sample was the same as that of the bottom of the 

crucible (6 mm). Silicone oil was placed on the sensor and on the bottom of the lid, which was 

then placed onto the sample. Excess oil was removed before placing the sample on the sensor. 

The oil was used only to provide complete contact between the surfaces. The aerogel sample 

was then placed directly on the sensor. The crucible with indium was placed precisely and 

directly on top of the sample. The silicone oil at the bottom of the crucible essentially fixed the 

crucible at the top of the sample and allowed it to be precisely oriented. An empty crucible was 

used as a reference site. 

The measurements were performed on an HPDSC1 Mettler Toledo. Heat flow was measured 

by heating from 153 to 162°C at 0.5°C min-1. The purge gas was nitrogen, with a gas flow of 

50 ml min−1. The slope S was determined from the thermogram, and thermal conductivity was 

calculated by Eq. 2. The experimental results are expressed as the mean ± standard deviation 

(SD) of three parallel experiments (n=3).  

Rheological measurements were performed at Anton Paar Ljubljana on a MCR302 Rheometer. 

1-2 mm thick wet gels were measured by the amplitude sweep (AS) method. The temperature 

for all measurements was 25°C.  

4.5 Results and discussion 

4.5.1 Aerogel formation 

It was reported in the literature [145] that xanthan gum cannot form a gel individually but only 

together with locust bean gum. By employing the new method, we were able to produce stable 

xanthan gels without the addition of any other polysaccharide.  
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The gel formed by the diffusion of ethanol into the polysaccharide solution. The surface layer 

gelled immediately. Inner layers of the polysaccharide solution, however, gelled as ethanol 

diffused into the solution, strengthening the hydrophobic interactions and inducing gelation. 

Therefore, the gelation time is dependent mainly on the diffusion path. In other words, if the 

height of the mold is low, the gelation time is much lower compared to higher molds where the 

diffusion time is much longer. Rheology measurements were performed on the alcogels (Figure 

4.10). The greatest difference between the storage and the loss modulus was observed in the 

lmP alcogel. Here the loss modulus (G’’) was around 30% of the elastic modulus (G’), which 

indicates full elasticity of the system. Other polysaccharide gels provided similar results 

(G’>G’’), although the difference between the figures was lower.  

 

Figure 4.10. Strain sweep experiments of polysaccharide alcogels at constant frequencies. a) hmP, b) 

lmP, c) Xa, d) Al and e) Gu.  

 

a) b) c) 

d) e) 
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When strain is increased, the elastic structure breaks down. Consequently, the elastic modulus 

decreases. At the point where the G’’ becomes greater than G’ it is a crossover strain, and here 

the elastic structure is broken. The loss modulus was similar for all the samples; the greater 

difference was observed in the elastic modulus. The elastic modulus decreased in order, starting 

with lmP, hmP, Xa, and ending with Al and Gu. The same behaviour was subsequently 

observed in aerogels when measuring the surface area and porosity, as well as the thermal 

conductivity. Therefore, it is clear that all these variables are connected and depend mostly on 

the type of polysaccharide.  

4.5.2 Aerogel characterization 

The obtained aerogels (Figure 4.11) were characterized by nitrogen adsorption and SEM. 

Thermal properties together with thermal conductivity were analysed by TG/DSC. One of the 

main properties of aerogels is their low density. Bulk density was determined by pycnometer. 

True densities were determined as the ratio mass/volume. Then the porosity of aerogels was 

determined as the ratio between bulk and true density. Table 6 collates the results of aerogel 

characterization. 

 

Figure 4.11. Ethanol induced gelation of some polysaccharides: from alcogels to aerogels  

 



4. CHAPTER: Ethanol induced aerogel formation 

 

 

 

64 

 

It has been observed that lmP aerogels possess the lowest bulk density and the highest porosity. 

Moreover, this also results in an extremely large surface area, which is the largest yet reported 

in the literature, according to Table 4.1. the greater surface areas were obtained by preparing 

small spherical aerogels [110]. The surface area of hmP and Xa aerogels was also high, more 

than 300 m2g-1. This is also the largest reported surface area for both hmP and Xa monolithic 

aerogels. It must be admitted that pure Gu or Xa aerogels have never been prepared. This 

gelation method thus seems highly promising for these types of polysaccharides. However, Al 

aerogels with better results have already been prepared. Thus, this method for producing Al 

monolithic aerogels should be further improved and optimized.  

Adsorption isotherms (Figure 4.12) exhibit behaviours similar to those for different 

concentrations of hmP. All isotherms belong to Class IV, and aerogels are therefore classified 

as mesoporous materials. HmP aerogels seem to have the highest capacity to adsorb gas. This 

is probably due to the high pore volume and high surface area. As expected, Gu and Al aerogels 

have low adsorption capacity. The difference between aerogels is indeed the result of 

polysaccharide structure. It is assumed that hydrophobic interactions are increased in the case 

of lmP, hmP and Xa. The polysaccharide chains get closer, and the final gel is more porous and 

consequently has a larger surface area, hence higher adsorption capacity.  

Table 4.3. Characterization of polysaccharide aerogels. 

Sample 

 

ɟB
 c   

gcm-3 

ɟT c 

gcm-3 

Ўc 

% 

SBET 

m2g-1 

Pore volume 

cm3g-1 

Pore size  

nm 

hmP 0.0861 ± 0.0022 2.5805 ± 0.0551 96.6 ± 0.01 384 1.84 19 

lmP 0.0771 ± 0.0008 2.5700 ± 0.0523 97.0 ± 0.03 510 1.87 17 

Xa 0.0961 ± 0.0021 1.8742 ± 0.0150 94.9 ± 0.01 363 1.50 20 

Al 0.1569 ± 0.0061 3.1804 ± 0.0325 95.0 ± 0.16 147 0.34 14 

Gu 0.2942 ± 0.0065 2.2451 ± 0.0233 86.9 ± 0.16 111 0.38 15 

c the results are given as the mean value ± standard deviation of five replicates. 
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Figure 4.12. Adsorption-desorption isotherms of polysaccharide aerogels. 

Scanning electron measurements were performed to characterize the novel materials and 

mainly to visually investigate their structure. The gaps in Figure 4.13 are the result of low 

hydrophobic interactions. Unfortunately, we could not observe meso- or microporosity at those 

magnitudes. As is evident from Table 4.3 the average pore size in prepared aerogels is less than 

20 nm. This could not be seen in the SEM figures, owing to the lower magnitudes. In contrast, 

nitrogen adsorption analysis did not generally allow us to measure macropores larger than 100 

µm. Therefore, the results from nitrogen adsorption and SEM could not be compared but instead 

are discussed separately. However, together with gas adsorption analysis, we can conclude that 

in hmP, lmP and Xa aerogels, hydrophobic interactions cause denser cross-linking, resulting in 

increased micropore and mesopore volume. This phenomenon is thus responsible for those 

materials being mechanically stable, in contrast to the brittle alginate and guar aerogels. 



4. CHAPTER: Ethanol induced aerogel formation 

 

 

 

66 

 

   

  

Figure 4.13. SEM figures of a) hmP, b) lmP, c) Xa, d) Al and e) Gu. 

The thermal behaviour of all the samples was investigated by means of thermogravimetry (TG) 

and differential scanning calorimetry (DSC). TG curves obtained at the heating rate of 

10°Cmin-1 in inert conditions are presented in Figure 4.14. The main parameters evaluated on 

the basis of these curves are presented in . Parameters obtained from TG curves include the 

initial decomposition temperature (IDT), temperature of 20% mass loss (T20%), temperature of 

50% mass loss (T50%), residue after 600°C and the temperature of the maximum mass loss 

(Tmax), which was determined from the first derived mass loss.  

b) 
a) 

d) e) 
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Figure 4.14. TG/DSC of a) hmP, b) lmP, c) Xa, d) Al and e) Gu aerogels.  

The TG curves in Figure 4.14 show that lmP, hmP, Xa and Gu aerogels decompose in one step. 

Initially at around 70°C, the loss of remaining ethanol is present in all samples. Then the 

degradation occurs in one step for each polysaccharide individually. Al aerogel decomposes 

like pure alginic acid [144]. This makes sense, since aerogels are prepared by gelation of 

polysaccharide in ethanol, which is then extracted from the wet gel by supercritical drying, 

leaving a pure polysaccharide matrix. Heating of alginate aerogels initially shows a dehydration 

process, which is followed by decomposition in two overlapping stages. 

Samples were analysed by DSC (Figure 4.14) at 10°C min-1 heating rate. All samples have a 

porous structure and are highly hydrophilic in nature, so that they easily adsorb moisture from 

the air. Despite the supercritical drying, some moisture is still present in the samples. Thus, the 

first endothermic peak with a maximum at about 100°C observed in all samples could be 

attributed to water evaporation. Both lmP and hmP show an exothermic peak at around 230°C, 
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where the degradation of pectin occurs. Xa remains stable for slightly longer and degrades at 

270°C. Al exothermic peaks at 230°C and 390°C are present in the degradation of this 

biopolymer. Guar seems to behave completely differently; its endothermic peak indicates the 

point of degradation to be 300°C.  

Table 4.4. Parameters obtained from TG curves 

Sample* IDT  T20% T50% Residue at 600°C Tmax 

 °C °C °C % °C 

lmP 199 ± 3 216 ± 2 225 ± 2 27.1 ± 1.5 228 ± 2 

hmP 205 ± 5 216 ± 3 221 ± 2 25.0 ± 0.8 223 ± 2 

Xa 228 ± 3 251 ± 2 268 ± 1 33.3 ± 2.1 269 ± 3 

Gu 251 ± 2 280 ± 2 298 ± 1 13.8 ± 0.8 303 ± 5 

Al 199 ± 3 222 ± 1 245 ± 2 40.0 ± 2.2 225 ± 2 

* The results are given as the mean value ± standard deviation of three replicates. 

Aerogels were analyzed to determine thermal conductivity using DSC. Figure 4.15 shows the 

difference in the melting curve of pure indium (Figure 4.15a), and Figure 4.15b presents the 

method for determining the thermal conductivity of aerogels. From the slope presented in 

Figure 4.15b, we determined the thermal conductivity as presented in Table 4.5. Among the 

samples, the best conductivity was observed for both pectin aerogels, whose conductivity 

figures were lower than that of free air (Figure 4.16). Low-density porous materials can have 

superinsulation properties as a result of the air confined in their pores, when the pore size is 

below the free mean path of air molecules. The thickness of pore walls is increased, and so is 

the solid phase conduction. This results in decreasing the gas phase conduction, a phenomenon 

widely known as the Knudsen effect.  

It is likely that both hmP and lmP form a more compact gel with highly interacted chains. After 

gelation, the polysaccharide chains are closer together, avoiding the formation of voids or larger 

macropores. The result is higher mesopore volume, which favors the Knudsen effect. Knudsen 

diffusion occurs when the mean pore diameter of the porous medium is smaller than the mean 

free path of the gas particles. However, the average pore size of prepared polysaccharide  
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Figure 4.15. Thermal conductivity of aerogels by DSC. The black curve shows the DSC curve of a) 

indium reference and b) lmP aerogel as a function of temperature. The red line is the slope from which 

the conductivity is calculated. 

aerogels is somewhere between 10 and 20 nm. This is the typical mesoporous range. In order 

to lower the thermal conductivity to achieve the conductivity of silica aerogel, the average pore 

size should be lowered to the microporous range (2 nm). Xa structure is different from that of 

pectin and hence results in lower hydrophobic interactions in ethanol. Al and Gu form clumps 

after contact with ethanol because of weak hydrophobic interactions; hence, those aerogels 

possess lower mesopore volume (Table 4.3) compared to the others. Thus, the conduction 

through solids is higher and so is the total conductivity. Lower thermal conductivity was 

observed for silica aerogels [80,81], but because of their fragility, real life applications are 

limited. Some recent studies have proposed the production of silica-polysaccharide [86] 

composites to merge the lower thermal conductivity of silica with the mechanical stability of 

polysaccharide aerogels. Polysaccharide aerogels have so far mainly been used for 

pharmaceutical or biomedical applications [62,146]. The results on thermal conductivity show 

another possibility for using those materials, especially pectin, as super-insulators. 

 

a) b) 
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Figure 4.16. Comparison of thermal conductivities of polysaccharide aerogels, determined by the DSC 

method at the melting point of indium (156.6 °C) with air, argon and helium (at 25 °C). 

 

Table 4.5. Determination of the thermal conductivity of aerogels 

Sample 

 

Slope* 

mWK-1 

Diameter* 

mm 

Height* 

mm 

Tonset*  d 

°C 

Tmelting* e 

°C 

Therm.cond* 

Wm-1K-1 

lmP 0.9973 ± 0.0023 6.0 ± 0.2 0.61 ± 0.01 157.86 ± 0.23 160.50 ± 0.32 0.0213 ± 0.011 

hmP 0.8683 ± 0.0030 6.2 ± 0.1 0.82 ± 0.03 158.33 ± 0.24 160.63 ± 0.15 0.0230 ± 0.015 

Xa 0.8323± 0.0021 5.6 ± 0.1 0.81 ± 0.02 158.13 ± 0.28 160.63 ± 0.21 0.0270 ± 0.008 

Gu 1.9819 ± 0.0124 5.6 ± 0.2 1.11 ± 0.05 157.43 ± 0.18 159.98 ± 0.13 0.0885 ± 0.023 

Al 1.7919 ± 0.0089 5.8 ± 0.2 1.23 ± 0.02 157.45 ± 0.14 160.10 ± 0.26 0.0814 ± 0.026 

* The results are given as the mean value ± standard deviation of three replicates. 

 dTonset = the point of intersection of a baseline before the thermal effect with a tangent.  

 e Tmelting = peak temperature 
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Optimisation of alginate aerogels production 

As discussed previously, the method of ethanol-induced gelation was not optimal for preparing 

Al aerogels. This process should therefore be optimised.  

Since alginic acid comes in different viscosities, its impact was investigated. Three alginic acids 

of different viscosities were used to prepare a 4% solution.  

The gelation time of tablet shaped gels was investigated. Normally, 1 h of gelation in ethanol 

is enough to produce stable alcogels. However, a longer gelation time (24 h) was used in order 

to investigate the impact on the final aerogel characteristics.  

Additionally, four alcohols were used for the gelation of Al. In the previous research, ethanol 

was used to induce the gelation of all polysaccharides. Initially ethanol was used to induce the 

gelation of all polysaccharides. In order to optimise the Al aerogels’ characteristics, the impact 

of methanol, propanol and n-butanol was also investigated.  

4.6 Experimental 

4.6.1 Materials 

Alginic acid sodium salts were purchased from Sigma & Aldrich. Three different types were 

used: Al1 - Alginic acid sodium salt (Viscosity 15 – 20 cP); Al2 - Alginic acid sodium salt from 

brown algae (Viscosity 100-300 cP); Al3 - Alginic acid sodium salt from brown algae (Viscosity 

> 2000 cP). CO2 (Messer) was used for supercritical drying. N-butanol, propanol and methanol 

were purchased at Merck, absolute ethanol was from Sigma & Aldrich. 
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4.6.2 Aerogel formation 

The viscosity of alginate, gelation time and the type of alcohol were set as the limiting 

parameters in optimising the alginate gel setting and hence its final properties.  

Viscosity of alginate 

Three different alginic acid sodium salts were used in this research. First, the alginate was 

mixed with water to form a 4% aqueous solution. Then the solution was transferred to a mold 

and immersed in absolute ethanol. The gelation was performed for 24 h. The gels were 

subsequently transferred to an autoclave and dried with supercritical carbon dioxide at 40°C 

and 120 bar.  

Gelation time 

A 4% aqueous solution of alginate was prepared and transferred to a mold. The solution was 

left in absolute ethanol for 24 h to form a gel. Next day, another 4% aqueous solution of alginate 

was prepared, and the gelation time in absolute ethanol was 1 h. Then all wet gels were dried 

with supercritical carbon dioxide at 40°C and 120 bar.  

Table 4.6. Process parameters used in the research.  

Sample Gelation time Viscosity (cP) Alcohol 

Al1E-24 24h Low (15-20) Ethanol 

Al2E-24 24h Middle (100-200) Ethanol 

Al2E-1 1h Middle (100-200) Ethanol 

Al3E-24 24h High (>2000) Ethanol 

Al3B-24 24h High (>2000) 1-Butanol 

Al3M-24 24h High (>2000) Methanol 

Al3P-24 24h High (>2000) Propanol 
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Alcohol 

It has been published that ethanol induces the gelation of alginate; however, the material’s 

characteristics were not really promising. The effect of different primary alcohols on the 

gelation of alginate was therefore investigated. An alginate solution was prepared as already 

described. Instead of ethanol, the mold was then immersed either in methanol, propanol or n-

butanol. Subsequent supercritical drying was the same as for ethanol-induced gelation. Table 

4.6 summarizes the samples prepared in this research.  

4.6.3 Aerogel characterization 

All prepared polysaccharide aerogels were characterized as previously described in Chapter 

4.2.3 and Chapter 4.4.3. Additionally, gas chromatography headspace (GC-HS) analysis was 

performed as described below.  

Polysaccharide aerogels are highly sophisticated materials that have recently been investigated 

for their pharmaceutical applications [62,146,147]. Consequently, their preparation method has 

to be strict, following the Pharmacopoeia prescriptions. It is well known that organic solvents 

are constantly present in pharmaceutical production processes. However, for toxicological 

reasons, the amount of organic solvents needs to be minimized or kept below a certain level as 

prescribed by the Pharmacopoeia. The organic solvents used in this research were primary 

alcohols: methanol, ethanol, propanol and butanol. All of these, except methanol, are classified 

as Class 3 by USP [148]. The permitted daily exposure for those solvents is 50 mg or less. In 

contrast, methanol belongs to Class 2, and its daily exposure is limited to 20 mg [148].  

The organic solvents usually cannot be completely eliminated from the product by the drying 

process, and some residuals may remain in the final product. Therefore, we performed 

Headspace GC analysis in order to quantify the amount of methanol remaining in the dry 

aerogels. The analysis was performed on an HS-20 + GC-2010Plus Shimadzu apparatus. 

Samples were accurately weighed and placed into the analyser. A ZB-5 30.0m X 0.25µm 

column was used for the analysis, and the oven temperature was 90°C.  
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4.7 Results and discussion 

4.7.1 Aerogel characterization 

The largest surface area among alginate aerogels was observed following gelation in methanol 

(Al3M-24). The surface area of the alginate aerogels then decreased enormously, along with the 

increasing chain length of the alcohol. Gelation in methanol was the most promising, since 

during the gelation step, no visual shrinkage could be observed and the gel was set quickly. 

Gelation in propanol did occur, but after a couple of hours left in propanol, the gel started to 

shrink drastically. The resulting surface area was therefore much smaller than that from 

methanol gelation. Complete gelation of Al in butanol did not occur. The resulting alginate 

solution was highly viscous after 24 h, but the formation of the gel network was not achieved.  

Table 4.7. Characterization of aerogels by nitrogen adsorption. 

Sample# 

 

SBET 

m2g-1 

Pore volume 

cm3g-1 

Pore size 

nm 

Al2E-1 135.7 ± 5.8 0.4911 ± 0.0071 16.79 ± 0.39 

Al2E-24 168.7 ± 4.1 0.6613± 0.0062 17.34 ± 0.21 

Al1E-24 126.9 ± 4.3 0.4357 ± 0.0123 15.48 ± 0.25 

Al3E-24 173.3 ± 7.4 0.6413 ± 0.0136 16.01 ± 0.32 

Al3M-24 367.8 ± 8.8 2.1014 ± 0.0098 20.12 ± 0.13 

Al3P-24 20.5 ± 1.2 0.0511 ± 0.0032 12.81 ± 0.45 

Al3B-24 1.6 ± 0.3 0.0005 ± 0.0002 57.23 ± 0.87 

# See table 4.6 for sample names 

 

A clear pattern emerges from Figure 4.17: by increasing the chain length of the primary alcohol, 

the gelation becomes weaker and weaker until it finally reaches the bottom, and Al no longer 

forms a gel. From Figure 4.17, it can be concluded that only methanol or ethanol yield adequate 

results. Gelation in propanol or in higher alcohols is no longer meaningful.  

The gelation time had a slight influence on the aerogel characteristics. Thus, after 1 h of 

gelation, the surface area of the aerogels was only 30 m2g-1 lower than those after 24 h gelation. 

The visual appearance of the aerogels exhibited much more difference, as is evident in Figure 
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4.18. The surface of aerogels obtained after 1 h of gelation was coarser. In contrast, 24 h of 

gelation was enough to produce nicely shaped aerogels with a fine polished structure. Figure 

4.19 shows the isotherms obtained after nitrogen adsorption/desorption analysis. It is evident 

that in almost all samples (excluding the aerogel prepared in butanol), the isotherm has a 

hysteresis loop. This classifies those isotherms as type IV (Figure 2.2), and they have H1 type 

hysteresis (Figure 3.8). This type of curve describes the adsorption of a swellable hydrophilic 

solid until its maximum site hydration is reached. Materials of this type tend to have relatively 

narrow distributions of pore size. 

 

Figure 4.17. Average surface area (m2g-1) of alginate aerogels, formed in methanol, ethanol, propanol 

and butanol 

By increasing the viscosity of Al, the aerogel possesses a larger surface area, along with greater 

adsorption capacity (Figure 4.19a). Slightly higher adsorption capacity was observed in 

aerogels whose gelation time was longer: 24 h compared to only 1 h (Figure 4.19b). Figure 

4.19c shows isotherms obtained by measuring the adsorption of nitrogen by aerogels prepared 

in various alcohols. It is clear that methanol-induced gelation yielded the best results: around 

1400 cm3g-1 STP.  
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Figure 4.18. Alginate aerogels after a) 1h gelation time and b) 24 h gelation time. 

As can be observed in Table 4.7, propanol and methanol were among the worst alcohols to be 

used for the gelation of Al. Aerogels prepared in propanol were still able to adsorb a small 

amount of the gas: around 35 cm3/g STP. On the other hand, as mentioned earlier, complete 

gelation in butanol did not occur. As is clearly visible from Table 4.7 and Figure 4.19c, the 

materials obtained could hardly be called aerogels. The surface area is very low, while the 

adsorption capacity is near zero.  

SEM images were recorded for three samples, Al1E-24, Al3E-24 and Al3M-24. The Al1E-24 

sample has a denser structure with larger voids in the polysaccharide matrix (Figure 4.20A). 

This is most probably due to the lower viscosity of Al, compared to the more viscous Al used 

for Al3E-24 and Al3M-24. Smaller mesopores (2 – 50 nm) and micropores (<2 nm) could not 

be observed at those magnifications, but were detectable by nitrogen adsorption analysis. A 

similar structure could be observed for gelation in ethanol (Figure 4.20b) and in methanol 

(Figure 4.20c).  
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Figure 4.19. Adsorption isotherms of aerogels, prepared by different a) alginate viscosity b) gelation 

time and c) alcohol. 

In order to determine the residues of methanol in the aerogel, headspace GC analysis was 

performed. First, the calibration curve was obtained in order to quantify the methanol content 

in the samples. Samples were then analysed three times and the mean value calculated. The 

amount of the samples was around 65 mg. The determined methanol quantity in the samples 

was 5764 ± 375 ppm, which corresponds to approximately 58 mgkg-1 of aerogel. These aerogels 

could be used for pharmaceutical applications, since the weight of one tablet is around 20 mg, 

a) b) 

c) 
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and the corresponding trace of methanol is then much less than 20 mg. A longer supercritical 

drying time would be needed in order to obtain a ‘solvent free’ product.  

 

Figure 4.20. SEM images of a) Al1E-24, b) Al3E-24 and c) Al3M-24 

The thermal behaviour of two samples (Al3E-24 and Al3M-24) was investigated by means of 

TG and DSC. The TG curves obtained at a heating rate of 10 Kmin-1 in inert conditions are 

presented in Figure 4.21a.  
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Figure 4.21. a) TG and b) DSC analysis of alginate aerogels, prepared in ethanol and methanol. 

TG analysis shows the decomposition of both Al aerogels in two stages. Polysaccharides are 

highly hydrophilic materials that adsorb water or moisture from the air. Initial mass loss is thus 

due to dehydration, which is also observed on the DSC (Figure 4.21a) as an endothermic peak 

a) b) 

a) b) c) 
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around 100°C. Both aerogels decompose at around 230°C. The alginic acid sodium salt 

decomposes to Na2CO3 [144]. This residue then decomposes around 400°C. Higher enthalpy 

(Figure 4.21b) is needed for the decomposition of Al aerogel prepared in methanol (A3M-24). 

This could indicate the higher stability of aerogels produced in methanol.  

Two samples were chosen to measure their thermal conductivity: Al3E-24 and Al3M-24. The 

samples were chosen based on the nitrogen adsorption measurements. Thus, Al3E-24 possessed 

the largest surface area for ethanol-based gelation, and Al3M-24 possessed largest surface area 

among the samples. Conductivity was measured by the DSC method as described in Chapter 

2.5. Among Al samples, the lowest thermal conductivity was observed in the Al3M-24 sample. 

Thermal conductivities were 0.042 and 0.085 Wm-1K-1 for A3M-24 and Al3E-24, respectively. 

These thermal conductivities were rather high, probably because of the presence of macropores. 

Lower thermal conductivity of ‘bio-aerogels’ was obtained for pectin and alginate [84]; 

however there are not many published results on the thermal conductivity of bio-aerogels. The 

conductivity of Al aerogels could be lowered, e.g., by making Al-silica composites, as has 

already been shown in the case of cellulose-silica composites [86]
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5 AEROGELS IN PHARMACEUTICAL AND 

MEDICAL APPLICATIONS 

The first four chapters of this thesis have described the development of the new method for 

preparation of polysaccharide aerogels and their characterization. Given their outstanding 

properties, these materials are promising for use in pharmacy or medicine. First, spherical 

aerogels were used as carriers for diclofenac sodium, and the impact of the cross-linking ion on 

drug release was investigated. Later, aerogels prepared by the new method developed by our 

group were used as carriers for the low water-soluble drug, nifedipine, and the drug release was 

monitored. It was established that the release from aerogels is much faster compared to the 

crystalline drug, which opens up a new potential for using these materials to increase the 

bioavailability of drugs. Finally, new polysaccharide aerogel coatings were developed on medical-

grade stainless steel. Two drugs, diclofenac sodium and indomethacin, were incorporated into 

these coatings, and their release profiles were investigated in vitro. Additionally, results from 

electrochemical and cell analysis have shown that these materials have great potential for use as 

bone implants in the future.  
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5.1 Introduction 

During recent decades, the pharmaceutical industry has grown at a tremendous rate. Along with 

discoveries of new drugs, comes the need for novel delivery materials and methods, hence great 

opportunities for materials scientists. New materials are thus being introduced not only to new 

formulations, but also to existing ones, in order to improve bioavailability, ease administration 

and decrease side effects. The pharmaceutical industry is constantly being challenged by factors 

including expiration of patents, price pressure and global competition. Development costs are 

continually increasing and therefore slowing new product approval. Many pharmaceutical 

companies are nowadays seeking to develop new drug delivery formulations. Indeed, such new 

excipients enable the development of new dosage forms, while improving efficiency and may 

reduce the cost of drugs. Moreover, drug carriers can add functionality to pharmaceutical 

products. By introducing new dosage forms, they also facilitate the extension of patent life. 

Because of the wide variety and range of physicochemical properties and the possibility of 

performing a large number of specific modifications, polysaccharides are ideal starting 

materials. Nowadays, many polysaccharides are used, modified and transformed to serve the 

ever-evolving pharmaceutical needs, as excipients, surfactants, adhesives, carriers, protectors 

or active substances themselves [149]. Plants and their products have always been a source of 

various drugs and excipients used in pharmaceutical formulations.  

Pectin forms a natural part of the human diet. Pectin is able to pass the small intestine more or 

less intact and is thereafter acted upon by microbial growth in the large intestine. Pectin is also 

known for its ability to reduce blood cholesterol levels. In the large intestine and colon, 

microorganisms degrade pectin and liberate short-chain fatty acids, which is known as the 

probiotic effect [6]. Pectin is used as a demulcent, as an active agent in preventing constipation 

and diarrhea and in medical adhesives, such as colostomy devices. In cosmetics, it is used as a 

stabilizer. Pectin is also known to reduce the rate of digestion by immobilizing food components 

in the intestine, which results in lower levels of food absorption. This is therefore a very useful 

approach in the treatment of overeating. A highly promising application of pectin is its use in 
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controlled release formulations [150]. Pectin has been used in tablet formulations as a binding 

agent and also in controlled-release matrix tablet formulations. Pectin has a promising 

pharmaceutical usage and is considered for colon-specific drug delivery systems. Pectin will 

retard drug release in the upper gastrointestinal tract, owing to its insolubility and because it is 

not degraded by gastric or intestinal enzymes. Further along the gastrointestinal tract, pectin 

will be degraded by colonic pectinolytic enzymes. This approach could be potentially used to 

treat diseases such as ulcerative colitis, Crohn’s disease, colon carcinomas etc. [151,152].  

Guar gum is used as a disintegrating and binding agent in the pharmaceutical industry. It has 

been found to be superior to some common disintegrants such as corn starch, cellulose, aligns 

etc. Guar gum has been shown to retard drug release better than other excipients such as acacia 

and sodium carboxymethylcellulose. Guar has also been studied for the development of 

controlled release dosage forms and has been shown to increase the dissolution rate of poorly 

water soluble drugs. It is also its ability to form a gel that promotes its usage in controlled 

release formulations. The gel layer formed by guar is not as thick as that of other water-soluble 

polysaccharides such as pectin or alginate. However, in combination with other polymers, it 

could provide tablets with suitable characteristics and appropriate drug release profiles for 

poorly soluble drugs [153]. 

Alginate is used to lower cholesterol levels and to reduce the amount of heavy chemicals 

including strontium, barium, tin, cadmium, manganese, zinc and mercury that are taken up by 

the body. Alginate is also used for the prevention and treatment of high blood pressure. Sodium 

alginate may help improve weight loss when combined with a reduced-calorie diet. Alginate is 

known to act as a physical barrier in order to reduce reflux episodes. There are a number of 

available alginate-based pharmaceutical products used for the symptomatic treatment of 

heartburn and oesophagitis. Several studies have revealed that sodium alginate is able to move 

to the oesophagus ahead of the gastric contents and hence might be helpful in decreasing the 

number of acid esophageal episodes. Alginate is also considered as a promising candidate in 

obesity and type 2 diabetes treatment, as it can attenuate the postprandial glycemic response by 
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modulation of gastric emptying or inhibition of glucose transporters and the glucose intestinal 

absorption rate [154].  

Xanthan gum is frequently added to semiliquid cosmetics and lotions. Adding xanthan gum to 

cosmetic agents allows for a smoother, more even application. Xanthan gum can also be found 

in medications and pills, and has been used alone as a synthetic saliva for people who suffer 

from dry mouth. Several studies [155,156] have found that xanthan gum can lower blood 

sugar when consumed in large doses. It is believed that it turns fluids in your stomach and small 

intestine into a viscous, gel-like substance. This slows digestion and affects how quickly sugar 

enters your bloodstream, decreasing blood sugar spikes after eating. Xanthan gum may also 

lower cholesterol and is known to increase fullness by delaying stomach emptying and slowing 

digestion, thus helping in weight loss.  

The benefits of natural polysaccharides are also appreciated by scientists and consumers for 

their biodegradability. For safe and reliable application of active ingredients, the dosing matrix 

is very important. Indeed, the active ingredient is only a small element in the final drug. The 

formulation of an active ingredient into the drug matrix (the drug delivery system) is what 

influences the final drug release. The drug delivery system has the main role in controlling the 

pharmacokinetic effect of an active ingredient, since it influences the pharmacokinetic profile 

of the substance, the release rate, site and duration of its action and also its side effects. The 

optimal delivery system provides the substance in the right location for the correct amount of 

time. Drug concentration should be above the minimum effective concentration and below the 

minimum toxic concentration, in other words, within the therapeutic window (Figure 5.1).  

Controlled drug delivery has recently become a more and more valued method in medicine for 

the treatment of various diseases, from diabetes to cancer. Actually, this kind of therapy 

provides lower drug dosages, a prolonged therapeutic medicinal effect and, last but not least, 

the patient compliance and convenience. The active ingredient in traditional systems is 

immediately released after dosing. For prolonged release, it is thus necessary to use a higher 

concentration of the ingredient or more frequent dosages. In both cases, it would be easy to 

https://authoritynutrition.com/15-ways-to-lower-blood-sugar/
https://authoritynutrition.com/15-ways-to-lower-blood-sugar/
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exceed the toxic level (Figure 5.1). Therefore, there is increasing interest in controlled drug 

delivery systems.  

 

Figure 5.1. Therapeutic window bounded below by the minimum effective concentration (MEC) and 

above by the minimum toxic concentration (MTC). Solid curve presents rapidly absorbed and rapidly 

eliminated drugs, given as a single dose, which leads to rapid rise and fall in drug concentration. 

Multiple dosing at regular interval (solid and dotted arrow) leads to oscillating drug concentration. 

Dot-dash curve presents zero order release that leads to a constant concentration in plasma [157].   

Drugs can be delivered into the body via different routes (Figure 5.1). Drugs can be 

administered directly into the body, though injection or infusion. This form of drug 

administration is termed parenteral drug delivery. Depending on the site of administration into 

the body, one can differentiate between intravenous, intramuscular, subcutaneous, intradermal 

and intraperitoneal administration. Usually, aqueous solutions are used for intravenous 

delivery. Drugs can also be administered on the skin to enter the body. Mostly, semisolid dosage 

forms are used for this, including creams, ointments, gels and pastes. However, liquid dosage 

forms, such as emulsions, or solid dosage forms, such as transdermal controlled drug delivery 

systems (patches), can also be used. The most important route for drug administration into the 

body is through the mucosal membranes. Mucosal membranes are much less of a barrier to 

uptake than the skin, and some mucosal membranes (such as those in the small intestine) are 
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indeed specialised sites for absorption. There are many mucosal membranes that can be used 

for drug administration. Of the greatest importance are the mucosal membranes of the 

gastrointestinal tract, allowing oral drug delivery. The suitability and convenience of this route 

of delivery make oral dosage forms the most common of all drug delivery systems. 

  

 

Figure 5.2. Routes of drug administration and its later absorption, metabolism and excretion [158].  

Some factors should be considered before development of an oral drug delivery system; the 

transit time in the gastrointestinal tract may vary considerably between patients and within the 

same patient. The pH conditions in the gastrointestinal tract also vary considerably, from a low 

pH in the stomach (1.5–2 in the fasting state, to around 5 in the fed state), to a higher pH in the 

small and large intestine. The pH in the small intestine varies from 4 to 7, with an average value 

of approximately 6.5. This may affect stability and will influence the degree of ionisation of 

ionisable drugs, which in turn will influence their absorption (unionised forms of drugs are 

usually taken up better than ionised forms of the same drug) and solubility (unionised forms 

are usually less soluble than ionised forms of the same drug). 
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The main disadvantage in developing an oral drug delivery system lies in the very low 

bioavailability of some drugs. Indeed, bioavailability depends on a range of factors: water 

solubility, permeability, dissolution rate and metabolism. More than 40% of newly synthesized 

active ingredients are low-soluble or insoluble in water. Since solubility is one of the key 

parameters in delivering drugs, increasing solubility is a priority in developing a new drug. Low 

solubility and low dissolution rate in the gastrointestinal tract are the reasons for low 

bioavailability. Thus, increasing the solubility or increasing the dissolution rate of the active 

ingredient could increase bioavailability. The most effective and common way to increase the 

bioavailability of a drug is to encapsulate it within a carrier, which has the ability to increase 

its dissolution rate. Additionally, encapsulation is a highly used technique in pharmaceutical/ 

biomedical applications for controlled/sustained drug delivery. Potential applications of this 

drug delivery system include replacement of therapeutic agents (not taken orally today, as with 

insulin), gene therapy and in use of vaccines for treating AIDS, tumors, cancer and diabetes 

[159]. The efficacy of many drugs in conventional dosage forms, including film-coated tablets 

and hard or soft gelatin capsules, is often restricted by their limitations in delivery to the targeted 

body site, as the drugs may be degraded by the acidic gastric fluid and this induces stomach 

irritation. Therefore, seeking biotechnologies to offer the desired excipients for achieving 

targeted drug delivery is particularly important. More than 90% of nutrients, including proteins, 

minerals, carbohydrates, fats, vitamins and water are absorbed in the small intestine [160].  

The small intestine has a larger surface area and a longer transit time than the stomach. Thus, 

for steady adsorption, an oral formulation must target the small intestine as much as possible. 

The desired oral dosage forms should protect the drug under unstable biological environments, 

including drug degradation by the gastro-intestinal tract (GI) and first-pass liver effects after 

oral administration before reaching the targeted sites and should maximize drug uptake and 

absorption in the cellular intestinal regions.  

Taking into account all of the above-mentioned needs and desires in developing the ‘ideal drug 

carrier’, bio-based aerogels emerge as a great choice. Biodegradable polymers, such as 

polysaccharides, are essential for controlling drug delivery, mainly to avoid accumulation of 
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polymers in the body during treatment [161]. For biomedical applications, degradation in a 

human time scale is important. For example, the most desirable drug carrier would be one that 

degrades completely after the drug release, leaving no residuals in the body. Polysaccharide 

aerogels are biodegradable and biocompatible; given their high surface area and open pore 

structure, they are able to retain a large drug amount. High surface area also promotes drug 

dissolution, hence improving the bioavailability of a drug. Nevertheless, pH sensitive 

polysaccharides are able to deliver the drug through the stomach to the active site: the intestines.  
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Release of diclofenac sodium from spherical 

aerogels 

Diclofenac sodium (2-(2,6-dichloranilino) phenylacetic acid) (DCF) (Figure 5.3) is a non-

steroidal anti-inflammatory drug (NSAID). It is used for rheumatic and certain non-rheumatic 

conditions and can be delivered orally, rectally or intramuscularly. It is widely used to treat 

rheumatoid arthritis, osteoarthritis and ankylosing spondylitis [162]. Because of its short 

elimination half-life (1.1 – 1.8 hours), the drug’s accumulation is limited. It has a rapid onset 

and long duration of action and rarely produces serious side effects. Considering all these 

aspects, DCF is one of the NSAIDs of first choice when treating acute, chronically painful and 

inflammatory conditions [163].  

 

Figure 5.3. Diclofenac sodium. 

 

DCF was developed in 1973 by the Ciba-Geigy company, today known as Novartis. The 

substance is used as sodium or potassium salt. DCF is an anti-inflammatory drug that inhibits 

the cyclooxygenase enzyme, hence the synthesis of prostaglandins, which belong to the tissue 

hormones. DCF undergoes first-pass metabolism, and it is eliminated by the hepatic metabolism 

and urinary and biliary excretion of glucuronide and sulphate conjugates of the metabolites. 

Only around 60% of the drug reaches systemic circulation unchanged after oral administration 
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[163]. Daily dosage should not exceed 150 mg. DCF is usually given three times daily, and this 

could be a disadvantage compared to less frequent administration with other NSAIDs. Repeated 

oral administration in long term therapy may cause digestive disorders [164] and 

gastrointestinal damage such as bleeding, ulceration and perforation [165]. In addition, with its 

very short half-life, controlled release of DCF sodium is of great interest. DCF is practically 

insoluble in acidic solution (pKa 4.0), but it does dissolve in intestinal fluid [166]. 

5.2 Experimental 

5.2.1 Materials 

The low-methoxyl pectin was a kind gift from Herbstreith & Fox, Germany; alginic acid sodium 

salt and Sr(CH3COO)2 were obtained from Sigma & Aldrich and CaCl2 and Zn(CH3COO)2 

from Kemika. The active pharmaceutical ingredient used as a model drug was diclofenac 

sodium (DCF), kindly provided by Krka d.d., Slovenia. Capsules (size 00) were purchased from 

Farmalabor. Absolute ethanol (Sigma & Aldrich) was used for solvent exchange prior to 

supercritical drying with CO2 (Messer). For drug loading and entrapment efficiency tests and 

for in vitro dissolution tests, the following chemicals were used without further purification: 

KH2PO4, NaOH, HCl and NaCl.  

5.2.2 Encapsulation of diclofenac sodium into aerogels 

The solubility of DCF in water is high, 5 g / 100 g H2O. Therefore, to prepare the drug-loaded 

aerogels, the drug was added to the sol in the first step of the sol-gel process. Briefly, 1% 

polysaccharide solutions (pectin, alginate and pectin:alginate) were prepared, to which DCF 

was added. The solution was further mixed for 1 h and then cross-linked in 2% CaCl2, 

ZnCH3COOH and SrCH3COOH. A syringe with a needle was used to transfer the 

polysaccharide solution into the cross-linking solution in order to form fine spherical gels 

(Figure 5.4). The resulting spheres were cured for 1 h in a cross-linking solution and then 

vacuum-filtered. Water in a hydrogel is not miscible with supercritical CO2; thus, the solvent 



5. CHAPTER: Aerogels in pharmaceutical and medical applications 

 

 

91 

 

exchange step is needed prior to supercritical drying. The hydrogels were dehydrated in ethanol 

baths with increasing ethanol content: 10, 30, 50, 70, 90 and 100%. The resulting spherical 

alcogels were placed in an autoclave and dried under supercritical conditions of CO2 at 100 bar 

and 40°C. All solutions used in the process of obtaining aerogels were saturated with the model 

drug to prevent diffusion from the gel.  

  

 

Figure 5.4. a) Cross-linking of polysaccharide with divalent ions and b) drug-loading in the first step 

of the sol-gel process. 

 

5.2.3 Final drug formulation 

After the dissolution tests on DCF-loaded aerogel microbeads, low methoxyl pectin - zinc (lmP-

Zn) was chosen as the best candidate to control the release of the model drug. Henceforth, the 

lmP-Zn microbeads, loaded with DCF, were encapsulated within the gelatine capsule. 0.125g 

of aerogel microbeads were encapsulated in order to fulfil the criterion of the daily DCF dosage 

(100mg). The amount of aerogel needed in one capsule was calculated from the drug loading 

data using Eq. 7.  

a) 

b) 
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M =
100 mg

DL
 ,            (7) 

where M is the amount of aerogel for one capsule and DL is drug loading.  

5.2.4 FT-IR 

In order to investigate the possible chemical reactions between the drug and the carrier 

(polysaccharide, cross-linker), we recorded FTIR spectra of aerogel beads without the 

substance and of drug-loaded aerogels. The ATR method was used for aerogel samples. All 

samples were scanned over 400 – 4000 cm-1 wavelengths.  

5.2.5 Drug loading and entrapment efficiency 

To investigate the content of the drug in the carrier, drug loading experiments were performed 

in PBS. Drug-loaded aerogels were immersed in 100 ml of PBS and sonicated for 10 min. The 

solution was subsequently stirred for 6 h at 250 rpm and 37±1°C until complete degradation of 

the samples. The solution was then filtered through a TEFLON 0.45µ filter. The drug loading 

was determined spectrophotometrically by measuring the absorbance and then transforming it 

into the concentration using a calibration curve. Drug loading (DL) was calculated by Eq. 8: 

𝐷𝐿 =
𝑚𝑑

𝑚𝑠
∙ 100%,            (8) 

where md is the mass of the drug (mg) obtained by UV analysis, and ms is the initial mass of 

the weighed aerogel sample. Each test was performed in triplicate.  

Entrapment efficiency was calculated as the ratio between the actual DCF content and the 

theoretical data. The total mass of aerogel obtained from a batch was considered as the practical 

yield of the process. Entrapment efficiency was calculated by Eq. 9:  

𝐸𝐸 =
𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑑𝑟𝑢𝑔 𝑙𝑜𝑎𝑑𝑖𝑛𝑔

𝑛𝑜𝑚𝑖𝑛𝑎𝑙 𝑑𝑟𝑢𝑔 𝑙𝑜𝑎𝑑𝑖𝑛𝑔
∙ 100%        (9) 
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5.2.6 In vitro dissolution test 

An in vitro dissolution test of DCF from lmP, Al and Al:lmP aerogels was performed according 

to the standardized procedure (EU pharmacopoeia, FIP guidelines). All tests were performed 

on the USP Apparatus 2 (paddle method). The apparatus consists of a cylindrical basket placed 

in a thermostatic bath. First, 900 mL of PBS was introduced into a cylindrical basket and left 

overnight to set at 37 ± 0.5°C. The aerogel was weighed and placed into a container to avoid 

floatation. The container was then placed at the bottom of the cylindrical vessel with the 

solution, and rotation speed was set at 50 rpm. Sampling was performed at selected time 

intervals, using a 2 mL syringe. The sample was passed through a 0.45 µm membrane filter, 

and 2 mL of fresh solution was added to the dissolution solution to maintain constant volume. 

All samples were analysed (Model Varian, Cry 50 Probe spectrophotometer) at a wavelength 

of 276nm for DCF. The concentration of DCF in the sample was estimated by the calibration 

curve of DCF in HCl and PBS. The calibration curve was obtained by preparing a stock solution 

(100 mgL-1) of DCF in either HCl or PBS. The stock solution was then diluted to predetermined 

concentrations by fresh HCl or PBS and analysed spectrophotometrically; results (absorbance) 

were plotted against concentration (Figure 5.5).  

The cumulative release was calculated by Eq. (5). The dissolution test for the final carrier (lmP-

Zn in the gelatine capsule) was performed by a procedure similar to that for aerogels. First, a 

dissolution test of DCF from lmP-Zn aerogels was performed in distilled water, HCl media and 

in PBS. An additional experiment included changing the pH of the medium, meaning the 

samples were first placed into a HCl medium for 1 h, after which the dissolution medium was 

changed for PBS, where sampling was performed for an additional 23 h.  

The capsules were then analysed in HCl and PBS media. Two commercial drugs of DCF 

controlled release tablets/capsules were analysed for comparison. First, was a coated tablet (100 

mg DCF)-A1, and second was a sustained release capsule (100 mg DCF) – A2. 
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Figure 5.5. Calibration curve for DCF in A) HCl media and B) PBS. 

5.2.7 Statistics 

To investigate the impact of polysaccharide, ions and the combination of both on final 

dissolution testing, statistical analysis using analysis of variance (ANOVA) was performed. 

The independent variables were the type of polysaccharide (X1) and the type of cross-linker 

(X2) (Table 5.1). The time at which 50% of a DCF was released [t50% (hour)) in PBS (pH 6.8)] 

(Y1) was the dependent variable. The regression coefficients of all factors were calculated by 

two-way ANOVA (Table 5.2). Three null hypotheses were set at the beginning of the analysis: 

(1) Ion will have no significant effect on the dissolution rate. (2) Polysaccharide will have no 

significant effect on the dissolution rate. (3) Ion and polysaccharide interaction will have no 

significant effect on the dissolution rate. The program used for the calculations was IBM SPSS 

Statistics, version 22. 

In order to compare dissolution profiles of DCF from the drug delivery carrier and from two 

commercial products, the similarity factor (f2) was calculated from Eq. 10 [167]: 

f2 = 50log {[1 +
1

n
∑ Wt(Rt − Tt)2n

t=1 ]
−0.5

∙ 100} ,     (10) 

A) B) 
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where Wt is the weighting factor at time t, Rt is the percentage dissolved from the commercial 

drug at time t, and Tt is the percentage dissolved from the capsule based on aerogels at time t. 

Table 5.1. Factorial design parameters and experimental conditions. 

The independent variables   

Polysaccharide (X1) Al (1) lmP (2) Al:lmP (3) 

Ion (X2) Zn2+ (1) Sr2+ (2) Ca2+ (3) 

Factorial design    

Sample X1 X2 Y1
e 

Al-Zn 1 1 1.360 ± 0.036 

Al-Sr 1 2 0.186 ± 0.008 

Al-Ca 1 3 0.147 ± 0.010 

lmP-Zn 2 1 1.977 ± 0.099 

lmP-Sr 2 2 0.719 ± 0.007 

lmP-Ca 2 3 0.410 ± 0.024 

Al:lmP-Zn 3 1 0.519 ± 0.011 

Al:lmP-Sr 3 2 0.421 ± 0.075 

Al:lmP-Ca 3 3 0.965 ± 0.033 

The independent variables are polysaccharide type (X1) and ion type (X2). The time at which 50% of all drug was released (Y1) 

is the dependent variable.  
e Mean ± SD., n = 3.  

 

Table 5.2. Factorial ANOVA analysis.  

Source Sum of squares Degree of freedom Mean square F ratiof 

Ion 3.961 2 1.981 74.139 

Polysaccharide 1.159 2 0.580 21.692 

Polysaccharide*ion 3.528 4 0.882 33.013 

Experimental error 0.481 18 0.027  

The effect of independent variables (type of polysaccharide and type of an ion) on the time by 

which 50% of a drug was released. f P < 0.05.  
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5.3 Results and discussion 

5.3.1 Drug loaded aerogel formation 

The ratio polysaccharide:API should be carefully determined, as this influences entrapment 

efficiency. Moreover, if the polysaccharide:API ratio exceeds the range, the bursting effect may 

occur [168]. First, a polysaccharide solution with DCF was prepared by mixing 2.0 g of 

polysaccharide and 2.0 g of DCF. After transferring the homogenized solution into a cross-

linking solution, using a syringe pump with a needle, a bursting effect occurred. There was no 

production of fine spheres, but instead of rice-shaped gels (Figure 5.6a). When the ratio was set 

to 2:1 polysaccharide:DCF, fine spherical particles were formed after immersion in the cross-

linking solution (Figure 5.6b).  

 

Figure 5.6. Comparison between produced gels at different lmP:DCF ratio. a) 1:1 and b) 2:1  

Shrinkage was observed during two solvent exchanges (water -ethanol and ethanol -SC CO2). 

Shrinkage of gels after the first solvent exchange was 15%, and after the second solvent 

exchange, 35%. The resulting diameters of the spherical hydrogels were 3.2 ± 0.2 mm for 

alcogels 2.8 ± 0.3 mm and for aerogels 1.8± 0.3 mm (Figure 5.7).  

a) b) 
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Figure 5.7. Shrinkage observation from a) hydrogel to b) alcogel and c) aerogel. 

5.3.2 FT-IR 

In order to investigate the possible interactions between ions and polysaccharide with DCF, two 

individual FTIR spectra were recorded and compared in Figure 5.8. As can be seen, there is no 

significant shifting of peaks, meaning that DCF is stable during the sol-gel process. Also, the 

absence of a drug-matrix interaction is proven. Therefore, aerogels are proven to act only as 

hosts for the active substances without changing their chemical or biological nature. In Figure 

5.8a, the additional peaks that indicate the presence of DCF are highlighted. 

5.3.3 Drug loading and entrapment efficiency 

The drug loading results are collated in Table 5.3. From the collated data, the highest loading 

(Eq.8) was achieved by Al-Zn and lmP-Zn aerogels, at around 80%. Higher drug loading is 

highly desirable during the preparation of pharmaceutical dosage forms. When comparing two 

carriers of the same active substance but with different loadings, a smaller amount of the carrier 

with a higher drug loading was needed and vice versa. In conclusion, this led to less frequent 

and smaller dosages and to greater patient convenience and compliance. In addition, higher 

loading is also desirable from the economic and commercial point of view.  

 

a) b) c) 
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Figure 5.8. FTIR spectra comparing a) aerogel, loaded with DCF and b) pure aerogel.  

Entrapment efficiency (Eq.9) was calculated in order to compare drug loading to the aerogel 

characteristics. Entrapment efficiency (Table 5.3) was much higher in the case of zinc cross-

linked aerogels and lower in the case of calcium cross-linked aerogels. Impregnation of a drug 

took place during the first step of the sol-gel process. Thus, during washing and solvent 

exchange, there was the possibility of drug loss due to diffusion. Calcium cross-linked aerogels 

provide the highest dissolution rate, owing to their high surface areas [169]; hence, drug loss 

during washing and solvent exchange could also be higher [170]. Thus, the drug loading and 

entrapment efficiency was lower for larger surface areas. The results for drug loading and 

entrapment efficiency could differ when using other methods of drug impregnation, e.g. 

impregnation by solvent exchange or supercritical impregnation.  

a) 

b) 
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Table 5.3. Drug loading and entrapment efficiency of DCF, loaded in alginate, pectin and alginate-pectin 

aerogel.  

Sample Drug loading (%) Entrapment efficiency (%) 

Al-Zn 79.6 80.7 

Al-Sr 49.8 51.8 

Al-Ca 40.5 42.3 

lmP-Zn 79.0 68.1 

lmP-Sr 58.7 40.5 

lmP-Ca 44.2 36.5 

Al:lmP-Zn 56.9 70.6 

Al:lmP-Sr 39.4 50.1 

Al:lmP-Ca 35.9 45.0 

5.3.4 In vitro dissolution test 

DCF is slightly soluble in water and in a phosphate buffer but practically insoluble in HCl. 

According to BCS, DCF is classified as a Class II drug, i.e. a drug with high permeability and 

low solubility. For such drugs, solubility in aqueous media is insufficient for dissolution of the 

whole dose within the gastrointestinal tract. Therefore, their dissolution is the limiting step for 

absorption. Indeed, the choice of dissolution medium for in vitro dissolution tests is thus of 

great importance [171]. In vitro dissolution tests are very useful tests for predicting in-vivo 

behaviour of an API. Even more, they are used for characterising the biopharmaceutical quality 

of a product. In vitro dissolution data is also important when making changes in the 

manufacturing process or changing the dosing matrix [172]. 

Given the good solubility and high permeability of DCF in the alkaline medium at a pH of 6.8, 

the release behaviour depends mostly on the nature of the carrier. To prolong the release and 

adsorption of the drug, polysaccharide aerogels were prepared by ionotropic gelation, using 

three different metal ions as cross-linking agents. After contact between the carrier and the 

buffer solution, the solution diffuses into the nano-pores. The surface of the carrier begins to 

swell, thus allowing more of the solution to diffuse into the drug carrier. Moreover, the carrier 

starts to erode when in contact with the buffer solution, owing to the gradual exchange of 
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divalent ions between guluronic blocks with monovalent ions. Given the DCF salt molecule 

size, aerogel characteristics allow the drug to diffuse from the bulk material to its surface and 

to be further released into the solution.  

Figure 5.9 shows the immediate release of DCF from calcium cross-linked aerogels. It can be 

observed that the release rate was the highest in the case of the alginate aerogels. From these 

results, we can conclude that calcium cross-linked aerogels will be better carriers for immediate 

release, and other cross-linkers should be used in order to prolong the release of water-soluble 

drugs.  
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Figure 5.9. Immediate release from calcium cross-linked aerogels. 

The release of DCF from Al and lmP aerogels using different ions as cross-linkers is compared 

in Figure 5.10A and B. Zinc cross-linked pectin and alginate aerogels are denser [113]; thus, 

slower release is expected, compared to that for strontium or calcium ions. Because of the 

varying degree of cross-linking and thus of the swelling of the aerogel matrix, penetration of a 

solution into the aerogel differs. Calcium ions form loose linkages with carboxyl groups in the 

chains of Al and lmP. Owing to mutual interaction, Zn2+ forms more extensive cross-linkage. 
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Zn2+ ions preferentially cross-link Al and lmP. The lower coordination number of Zn2+ would 

significantly retard hydration of both polymers as opposed to calcium. Zinc, calcium and 

strontium bind at different sites of Al and lmP. Zinc ions are less selective and hence produce 

more extensive cross-linkage [173].The use of strontium may increase the stability and strength 

of lmP and Al microbeads [119], which results in a delayed release of the drug. From a 

combination of both polysaccharides, composite aerogels were obtained, and cumulative 

release of DCF is shown in Figure 5.10C. Release figures are however similar to those from 

single Al or lmP aerogels. 
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Figure 5.10. Cumulative drug release from a) lmP, b) Al and c) Al:lmP, cross-linked with three 

different ions.  

 

a) b) 

c) 
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The selection of ions has a greater impact on drug release than the selection of polysaccharides. 

Although there is also a significant difference between all three polysaccharides, comparing ion 

selection, the F ratio increases more than three times (Table 5.2). Thus, it is important to choose 

the right combination of ions and polysaccharides to obtain the best drug release results. 

Table 5.4 compares release rates by using different cross-linking ions. It is evident that cross-

linking with calcium ions is not suitable for controlled release, since more than 60% of the drug 

is released in the initial hour. Cross-linking with zinc decreased the release rate by almost a half 

and thus is considered the suitable choice for producing controlled-release formulations. 

Among the polysaccharides, the lowest release rate was achieved by lmP aerogels; thus, those 

carriers (lmP-Zn) were chosen for further analysis.  

In vitro dissolution tests of lmP-Zn loaded with DCF were then performed in four different 

dissolution media (Figure 5.11): distilled water, HCl medium, PBS and HCl-PBS (1 h – 6 h). 

Table 5.4. DCF release from Al, lmP and Al:lmP aerogels after 1h and 7h using three different ions as cross-

linkers. 

Sample 1h 7h 

Al-Zn 42.8% 89.8% 

Al-Sr 78.3%  82.9% 

Al-Ca 91.8% 93.4% 

lmP-Zn 38.8% 81.6% 

lmP-Sr 55.7% 85.9% 

lmP-Ca 77.6% 96.1% 

Al:lmP-Zn 44.0% 78.4% 

Al:lmP-Sr 65.9% 89.3% 

Al:lmP-Ca 67.0% 97.8% 
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Figure 5.11. In vitro dissolution profiles of DCF from lmP-Zn aerogels in distilled water (-o-), HCl 

medium (-□-), PBS (-●-) and S-PBS (-■-). 

A non-significant difference can be observed between the results obtained in PBS and distilled 

water. Limited drug release was observed in the HCl medium, which is mostly due to the nature 

of the carrier, lmP aerogel, which is resistant in acidic pH. After transferring the sample from 

HCl media to PBS, the release of the drug starts to increase rapidly.  

LmP-Zn aerogels were then encapsulated within the capsule (Figure 5.12) to obtain the final 

drug formulation for later dissolution testing.  

 

Figure 5.12. DCF loaded pectin aerogels placed in a capsule.  

The in vitro dissolution test of the final drug formulation (a capsule) was investigated within 

the HCl medium (Figure 5.13a) and PBS (Figure 5.13b). Two commercial products were 

analysed for comparison.  
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Figure 5.13. In vitro dissolution profiles of DCF from a capsule with comparison to commercially 

available formulations A1 and A2 in a) HCl media and b) PBS. 

Comparing Figure 5.11 and Figure 5.13, it can be observed that the empty gelatine capsule has 

almost no impact on dissolution behaviour. There is an insignificant difference between the 

release profiles from lmP aerogel spheres with or without capsules in PBS. Gelatine capsules 

disintegrate immediately when immersed in either the acidic pH of HCl media or the neutral 

pH of PBS. Therefore, it was proven that capsules could be used for easier handling of lmP 

aerogels without any impact on dissolution behaviour.  

DCF is absorbed rapidly after its oral administration. As there is an increased interest in its 

absorption in the intestines, the carrier should be designed to resist the acidic pH of the stomach 

and to disintegrate and release the drug within the lower gastrointestinal tract. Absorption of 

the drug in the stomach should be prevented, so as to reduce the risk of stomach irritation and 

ingestion. Moreover, the larger surface area of the intestines is designed for absorption to 

achieve better bioavailability of the drug. The release of DCF from the final drug formulation 

(a capsule) is restricted in the HCl medium (Figure 5.13a). Less than 5% of DCF is released in 

7h. In PBS, all release profiles were different. The slowest release was provided by A1, which 

was in the form of a coated tablet. However, comparing both capsule-based formulations (final 

drug formulation and A2), release time from the final drug formulation was slower.  

a) 
b) 
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During the dissolution test, it was observed that the final drug formulation disintegrated within 

7h in PBS. In contrast, neither A1 nor A2 decomposed completely. After 72 h, the residue was 

still in the basket (Figure 5.14).  

 

Figure 5.14. a) A1 and b) A2 formulations after 48 h within PBS. 

By comparing the release profiles of DCF from our final drug formulation (capsule) with two 

commercial products A1 and A2, a similarity factor of f2 was calculated. The value of the 

similarity factor f2 was found to be 24 and 38 when using a capsule based on aerogel as a test 

product and A1 and A2 as a reference product, respectively. If the two release profiles are 

identical, f2 = 100. If a difference of 10% at all measured time points is observed, this results 

in an f2 value of 50. According to the FDA, if the f2 value falls between 50 and 100, this 

indicates similarity between two dissolution profiles. No similarity was found between the two 

commercial products.  

 The rapidity of solvent intrusion into a porous material rises along with greater surface area of 

the material. The solvent then dissolves the substance impregnated in the matrix, and the 

substance (i.e. API) diffuses out of the matrix. The rate of diffusion and thus dissolution 

increases with larger surface areas. Therefore, zinc-cross-linked aerogels could be the most 

promising materials for controlling the release of highly-water-soluble drugs, and calcium-

cross-linked aerogels for improving the dissolution of poorly soluble drugs.  

b) a) 
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The in vitro dissolution test of DCF showed very high solubility within PBS. Thus, a proper 

carrier should be obtained in order to prolong the release of this drug. The prepared mesoporous 

aerogels have been shown to be suitable for prolonging the release of DCF. Aerogels are stable 

in dry air conditions and for the final drug product, are thus way more suitable than hydrogels. 

These matrices are also biodegradable and biocompatible and thus suitable for use within 

pharmaceutical applications. All prepared materials were mesoporous with high surface areas. 

Calcium cross-linked aerogels provided the largest surface area and zinc cross-linked ones the 

least. However, drug loading was highest in the case of zinc cross-linked aerogels. All the 

samples were stable in the HCl medium over a period of 7 h and started to swell when in contact 

with PBS. Undoubtedly, all samples show pH-dependent swelling. Comparing all the 

experimental work from in vitro dissolution studies, and drug loading to swelling and erosion, 

lmP aerogels, cross-linked with zinc, can be considered the most promising carriers for the 

controlled release of DCF. Calcium cross-linking is useful only in cases where immediate drug 

release is desired. The final drug formulation containing lmP-Zn aerogel within the gelatine 

capsule was compared with two commercial drugs of DCF. No similarity was found among the 

three controlled release products. 80% of the drug was released from the aerogel-based carrier 

in 7 h. In this period, the whole carrier was degraded. In contrast, the remains of the carrier of 

both commercial drugs were still present after 72 h in PBS.   
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Release of nifedipine from monolithic aerogels 

Nifedipine (Figure 5.15) is a dihydropyridine calcium channel-blocking agent. Nifedipine 

inhibits the transmembrane influx of extracellular calcium ions into myocardial and vascular 

smooth muscle cells, causing dilatation of the main coronary and systemic arteries and 

decreasing myocardial contractility. This agent also inhibits the drug efflux pump P-

glycoprotein, which is overexpressed in some multi-drug resistant tumors and may improve the 

efficacy of some antineoplastic agents. Nifedipine is considered the first-choice drug in the 

treatment of systemic and pulmonary arterial hypertension. Its characteristics indicate its use in 

the treatment of heart failure. It improves renal and cerebral circulation and does not produce 

orthostatic hypotension and in addition has diuretic, natriuretic and uricosuric effects, with very 

few side effects [174].  

The term calcium channel-blocking agent or calcium antagonist was introduced in 1971 to 

describe a group of cardioactive drugs, such as nifedipine, which inhibit the influx of calcium 

ions into the cell through potential-dependent channels and whose action could be opposed by 

increasing the calcium ion concentration [174].  

 

Figure 5.15. Nifedipine. 

Nifedipine has greater activity on the potential-dependent channel, compared with other drugs. 

It has a specific binding site on the external side of the cell membrane, therefore allowing 

https://pubchem.ncbi.nlm.nih.gov/compound/calcium
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interactions with selective calcium cannels. Hence, a lower nifedipine dosage is needed 

compared to other drugs, such as verapamil and diltiazem [174]. Nifedipine is most effective 

after oral or sublingual administration. Intravenous administration is not common, given 

nifedipine’s photosensitivity and low solubility. After oral administration, 65% is absorbed in 

the digestive tract and appears in the blood after about 20 min. Its peak concentration is reached 

after 2 h. Most of the drug (about 90%) is bound to protein, cleared in the liver and excreted in 

urine. Its half-life is about 4 h.  

5.4 Experimental 

5.4.1 Materials 

Low-methoxyl pectin (degree of esterification=23-28%, degree of amidation=22-25%) was 

kindly provided by Herbstreith & Fox. Xanthan, guar and alginate were purchased at Sigma 

Aldrich. Absolute ethanol with a purity higher than 99.8% was obtained from Sigma Aldrich. 

Carbon dioxide (CO2) used for supercritical drying with a purity of 99.5% was supplied by 

Messer. Nifedipine was obtained from Chemos. Hydrochloric acid (HCl, 37%) was purchased 

from Merck. Sodium chloride (NaCl) with a purity of 99.6% was supplied by Fisher Chemicals. 

Potassium dihydrogen phosphate (KH2PO4) with a purity higher than 98% and sodium 

hydroxide (NaOH), also with a purity higher than 98%, were obtained from Sigma Aldrich.  

5.4.2 Encapsulation of nifedipine into aerogels 

Nifedipine is a poorly water soluble drug and belongs to BCS class II. It is soluble in ethanol; 

thus, the most convenient and effective way for its encapsulation would be diffusion through 

ethanol. Polysaccharide aqueous solutions were prepared as described in Chapter 4.4. After the 

solutions were transferred to a tablet-shaped mold, the mold was immersed in nifedipine-

saturated absolute ethanol. While the solution gelled in ethanol, nifedipine also diffused inside 

the setting gel. After complete gelation, the resulting wet gels were encapsulated with 

nifedipine.  
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The supercritical drying was performed under the same conditions as for blank aerogels. An 

autoclave was filled with nifedipine-saturated ethanol prior to the drying, in order to avoid 

excess diffusion of nifedipine from the aerogels during the heating process. Some of the 

nifedipine was removed from the aerogels by supercritical CO2 during drying. Lastly, the final 

drug loadings in the aerogels were determined. 

Since nifedipine is also soluble in supercritical CO2 [175], the second impregnation process 

was applied by using supercritical technology [176]. First, tablet shaped aerogel carriers were 

prepared as described in Chapter 5 – Ethanol-induced gelation. Then these prepared aerogels 

were placed into a 500 ml autoclave. Nifedipine powder was placed at the bottom of this 

autoclave in an amount such that the proportion of nifedipine to aerogel was 0.1:1 (w:w).   

5.4.3 FT-IR 

Fourier transform infrared spectroscopy (Scimadzu, IRAffinity-1) was employed in the 

characterization of nifedipine and pectin aerogels. All the samples were analyzed using the 

ATR-IR method. The pectin aerogel samples were cut into halves and placed on the ATR 

detector, while nifedipine was placed as a powder. 

5.4.4 Drug loading and entrapment efficiency 

To determine the drug loading in the carrier, experiments were carried out as already described 

[125]. Briefly, the drug-loaded aerogel samples were weighed and then placed in 1000 mL of 

PBS. Then the solution was sonicated for 10 min and stirred for 6 h at 37 ±0.5˚C until complete 

decomposition. Then 2 mL of the solution was withdrawn and filtered through a Teflon 0.45µm 

filter. The absorbance was measured spectrophotometrically (Varian, Cary 50 Probe UV 

spectrophotometer), and the concentration was then calculated using the calibration curves 

(Figure 5.16). All measurements were performed in triplicate. 
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Figure 5.16. Calibration curve for nifedipine in a) HCl media and b) PBS.  

5.4.5 In vitro dissolution test 

Drug dissolution tests for nifedipine-loaded aerogels were performed in two different 

dissolution media. First, dissolution was performed in an acidic environment with HCl media 

(pH 1.2). A second dissolution medium was PBS with a pH of 6.8. Changing the dissolution 

medium to simulate the gastrointestinal tract was the additional method. First, a tablet shaped 

aerogel was poured into the HCl medium, and after 1 h the dissolution medium was replaced 

by a phosphate buffer solution. The analysis was performed for an additional 11 h. Drug 

dissolution studies were performed in triplicate at 37 ± 0.5˚C, employing the USP II apparatus 

(Farmatester 3). The speed of rotation was set to 50 rpm, and the volume of the dissolution 

medium was 900 mL. Aliquots (2 mL) were withdrawn at predetermined times and analysed 

spectrophotometrically at 238 nm. After each sampling, 2 mL of fresh dissolution medium was 

added to maintain a constant volume in the basket. All dissolution tests were performed in 

triplicate. The results are shown as the mean value ± standard deviation. 

b) a) 
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5.5 Results and discussion 

5.5.1 Aerogel synthesis and characterisation 

Four types of polysaccharide aerogels were obtained during the research work and are shown 

in Figure 1.  

 

Figure 5.17. 1) guar, 2) pectin, 3) xanthan and 4) alginate aerogels.  

Since the characterization of these aerogels had already been conducted and published in a 

recent paper, the aim of this research was to additionally investigate the properties critical for 

their drug dissolution performance. Swelling of polymeric matrices is one of the most 

significant properties for drug release. Swelling experiments were performed in HCl medium 

and in PBS.  

First, the swelling of all prepared aerogels was investigated in the low pH of the HCl medium. 

Because of their structure, these polysaccharides are resistant to low pH and therefore do not 

degrade. However, the swelling ratio is high, owing to the high water absorbance capacity of 

aerogels. As is evident in Figure 5.18, initial HCl medium absorbance is followed by a constant 

swelling rate in the case of alginate and pectin up to 3 h. Xanthan and guar have an even higher 

absorbance capacity; therefore, the swelling ratio increases constantly, even after 3 h.  
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Figure 5.18. Swelling of aerogels in HCl medium 

In contact with PBS, pectin swelled immediately to its maximum at 15 min, after which the 

swollen aerogel began to degrade slowly (Figure 5.19a). Complete degradation occurred only 

after 3 h. Similar behavior was observed in alginate. Nevertheless, alginate swelled to its 

maximum at 1 h, and after three hours there was still some residue in the solution (Figure 5.19b). 

Similar behavior is indeed the result of the very similar molecular structure in these two 

polysaccharides. Both are linear, as opposed to xanthan and guar molecules, which are both 

short branched. Thus the swelling rate of xanthan aerogel or guar aerogel is much higher 

compared to alginate aerogel or pectin aerogel. In the first three hours, both xanthan aerogel 

and guar aerogel start to swell, but both already show higher swelling capacity than the alginate 

and pectin aerogels (Figure 5.19c and d). The swelling ratio of xanthan aerogel is around 15 

and of guar aerogel nearly 8, whereas highest swelling rate achieved by pectin aerogel after 15 

min is around 7, and for alginate aerogel, less than 5. After 2 days, xanthan aerogel reached its 

maximum in swelling (Figure 5.20a). In that time, xanthan’s aerogel weight increased 60 times 

from its initial weight, after which the xanthan aerogel began to slowly degrade. After 10 days, 

only minor residue was left in the PBS.  
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Figure 5.19. a) Pectin and b) alginate c) xanthan and d) guar aerogel swelling in PBS for 3 h. 
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Figure 5.20. a) Xanthan and b) guar aerogel swelling in PBS after longer time period 
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5.5.2 FT-IR 

While pure polysaccharide aerogels were white, nifedipine encapsulated aerogels were yellow. 

Nevertheless, to confirm the presence of nifedipine in the aerogel, FTIR analysis was 

performed. 

Figure 5.21 shows FTIR spectra for the pure pectin aerogel, pectin aerogel loaded with 

nifedipine and pure nifedipine. For the pectin aerogels, three regions are visible. The region 

from 3500 to 1800 cm-1 has peaks at 3400 cm-1 corresponding to stretching of OH groups and 

at 2900 cm-1 corresponding to C-H stretching of CH2 groups. The region from 1800 cm-1 to 

1500cm-1 has peaks corresponding to COO- and COOCH3. The last region, below 1500cm-1, 

corresponds to coupled C-C, C-O-C and C-OH vibration modes. In the case of nifedipine, three 

regions are also visible. In the first region, two peaks are visible, at 3310 cm-1 corresponding to 

amine and hydroxyl groups and N-H stretching vibration, and a peak at 2950 cm-1 

corresponding to OH stretching. In the second region, a characteristic peak at 1690 cm-1 

corresponds to C=O stretching of the secondary amide but also C-O stretching of the ester 

group. Peaks at 1450 cm-1 and 1350 cm-1 correspond to NH stretching of the amide and ether 

bonds. The last region, below 1100 cm-1, corresponds to CH-OH and C-O-C stretching. 

absorbance / cm
-1

1000200030004000

pectin aerogel

nifedipine loaded pectin aerogel

nifedipine

 

Figure 5.21. FTIR spectra of pectin aerogel, nifedipine loaded pectin aerogel and nifedipine.  
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As presented, almost all the peaks from pectin and nifedipine overlap. However, there is a 

noticeable difference between pure pectin aerogel and pectin aerogel loaded with nifedipine in 

the second region, in the peak corresponding to C=O stretching. Namely, in the case of loaded 

pectin aerogel, the intensity of this peak increases, indicating the presence of C=O groups from 

nifedipine. 

5.5.3 Drug loading and in vitro release  

Drug loading is an important parameter in pharmaceutical applications. The quantity of drug 

loading into aerogels may be limited, particularly in the case of hydrophobic drugs, such as 

nifedipine. Increasing the drug loading has several benefits. Since a high-loading carrier can 

deliver more drug into the body, it is more efficient at delivering the drug. The total amount of 

a carrier that is needed to deliver a given amount of a drug can thus be significantly reduced 

with a higher drug loading. Secondly, a higher drug loading carrier contains less non-drug 

components, and therefore lowers the potential adverse effect, not to mention reducing the 

manufacturing cost of the carriers [177]. Drug loadings to polysaccharide aerogels were thus 

determined as described in the experimental part. The highest drug loading was observed in the 

pectin aerogels, at 37.4%. A slightly lower loading, 34.9%, was exhibited by the xanthan 

aerogels. Lower loadings were then observed in alginate and guar aerogels, 21.7 and 25.7%, 

respectively. The latter could be explained by the aerogel’s structural properties, which were 

published in a recent paper [178]. Due to the gelation of polysaccharides in ethanol, their 

structural properties are different. Larger surface areas and pore volumes were reported for 

pectin and xanthan aerogels [178], therefore resulting in higher drug loadings. Finally, alginate 

and guar aerogels have comparable pore volumes and surface areas [178], hence their similar 

final drug loading.  

The prepared aerogels were first immersed in simulated gastric fluid at a pH of 1.2. The 

nifedipine release was monitored to check whether the prepared aerogels protected the drug 

from being released in the harsh conditions of the upper gastrointestinal tract.  
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Figure 5.22 shows nifedipine release from alginate and pectin aerogels. First, nifedipine release 

in the HCl medium was investigated (Figure 5.22a). It is evident from the figure that some 

release occurs in this low pH medium. Compared to crystalline nifedipine, the release rate is 

much higher in the first few hours, but after 6 h, the dissolution of crystalline nifedipine is 

comparable with the release from both carriers. Assuming that the drug stays in the stomach 

between 1 and 2 h, around 20% of the nifedipine is released from alginate aerogels and around 

30% from pectin aerogels in that time.  

Drug release experiments conducted in PBS showed faster drug release from both aerogels, 

compared to dissolution of a crystalline drug (Figure 5.22b). The total drug was released from 

both carriers after 5 h, showing the similarity of the two carriers. In the first hour in PBS, the 

release of nifedipine from alginate aerogel is 50-times higher than the dissolution of pure 

nifedipine. To mimic the gastrointestinal tract, additional study, changing the dissolution 

medium from HCl to PBS was also conducted. Figure 5.22c shows that the release from alginate 

and pectin aerogel is not highly affected by their exposure to the low pH HCl medium. Even 

though the release of nifedipine from pectin aerogel is around 30% after 1 h in the HCl medium, 

the already swollen aerogel shows drug release characteristics similar to those of the dry one 

(Figure 5.22b). Complete release of nifedipine is achieved in 6 h (1 h in the HCl medium and 

5 h in PBS).  

Similar in vitro drug dissolution experiments were performed for guar and xanthan. Nifedipine 

release from both carriers in the HCl medium is shown in Figure 5.23a. These two drug release 

profiles are similar to those from alginate and pectin (Figure 5.22a). All polysaccharide aerogels 

seem to be resistant to the low pH of the HCl medium. After 24 hours of exposure to such 

conditions, all tablet-shaped aerogels still seem unaffected, just slightly swollen (Figure 5.24). 

However, the nifedipine release from xanthan and guar aerogels in PBS is drastically different 

from its release from the alginate and pectin aerogels. As is clear from Figure 5.23B, nifedipine 

release is very slow and lasts up for 14 days, which opens up the possibility for other 

applications. 
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Figure 5.22. Nifedipine release from alginate and pectin aerogels in a) HCl medium, b) PBS and c) 

HCl medium-PBS. 

 

a) 
b) 

c) 

HCl PBS 
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Figure 5.23. Nifedipine release from guar and xanthan aerogels in a) HCl media, b) PBS. 

 

Figure 5.24. Dug loaded aerogels after 24 h contact with HCl media. From left to right: guar, pectin, 

xanthan and alginate.  

  

a) b) 
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Pectin-xanthan aerogel coatings for orthopedic 

applications 

Total hip arthroplasty (THA) is a common procedure in orthopaedics that is subject to constant 

innovation. In order to improve the quality of life for patients suffering from hip fractures, novel 

materials and techniques are continuously studied and some have been introduced into clinical 

practice [179]. The most commonly used materials in THA are titanium alloys, various 

ceramics and stainless steel [180]. The material used must be biocompatible with body tissues 

and fluids, be able to withstand wear and corrosion, have or ideally exhibit mechanical 

properties similar to those of bone, etc. [181] Therefore, many studies now focus on developing 

coatings for base artificial hip materials in order to improve their functionality and durability. 

More recently, biomaterial-based coatings have been used as part of orthopedic implants in 

order to modulate the surrounding biological environment [182–185]. Among biomaterial-

based coatings, polysaccharides were found to be especially promising as regards enhancing 

the respective implant integration [186]. Pectin, a polysaccharide commonly found in nature, 

has previously been used to increase the hydrophilicity of surfaces [187] and to enhance 

osteoblast-specific production [188]. Polysaccharide-based aerogels are interesting candidate 

materials for metal coatings in THA, especially considering the latest related research oriented 

towards drug-loaded coatings for local drug delivery [185,189,190]. NSAIDs and prophylactic 

radiotherapy can even prevent ectopic bone formation around the hip after total hip arthroplasty 

[191]. Therefore, two NSAID drugs, diclofenac sodium (DCF) and indomethacin (IND), a drug 

commonly used to prevent heterotopic ossification [192], were used in this study.  
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5.6 Experimental 

5.6.1 Materials 

The same medical-grade stainless steel samples (disc shape 15 mm in diameter) and the same 

preparation procedure as reported previously [185] were employed in this study. However, in 

contrast to the previous study, the samples were additionally passivated by immersion for 1 h 

in a 30 wt. % HNO3 solution to simulate real artificial hip material. Afterwards, the samples 

were thoroughly rinsed with ultra-pure water, dried under nitrogen of high purity (99.999 wt. 

%) and stored in a desiccator for subsequent use.  

High methoxyl pectin (hmP) (Pectin Classic CU-L 069/13; degree of esterification 78%) was 

provided by Herbstreith & Fox (Germany), and xanthan (Xa) (800–1200 cps) was obtained 

from Sigma Aldrich (USA). All polysaccharide solutions were prepared with ultra-pure water. 

5.6.2 Aerogel coating formation 

Both polysaccharides, hmP and Xa, were chosen based on their good gelation ability and proven 

drug release performance [147,178]. Various mass ratios of hmP and Xa solutions were 

prepared before the ratio 1:1 was ultimately found to provide the best adhesion on the medical- 

grade stainless steel. HmP (0.5 wt. %) was slowly poured into water while stirring and mixed 

until homogenization at 400 rpm for 30 min. Then, Xa (0.5 wt. %) was added to the hmP 

solution and again mixed until homogenization for about another 30 min. It is essential for this 

process that both polysaccharides are added to the water/solution very slowly in order to avoid 

the formation of clumps. 

The prepared hmP:Xa solution was sonicated for 30 min in to remove any air bubbles formed 

during mixing. Then, a 300 µL hmP:Xa solution was precisely transferred onto medical-grade 

stainless steel in order to cover the whole disc evenly. Absolute ethanol (Sigma Aldrich, ACS 

reagent, ≥ 99.5) was poured onto the polysaccharide coating. It was previously reported by our 

group that gelation of both hmP and Xa can occur in the presence of ethanol [178]. This method 
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was therefore used to produce hmP:Xa alcogels (ethanol in the pores of a gel) on the surface of 

medical-grade stainless steel. The outer layer of the polysaccharide solution gelled quickly after 

contact with absolute ethanol. For the drying process, it is essential that all water in the pores 

be replaced by absolute ethanol. Therefore, the coated samples were placed in absolute ethanol 

for 3 h before supercritical drying. 

5.6.3 Encapsulation of diclofenac sodium and indomethacin 

DCF (analytical grade, ≥ 99.0% purity) was provided by Chemos (Germany). HmP:Xa solution 

(1:1) was prepared as described in Chapter 5.6.2. Since DCF is a water-soluble drug (with a 

solubility of 50 mg/mL [193]), this NSAID (1 wt.%) was added to the hmP:Xa solution while 

mixing. The hmP:Xa-DCF solution was sonicated in order to remove excess bubbles. Then, 

300 µL of the homogenized solution was precisely transferred to the medical-grade stainless 

steel sample, followed by gelation in ethanol for 1 h. The ethanol solution was saturated with 

DCF in order to avoid the diffusion of this NSAID from the coating.  

IND (analytical grade, ≥ 99% purity) was provided by Sigma Aldrich. IND has limited 

solubility in water, as it belongs to BCS Class II (highly permeable with low solubility) [194]. 

However, its solubility in ethanol is much greater than in water and can reach up to 50 mg/mL 

[195] upon stirring. Therefore, loading of this model drug had to be different than for DCF. 

IND was loaded into the hmP:Xa gel coating on medical-grade stainless steel samples by 

diffusion through IND-saturated ethanol for 5 h.  

Drying was performed according to a method developed in our laboratory [66]. The 

supercritical drying was conducted at 314 K and 12 MPa. The chosen temperature and pressure 

allow the formation of a homogeneous phase of CO2 and ethanol inside the hmP:Xa alcogels, 

in order to allow drying without the phase interface between the supercritical CO2 and liquid 

phases and to preserve the adhesion of the coating. The drying was performed for 7 h at a CO2 

flow rate of approximately 200 L h−1. After the supercritical drying, the system was 

depressurized at 0.2 MPa min−1, after which white polysaccharide aerogel coatings on medical-
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grade stainless steel were obtained. The samples were left to cool to room temperature and then 

stored in a desiccator. 

5.6.4 Aerogel coating characterization 

Specific surface area and porosity parameters were determined using the Brunauer-Emmett-

Teller (BET) technique based on nitrogen gas adsorption (Micromeritics ASAP 2020) [196]. 

Prior to that, the hmP:Xa, hmP:Xa-IND, and hmP:Xa-DCF aerogel coatings were removed 

from the medical-grade stainless steel and outgassed.  

Micrographs of the prepared aerogels were obtained by a field emission scanning electron 

microscope (FE-SEM) Sirion 400 NC. The aerogel coatings were scraped from the medical-

grade stainless steel surface, sputter-coated with gold particles and fixed to aluminum sample 

holders with double-sided carbon tape. They were then scanned at an accelerating voltage of 

10 kV using a TLD detector.  

Ultra-pure water (with a resistivity of 18.2 MΩ cm at 25°C) produced by the Milli-QÑ system 

was used to prepare a physiological body fluid of 0.9 wt. % NaCl used for the electrochemical 

analysis. NaCl (for analysis – ACS quality) and ethanol (for analysis – ACS quality) were 

provided by Carlo Erba Reagents (Italy).  

Electrochemical impedance spectroscopy (EIS) and cyclic polarization (CP) techniques were 

employed for the electrochemical study, under stagnant conditions at 37°C, using a 

three-electrode cell system and the same equipment as reported before [185]. At least three 

replicate measurements were performed for each EIS experiment, where Grubbs’ test [197] was 

used to check for outliers. The average values after the fitting procedure are presented for EIS 

measurements, while a representative CP curve was presented to describe each system studied. 

ATR-FTIR spectra were recorded using an Agilent Cary 630 FTIR spectrometer with the 

diamond ATR module at a scan range of 4000–650 cm-1. The scans were performed at three 

different spots on each sample surface (hmP:Xa, hmP:Xa-DCF, and hmP:Xa-IND) or using a 
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sufficient amount of pure drugs (IND, DCF) to perform the measurement. ATR-FTIR spectra 

were also measured after the in vitro release testing (after 24 h) to confirm that the whole 

amount of the respective incorporated drug had been released. 

5.6.5 Drug loading and the in vitro dissolution test 

About 10 mg of aerogel coating was removed from the surface of the sample and poured into 

10 mL of phosphate buffer saline (pH = 7.4) for 24 h. Phosphate buffered saline (PBS) was 

prepared by dissolving 6.8 g of KH2PO4 (Ph. Eur., anhydrous, ≥ 98%, Sigma Aldrich) in 1 L of 

water, and the pH was adjusted to 7.4 with 1 M NaOH (Ph. Eur. ≥ 98%, Sigma Aldrich). After 

10 min of sonicating and 6 h of stirring at 250 rpm and 37±1°C, the solution was filtered through 

a TeflonÑ 0.45 µm filter and the drug amount was determined spectrophotometrically (Varian, 

Cary 50 Probe UV spectrophotometer) at 276 nm for DCF and at 320 nm for IND. From the 

calibration curve, the mass of the drug (md) was then determined. The drug loading (DL) was 

calculated from Eq. (8). 

The drug release experiments were performed as previously described in [198]. In order to 

determine the drug release as a function of time, we used 11 samples to represent individual 

time points (0.5, 1, 2, 3, 4, 5, 6, 7 12, 16, and 24 h) for each NSAID. Each sample was placed 

in 20 mL of PBS. At selected time intervals, 2 mL of solution was withdrawn, filtrated through 

a 0.45 µm PTFE filter and analyzed spectrophotometrically at 276 nm for DCF and at 320 nm 

for IND. The cumulative release was calculated by Eq (5). Three replicates were performed for 

each NSAID. The average values with standard deviations for the specific time point were 

calculated. The confidence interval was determined as °𝑡𝑠/√𝑥 , where t is a Student's t-

distribution, s is the standard deviation, and x is the number of measurements. The dissolution 

curve was plotted as the cumulative release (%) vs. time with 95% confidence interval. 

5.6.6 Cytotoxicity and cell cycle analysis 

In order to perform biocompatibility testing, a human bone-derived osteoblast cell culture was 

used (ATCC CRL-11372, LGC Standards, UK). All testing was performed according to the 
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ISO 10993-5:2009 standard. The as-prepared samples (hmP:Xa, hmP:Xa-DCF, and hmP:Xa-

IND) were incubated with 6 mL of cell culturing media. The resulting sample solutions were 

incubated with the osteoblast cell culture on P96 microtiter plates. Cell viability was determined 

after 24 h incubation via the reduction reaction of the tetrazolium salt according to Mosmann 

[199], using the standard reduction for tetrazolium salt MTT [200,201]. Absorbance was 

measured at 570 nm using a spectrophotometer (Varioskan, ThermoFisher Scientific, USA). 

All prepared samples (hmP:Xa, hmP:Xa-DCF, and hmP:Xa-IND) were sterilized under UV for 

30 minutes. These were then transferred to a centrifuge tube (50 mL) and filled with 6 mL of 

medium Advanced DMEM with 5 wt. % FBS. Prepared samples were applied to a culture of 

human osteoblasts hFOB (ATCC CRL-11372, LGC Standards, UK). Preparation of cells: the 

osteoblasts were plated on a P12 well plate at a density of 100,000 cells per well and were 

incubated overnight at 34°C, 5 wt. % CO2. Then, the as-prepared samples were placed on cells 

in three replicates at a concentration of 1:2 in the medium Advanced DMEM with 5 wt. % FBS. 

As the control, a cell monolayer was prepared in the medium Advanced DMEM with 5 wt. % 

FBS. A further incubation step followed, and after 24 hours, the cells were trypsinized, strictly 

following the manufacturer’s protocol for the use of Cell Cycle Kit (Catalog No. 100106 MCH). 

The analysis was performed using the MUSE Cell Analyzer (EMD Millipore, USA). 

5.7 Results and discussion 

5.7.1 Aerogel coating formation 

The aim of this research was to produce novel advanced coatings on medical-grade stainless 

steel to investigate their potential use in THA. To the best of our knowledge, polysaccharide 

aerogels had never been prepared or investigated as coatings on any of the materials used in 

THA. Compared to other coating materials for THA reported in the literature [202], the 

advantage of an aerogel coating lies in its drying. After carefully choosing the drying conditions 

(314 K, 12 MPa), the initially prepared alcogels were dried in the absence of capillary forces. 

The extraction of a solvent (ethanol) in the alcogels was achieved by supercritical CO2, and the 
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final aerogel showed good adhesion and great structural properties. The ratio between the two 

polysaccharides used in the research had to be precisely determined in order to achieve the 

coating adhesion on the passivated medical-grade stainless steel and good drug release 

performance at the same time. The optimum ratio of hmP and Xa was determined to be 1:1. 

After supercritical drying, the hmP:Xa aerogel coating was characterized by nitrogen 

adsorption, which confirmed its nanoporous structure. The specific surface area was 289 m2g-

1, the pore volume was 0.11 cm3g-1, and the average pore size was 6.8 nm, as determined by the 

BJH adsorption method. The specific surface area for hmP:Xa-DCF was 183 m2 g-1, and for 

hmP:Xa-IND 175 m2 g-1, which are in the range of polysaccharide aerogels obtained by ethanol-

induced gelation [178]. 

5.7.2 Aerogel coating characterization 

Figure 5.25 shows SEM micrographs of the prepared aerogel coatings. The highly porous 

structure of the hmP:Xa aerogel coating is clearly evident from Figure 5.25a, which shows the 

surface of this sample. In order to gain more insight into the microstructure of the respective 

aerogel samples, cross-sections of all samples were prepared and observed using FE-SEM at 

magnifications of 10,000 and 100,000. Owing to the highly non-conductive nature of the 

materials, scanning at higher magnifications was not possible. The microstructure of the 

hmP:Xa, hmP:Xa-DCF and hmP:Xa-IND samples is quite similar (Figure 5.25b, c, d), and the 

morphological structure of the coating was not significantly affected by the addition of DCF 

and IND.  

The latter could provide a good indication of the potential use for such aerogels, regardless of 

the drug chosen to be incorporated. This is even more important considering the different 

loading procedures for the hmP:Xa-DCF and hmP:Xa-IND. The FE-SEM micrographs show a 

highly compact, layered structure for all samples, confirming the low average pore size obtained 

by nitrogen adsorption.  
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Figure 5.25. Scanning electron micrographs of (a) the surface of hmP:Xa coating, (b) cross-section of 

hmP:Xa coating, (c) cross-section of hmP:Xa-DCF coating, and (d) cross-section of hmP:Xa-IND 

coating.    

In this study, corrosion susceptibility was investigated by electrochemical analysis based on 

EIS and CP measurements. The corrosion process of the medical-grade stainless steel in 

simulated physiological body fluid at 37°C is under kinetic control, as no diffusion was 

detected. The polarization resistance (Rp) values give an indication of the resistance of the steel 

samples to general corrosion. The higher the Rp value, the more resistive the sample. Rp values 

are calculated as Rp = R1 + R2. Figure 5.26 represents the polarization resistance (Rp) values 

for all the studied systems, i.e. passivated steel and both coated medical-grade stainless steel 

samples. For each system, the confidence interval was determined according to °𝑡𝑠/√𝑥, where 

t is a Student’s t-distribution, s is the standard deviation, and x is the number of measurements. 

For comparison, the Rp values for the uncoated, non-passivated medical-grade stainless steel 

samples (as previously reported in [185]) are presented in Figure 5.26. The Rp values of the 

uncoated, non-passivated samples were obtained using an EEC model that took into account 
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the diffusion process, which is not the case for all passivated systems in this study. From the 

results, it can be observed that all three passivated samples are more resistant to pitting 

corrosion compared to the uncoated, non-passivated sample. However, not all the studied 

samples have repassivation abilities. The same was previously concluded for the non-passivated 

uncoated samples [185]. 

CP measurements were performed on the three studied passivated systems (uncoated, hmP:Xa-

IND, and hmP:Xa-DCF) after 11 h of immersion. The localized corrosion behavior of the 

uncoated and coated samples can be determined based on the potential differences [203]. The 

higher the potential difference, the slower the pitting process. 

The hmP:Xa, hmP:Xa-DCF, hmP:Xa-IND aerogel samples on stainless steel discs were studied 

using ATR-FTIR spectroscopy before and after in vitro drug release testing (Figure 5.27). 

Figure 5.27a shows the spectra of the hmP:Xa aerogel coating, the respective drugs (DCF and 

IND), as well as both aerogels with the incorporated drugs (hmP:Xa-DCF and hmP:Xa-IND). 

From the several peaks that can be observed for the spectra of hmP:Xa-DCF and hmP:Xa-IND 

that can be assigned to the peaks of the pure NSAID drugs (IND, DCF), and their comparison 

with the hmP:Xa aerogel, it can be confirmed that the drug was indeed incorporated into the 

aerogels.  

 A broad peak between 3700 and 3000 cm-1, which corresponds to O–H vibration, is observed 

in the spectra of all aerogel samples (blank and with incorporated drugs). For the hmP:Xa-DCF 

aerogel coating, several new peaks can be observed, namely the HC–N–CH bending vibration 

at 1376 cm-1, the R=C=O stretching vibration at 1577 cm-1, and the CH2 bending at 1462 cm-1 

[204,205]. For the hmP:Xa-IND aerogel coating, the newly observed peaks include the R-C=O 

stretching vibration at 1717 cm-1, the indole ring deformation at around ~1600 cm-1, the HC-N-

CH stretching at 1316 cm-1, and the CH2 bending vibration at 1288 cm-1 [206,207].  
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Figure 5.26. Rp values obtained from impedance fitting and the corresponding 95% confidence 

intervals for medical-grade stainless steel samples passivated (uncoated, hmP:Xa-IND, and hmP:Xa-

DCF) and non-passivated, measured after 1, 3, 5, 7, and 10 h of immersion in simulated physiological 

body fluid at 37 °C. 

Since ATR-FTIR was successfully used as a method to confirm the presence of the incorporated 

NSAID drugs, the same method was used to confirm the completeness of their release after 24 

h (Figure 5.27 b and c). The suitability of such an approach is also in agreement with previous 

findings [204]. Figure 5.27 b and c show the spectra of samples originating from the respective 

NSAID-aerogel combinations. These include the spectra after the in vitro drug release. The 

latter are in agreement with the release analysis, which showed no drug leftovers in the 

respective samples after 24 h. Since the aerogel samples had almost completely dissolved in 

this time and in the given release media, the IR spectra after the release no longer show the 

same structural properties as found in the as-prepared aerogels. 
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Figure 5.27. ATR-FTIR spectra of the sample before and after release. 

5.7.3 Drug loading and the in vitro dissolution test 

In order to evaluate the potential of aerogel coatings on artificial medical-grade stainless steel-

based hips to relieve pain by administering drugs locally, NSAID-loaded coatings (IND and 

DCF) were prepared in this research, and the release profile was carefully evaluated. Local drug 

delivery has many advantages in comparison to systemic administration, e.g. fewer side effects 

and the absence of intravenous drug administration. Local delivery can lead to a locally 

excessive concentration, but these absolute drug amounts are far lower compared to systemic 

administration, which often has a yield below 50% (depending on the respective drug 

pharmacokinetic and pharmacodynamics properties). Finally, locally administered DCF or IND 

also provide a local anti-inflammatory effect and lower the possibility of an immune response 

[208].  
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Drug content was determined as the ratio between the amount of the NSAID and the total 

amount of coating. Similar results were obtained for both drugs, 4.5 ± 0.2% and 4.2 ± 0.3% for 

DCF and IND, respectively. Owing to its higher water solubility, DCF was incorporated in the 

first step of the gelation process while preparing a polysaccharide aqueous solution [178]. In 

contrast, IND was incorporated by means of diffusion through ethanol. The similar loadings 

are most likely a consequence of the characteristics of the prepared aerogel and its available 

surface area [209]. 

Figure 5.28 shows the results of the respective NSAID release testing as a percentage of the 

release of DCF or IND as a function of time. The release was calculated as the ratio between 

the NSAID concentration at a selected time and the final released NSAID concentration. Both 

types of samples were exposed to PBS for an extended period of time, and the concentration 

variation was monitored. The completeness of the NSAID release was confirmed by the 

prolonged exposure of all samples to PBS, which led to no additional increase in the respective 

NSAID concentration. This is also in agreement with the FTIR analysis after 24 h, which 

showed no NSAID peaks. The release profiles of the two NSAIDs were different, as had been 

expected, given the different nature of the drugs loaded on the same carrier. DCF release is 

slower at the beginning compared to IND, while it surpasses the latter after 5 h. When hmP:Xa-

DCF aerogel coating on medical-grade stainless steel comes into contact with PBS, PBS starts 

to diffuse into the pores of the aerogel, dissolving the DCF and also partially the aerogel. The 

dissolved DCF is released from the pores in the aerogel and slowly diffuses into the release 

media. If the intrusion of the PBS into the aerogel is faster than the DCF diffusion, the release 

profile is initially slower. In contrast, IND release was faster in the initial 3 h of the in vitro 

drug release experiment. Since IND is a lipophilic drug incorporated into a hydrophilic carrier, 

an initial burst release may occur [210]. Upon contact with PBS, the IND is dissolved and 

released from the coating. However, since IND solubility in water is lower than that of DCF, 

the release of IND from the porous aerogel coating is delayed. It is important to point out that 

all of the incorporated respective drugs were completely released from the aerogels, as can be 

seen in the IR spectroscopy measurement (Figure 5.27 b and c). Thus, no peaks can be observed 

in the spectra of the material leftovers after the release that could be assigned to the respective 
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drugs (or were present in the spectra of the respective aerogels with the incorporated drugs). 

Considering the high cost of drugs, this is important for the possible future commercial potential 

of such material-drug combinations. 

 

 

Figure 5.28. Cumulative release of DCF and IND from hmP:Xa aerogel coatings on medical-grade 

stainless steel. The results are shown with the corresponding 95% confidence intervals. 

 

5.7.4 Cytotoxicity and cell cycle analysis 

In order to evaluate the potential of the prepared samples for osteointegration, which is critical 

in patient acceptance of an artificial hip after THA, biocompatibility testing was performed 

using human bone-derived osteoblasts. The main objective of this testing was therefore to 

assess if the proposed aerogels with incorporated drugs degrade to or release any toxic products 

that could affect cell growth. Additionally, we were interested in the potential increase in cell 

viability, since the drugs used have already been proven safe for other clinical applications, and 

because we used natural polysaccharide materials for preparing the aerogels. The second 
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objective was therefore to determine whether the proposed materials show any measurable 

effect on the growth of the osteoblast cells when compared to the control measurement 

(Advanced DMEM + 5 wt. % FBS). Three different dilutions of the dissolved sample solutions 

were incubated with the cells to evaluate the different physiological scenarios to which an 

artificial hip can be exposed in the body (different volumes and concentrations of body fluids 

with growth factors and other biomolecules) [211,212].  

 

 

Figure 5.29. The cell viability of the aerogel samples. The results are shown with the corresponding 

95% confidence intervals. 

 

Regardless of the time, all three aerogel samples (hmP:Xa, hmP:Xa-IND, and hmP:Xa-DCF) 

show a higher viability compared to the control sample. It is worth noting that the hmP:Xa 

aerogel sample even outperforms the hmP:Xa-DCF sample, while the hmP:Xa-IND still 

exhibits a higher cell viability. For all curves shown in Figure 5.29, the confidence interval was 

determined as °𝑡𝑠/√𝑥, where t is a Student's t-distribution, s is the standard deviation, and x is 
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the number of measurements (in our case 3). Increased cell viability in comparison with the 

control means potentially better osteointegration, hence a promising direction for future testing 

and development in bone tissue engineering. The improved cell viability of all three aerogel 

samples (hmP:Xa, hmP:Xa-IND, and hmP:Xa-DCF) compared to the control sample means 

that, regardless of the drug incorporation, these samples are not only biocompatible, but even 

increase the number of osteoblast cells grown in the same period of time when compared to the 

control. This result is important in two regards. Firstly, the as-prepared samples are 

biocompatible regardless of the polysaccharide combination used (and other components used 

in the preparation of the aerogels) and the respective drug, and regardless of possible aerogel 

degradation products that could occur during the exposure of tissue to these materials. And 

secondly, these results are very promising with regard to our desire to prepare coatings on 

medical-grade stainless steel that would promote osteointegration. We can also conclude that 

eventually the aerogels will degrade/dissolve in the body, were such products to be used in a 

clinical setting. And when this happens, osteoblasts would still also attach to the bare substrates 

(medical-grade stainless steel), possibly increasing the suitability of such materials for 

orthopaedic applications even further. 
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6 CONCLUSIONS 

The last, sixth chapter summarizes the work during and results of this PhD research.  
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The main objective of this dissertation was the preparation of natural polysaccharide aerogels, 

the development of a novel gelation method and application of such aerogels as carriers for 

drug delivery. The supercritical technology was used to preserve the morphological structure 

of the resulting wet materials in order to obtain stable dry carriers. The purpose of the research 

work in the third chapter was to optimise a well-known method for the preparation of pectin 

and alginate aerogels and then in the chapter four to develop the method for the gelation of 

various polysaccharide gels. In chapter five, the aim was to prepare carriers for controlled drug 

release – to slow down the release of high water-soluble drugs and enhance the release of low-

soluble drugs for enhancing bioavailability. The last part of the research was the preparation of 

novel aerogel coatings for local drug delivery in medical applications.  

The first chapter forms the background of the study. Briefly, the structure and function of 

natural polysaccharides is described with a focus on pectin, alginate, guar and xanthan, which 

were later used in the study. The main focus of the first chapter is on the gelation of those 

polysaccharides, such as the familiar mechanisms of gelation and a review of published results 

in the field. The last part is about the transformation from wet gel to dry gel. 

The thesis continues with the methods used in the later research work. Supercritical drying is 

the most critical step for obtaining highly sophisticated materials – aerogels. Some 

characterisation methods are then described and briefly explained in order to understand and 

accordingly discuss the results later in the thesis. Drug encapsulation is another critical step in 

the production of aerogels as drug carriers. Supercritical impregnation and in vitro dissolution 

tests are thus described in this section.  

The third chapter is the beginning of the experimental part of the thesis. Low-methoxyl pectin, 

alginate and their composite aerogels were prepared first by cross-linking with different 

divalent ions. The impact of calcium ions had been previously investigated and published. The 

aim of this research was to investigate the impact of different divalent ions on final aerogel 

characteristics and subsequently on the release of active substances. Zinc and strontium ions 

were used as a comparison to calcium ions. The aerogels were prepared in a spherical form of 

approx. 2 mm in diameter. All prepared materials were mesoporous with large surface areas. 
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Calcium cross-linked aerogels provided the largest surface areas and zinc cross-linked, the 

least. All the samples were stable in the HCl medium over a period of 7 h and started to swell 

in contact with PBS. Undoubtedly, all samples show pH-dependent swelling. It was shown that 

zinc cross-linked aerogels (low-methoxyl pectin, alginate and a composite of these two 

polysaccharides) yielded the highest swelling ratio, but the lowest erosion in phosphate buffer 

solution. Aerogels cross-linked with calcium ions behave in the opposite manner. This 

characteristic is important for the later investigation of the release of model drugs. 

The fourth chapter describes the newly developed method for the preparation of various 

polysaccharide aerogels, including high-methoxyl pectin, low-methoxyl pectin, alginate, 

xanthan and guar. This method proposes the increase in hydrophobic interactions between 

polysaccharide units by the addition of ethanol alone. The method was first developed on high-

methoxyl pectin. By the addition of ethanol, stable monolithic alcogels were formed. After 

supercritical drying, the structure remained the same. The concentration of high-methoxyl 

pectin on the shrinkage during supercritical drying was investigated. It was observed that the 

highest pectin concentration (4%) gave the lowest shrinkage. The lower shrinkage then resulted 

in a larger surface area. Wet gels were dried under two different pressures, 150 bar and 200 bar, 

and no major difference could be observed in the structural properties of the resulting materials. 

Thus, it was assumed that higher pressures during the drying process do not influence the 

structure of the gel. Concentrations of hmP aqueous solutions higher than 4% wt could not be 

obtained, owing to the high viscosity of the solution. The same method was then applied to 

other polysaccharides, lmP, Xa, Gu and Al. Different shape monoliths could be prepared, from 

small tablet-like shaped monoliths, to larger cylindrical or membrane shaped monoliths. 

Conventionally, those polysaccharides are prepared by dissolution in water, cross-linking by 

various cross-linkers, and then prior to supercritical drying, the water in the gel has to be 

exchanged with organic solvent. Since in this research, the gelation occurred directly in ethanol 

without additional cross-linkers, there was also no need for the solvent exchange step. The total 

production time was thus reduced. The time of gelation strongly depends on the size of the 

monoliths, mainly on account of the diffusion governed gelation. All the polysaccharide 

aerogels obtained were prepared from 4% polysaccharide solution. Monoliths with large 
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surface areas and high porosities were obtained. The largest yet reported surface area of 

monolithic aerogels was obtained for lmP (510 m2g-1), hmP (384 m2g-1), Xa (363 m2g-1) and 

Gu (111 m2g-1). The total production time was lower compared to conventional polysaccharide 

aerogel synthesis, since in this process, no solvent-exchange or washing was needed prior to 

supercritical drying. In addition, to the best of our knowledge this is the first report on the 

preparation of pure xanthan and guar aerogels. To date, these gels have been prepared with the 

addition of other polysaccharides. Xanthan gum aerogels also possessed comparably high 

specific surface areas. All the samples had also very low thermal conductivity, which 

corresponded to specific surface areas and porosity. Namely, by increasing the surface area and 

porosity, the thermal conductivity decreased. Therefore, pectin aerogels were the ones with the 

lowest thermal conductivity, which is in the range of the best insulating materials.  

Since Al aerogels prepared by the novel gelation method did not provide comparable results 

with the conventional method (surface area of only 147 m2g-1), further research was focused on 

the optimization of the novel method for this particular polysaccharide. We investigated the 

influence of process parameters during alginate aerogel production. The parameters 

investigated were the time of gelation (1h vs 24 h), the viscosity of alginic acid and the alcohol 

used for the gelation. It was observed that 1h gelation time does not provide samples with 

surface areas significantly lower than samples prepared using 24 h gelation time. The difference 

is only 30 m2g-1. However, the visual appearance is completely different; after 24 h of gelation, 

the resulting aerogels had polished surfaces compared to the coarse surfaces of aerogels 

obtained after 1 h of gelation. The viscosity of alginate indeed influences the structural 

properties of aerogels. Highly viscous alginate provided a denser structure with a higher surface 

area. Indeed, the most important parameter in alginate aerogel production was the type of 

alcohol. The results show that the best option for the gelation of alginate is methanol, as the 

obtained surface areas of those materials are twice as large as for those gelled in ethanol. Also, 

the N2 adsorption capacity is better. Headspace GC results confirmed the presence of methanol 

after supercritical drying; however, the amount is low, and those materials could also be safely 

used in pharmaceutical or medical applications. Gelation in propanol and butanol was 

unsuccessful. Since the resulting materials possessed very small specific surface areas, the 
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adsorption capacities were near zero. It is assumed that the propanol and butanol molecules are 

too big to interact with the alginate chains, and complete gelation does not occur. The alcohol 

chain’s length seemed to have the greatest impact on the gelation ability of alginate. The smaller 

the molecule, the closer the alginate chains, which resulted in increased interactions. The 

thermal conductivity of aerogels prepared in ethanol was high and was expectedly lower with 

methanol-obtained aerogels. However, thermal conductivity is still not within the range of some 

other published results on polysaccharide aerogels. Further research is thus needed in order to 

obtain even better properties of alginate aerogels.  

The fifth chapter of the thesis reports the results on aerogels developed and optimised for 

pharmaceutical or medical applications. Issues with optimal drug delivery are first discussed in 

the introduction. Then the aerogels described in the third chapter of this thesis were used for 

the encapsulation of water-soluble diclofenac sodium (DCF). DCF was added to a 

polysaccharide solution in the first step of the sol-gel process, mixed into the polysaccharide 

aqueous solution. Spherical aerogels, cross-linked with zinc, strontium and calcium were 

prepared to investigate the impact of these ions on drug release. Extremely high loading was 

achieved--around 70%. The in vitro dissolution test for pure DCF showed very high solubility 

within the buffer solution. Thus, a proper carrier should be obtained in order to prolong the 

release of this drug. The prepared mesoporous aerogels have been shown to be suitable for 

prolonging the release of diclofenac sodium. Aerogels are stable in dry air conditions; therefore, 

for the final drug product, they are way more suitable than hydrogels. These matrices are also 

biodegradable and biocompatible and thus suitable for use in pharmaceutical applications. The 

drug loading was the highest in the case of zinc cross-linked aerogels. In this research we 

showed that calcium ions are indeed not proper cross-linkers for preparing a controlled release 

drug carrier. By using zinc as a cross-linker, the drug release was much more controlled. 

Comparing all the experimental work from in vitro dissolution studies, and drug loading to 

swelling and erosion, pectin aerogels cross-linked with zinc are considered the most promising 

carriers for the controlled release of DCF. Calcium cross-linking is useful only in the case where 

immediate drug release is desired. The final controlled release drug formulation containing 

pectin-zinc aerogels within a gelatine capsule was compared with two commercial drugs of 
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DCF. No similarity was found among the three controlled release products. 80% of the drug 

was released from the aerogel-based carrier in 7 h. In this period, the whole carrier was 

degraded. In contrast, the remains of the carrier of both commercial drugs were present after 72 

h in PBS. To conclude, the drug release kinetics from the spherical core, cross-linked by 

calcium, was rapid, but it was successfully prolonged by changing the cross-linking ion. 

According to those results, pectin aerogels cross-linked with zinc are the most suitable and can 

be safely used as sustained drug carriers.  

The polysaccharide monolithic aerogels developed and optimized in Chapter Four were then 

used for the encapsulation of the low water-soluble drug, nifedipine. Polysaccharide aerogels 

were prepared by ethanol-induced gelation, and their swelling and erosion were investigated in 

simulated body fluids. Swelling in the lower pH of the HCl medium was high, but erosion did 

not occur. Rapid swelling of pectin and alginate aerogels was observed in the higher pH of PBS, 

followed by rapid erosion. ATR-IR analysis confirmed the presence of nifedipine in the aerogel. 

The highest drug loadings were achieved by the pectin and xanthan aerogels, 37.4% and 34.9%, 

respectively. Lower drug loadings for alginate and guar are likely the result of their structure, 

namely smaller surface area and pore volume. In vitro drug release experiments showed 

improved nifedipine release from pectin and alginate aerogels. In contrast, the nifedipine 

release from xanthan and guar aerogels was prolonged, owing to the greater stability of those 

two aerogels in simulated body fluids. Nifedipine release was prolonged for up to 14 days, 

leaving these two carriers as inappropriate for oral drug release. Nevertheless, prolonged drug 

release from these two carriers opens up new possibilities for using such carriers as other drug 

delivery devices, e.g. for local drug delivery or even as implants. In any case, these results show 

great prospects for further research on those particular aerogels.  

The final section of the thesis describes the development of novel coating materials on medical- 

grade stainless steel, prepared from two polysaccharides, xanthan and high-methoxyl pectin. 

Additionally, two NSAIDs (DCF and IND) were incorporated into coatings, and their release 

was investigated in vitro. Such systems are very interesting for postoperative orthopaedic 

applications in order to reduce pain and prevent local inflammation, and hence to reduce 



6. CHAPTER: Conclusions  

 

 

140 

 

potential artificial material rejection. The corrosion of all passivated medical-grade stainless 

steel samples, coated and uncoated, is under a kinetic-controlled process, and all passivated 

samples are highly resistant to general corrosion. The resistance towards localized corrosion 

follows the trend hmP:Xa-DCF, passivated uncoated, hmP:Xa-IND, and non-passivated 

uncoated medical-grade stainless steel samples. Intravenous or oral administration of drugs 

right after surgery may cause unwanted side effects; therefore, the proposed system for local 

administration of NSAIDs is of high value to improve the patient’s quality of postoperative life. 

Since the carrier was the same for both drugs, the final drug loading was comparable for both 

model drugs: around 4.5% and 4.2% for DCF and IND, respectively. The drug release profile 

of DCF was different from that of IND, and it could be described by a first-order release model. 

In contrast, Fickian diffusion governs the release rate of IND from hmP:Xa aerogel coatings. 

This indicates the potential of the prepared aerogel coatings for tuning the release of other drugs 

for similar applications. Both NSAIDs were completely released after 24 h, as confirmed by 

the plateau reached in the release profiles, as well as through post-release IR spectroscopy. All 

samples were shown to be biocompatible with human bone-derived osteoblasts. The osteoblast 

viability of all samples was higher when compared to the control, indicating a possible major 

potential for further research on their use in orthopaedic applications, in addition to their general 

application in bone tissue engineering.  
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