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ABSTRACT 
 

Phase-solubility experiments were performed with triclosan (TCS) in different aqueous 

cyclodextrins (CD) solutions at acidic pH. Among all the CDs that were tested, the solubility 

of TCS varied greatly, where 2-hydroxypropyl-β-cyclodextrin (HPβCD) was the best 

solubiliser. 

Five different alginate types were tested regarding the solubilising properties and as a gelling 

agent. Protanal 10/60 and Protanal 200 showed synergistic solubilising effect with HPβCD, 

while Protanal 120 had a decreasing solubilising effect with HPβCD. Due to alginate 

precipitation in the high performance liquid chromatography (HPLC) column it was not 

possible to obtain data for Keltone and Protanal Ester (PE).  

Results showed that gels prepared from alginate and the cross-linking agent CaCl2, gave gels 

consisting of one big lump or several small beads. This was not seen with the alginate type PE 

which gave a gel good enough for diffusion studies.  

The permeability of TCS from gel, rehydrated gel and lyophilized gel (LG) through semi-

permeable cellophane membrane was studied by using Franz diffusion cells. The flux was 

lowest from the rehydrated gel and highest from the gel. However, due to better stability of 

the formulation and the possibility of sustained release, LG was chosen for application to a 

wound dressing.   

Important considerations must be accounted for when developing a wound dressing. Among 

these are homogeneity, sterilization methods, reproducibility, stability, absorbing capacity and 

adhesive properties.  
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ABBREVIATIONS AND DEFINITIONS 
 

ABBREVIATIONS 

ACN   Acetonitrile 

AUC   Area under curve 

CA Calcium alginate 

CD   Cyclodextrin 

CE Complexation efficacy 

cP Centipoise 

DC   Donor compartment 

DMβCD Heptakis(2,6-di-O-methyl)-beta-cyclodextrin 

DP   Donor phase 

DS Degree of substitution 

EDTA Ethylenediaminetetraacetic acid 

EtOH   Ethanol 

FDA U.S. Food and Drug Administration 

γCD   Gamma-cyclodextrin 

G Guluronic acid 

G1βCD Glucosyl-beta-cyclodextrin 

G2βCD Maltosyl-beta-cyclodextrin 

GDL Glukono-delta-lakton 

HPLC   High performance liquid chromatography 

HPβCD  Hydroxypropyl-beta-cyclodextrin 

HPγCD  Hydroxypropyl-gamma-cyclodextrin 

LG   Lyophilized gel 

LOD The detection limit 

LOQ The quantification limit 

M Mannuronic acid 

MIC Minimal inhibitory concentration 
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MeOH   Methanol 

MS   Molar substitution 

Mw   Molecular weight 

MWCO Molecular weight cut off 

NMR Nuclear magnetic resonance 

ORD Oxidative-reductive free radical depolymerization 

PBS   Phosphate buffer saline 

PE   Protanal ester SD LB propylene glycol alginate 

PGA   Propylene glycol alginate 

Ph. Eur European Pharmacopeia 

2PrOH Isopropanol 

RC   Receptor compartment 

RMβCD  Randomly methylated-beta-cyclodextrin 

RP   Receptor phase 

RPM   Rotation per minutes 

RSD Relative standard deviation 

SBEβCD Sulfobutylether-beta-cyclodextrin 

SC   Stratum corneum 

SCMC Sodium carboxymethylcellulose 

TCS   Triclosan 
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DEFINITIONS  

Alginate solution A solution of alginate powder and a solvent. During this project a stock 

solution of HPβCD/TCS was the solution most used as the solvent in the 

alginate solutions. 

Alginate gel 

   

A gel made of alginate solution, where calcium ions are added as the 

cross-linking agent, creating a three- dimensional network. 

Gel point The point where the texture goes from a solution to a gel. 

Lyophilized gel

  

   

A gel that has been freeze dried and subsequent lyophilized in a vacuum 

pump via complete ice sublimation. Before the lyophilized gel was used 

in a diffusion study it was grinded and sieved to obtain a powder with a 

known particle size distribution. 

Rehydrated gel A gel, where water is added to the dry matter that occurs after 

lyophilisation. The dry matter is grinded and sieved to the appropriate 

particle size distribution before water is added. The dry matter will 

rehydrate overnight before a diffusion study is performed. 

Piece of cloth This is the white dry part of the wound dressing that has the absorbing 

capacity. It has no adhesive property.  

Wound dressing This is the whole part of the dressing, inclusive the piece of cloth and the 

adhesive material.  
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BACKGROUND 
 

Several approaches exist regarding wound management. The type, severity and the cause of 

the wound determine the approach that should be chosen. The overall aim in wound 

management is to create an environment in which wound healing takes place at the maximum 

rate. Some wounds produce excess amounts of exudate and need a dressing with high 

absorbing capacity, other more simple wounds only need an occlusive/semi-occlusive 

dressing that prevents the exudate from evaporation, i.e., preventing the wound from 

becoming dry. Several formulations for wound management exist, e.g., powder, foams, 

hydrogels and hydrofibers.  

Alginate is the material employed to produce the dressing in this project. Alginate dressings 

will form a hydrogel in contact with exudate from a wound and are intended for heavily 

exuding and infected wounds. Some of the dressings already on the market which contains 

alginate are Kaltostat®, Sorbsan®, Tegaderm alginate® and Seasorb soft®. None of these 

dressings contain an antibacterial agent. 

In this project it was of interest to combine alginate and an antibacterial agent to create a 

formulation for wound healing, both with the absorbing capacity and an agent preventing 

microbial growth. The properties of alginate are highly dependent of the composition of 

mannuronic- (M) and guluronic acid (G). This will influence the strength of the gel formed 

and the release of the active ingredient. By using different alginate types (having varying 

degree of the M- and G content), the thought was that the release of the antibacterial agent 

could be governed and to see if it was possible to obtain sustained release from the 

formulation.  
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1 - AIM OF STUDY 
 

In this project it was desirable to combine the properties of CDs and an antibacterial agent and 

apply it to a gel system using alginate as the gelling agent. The formulation is intended for use 

in a wound where the antibacterial agent would prevent the growth and development of 

bacteria.  

TCS is a broad spectrum antibiotic and is widely used in household articles. One drawback of 

TCS is its low aqueous solubility, but complexation with CDs has shown to greatly improve 

the aqueous solubility of triclosan [1, 2].  

The natural α-, β- and γ-cyclodextrin (αCD, βCD and γCD) and their derivatives 

hydroxypropyl-β-CD (HPβCD) and hydroxypropyl-γ-CD (HPγCD) as well as their complexes 

aggregate to form nanoparticles (diameter 1 to 100 nm) in aqueous solutions. It is thought that 

these aggregates can both result in sustained drug delivery and enhance drug delivery through 

biological membranes. Different CDs will be tested to obtain the complex giving the best 

solubility of TCS, which makes TCS more available in the wound. The increased 

concentration of dissolved triclosan will hopefully enhance its antibacterial effect.  

TCS/CD complexes will be prepared and by combining the properties of alginate and CD, the 

complex will be incorporated into alginate hydrogels. Different alginate types will be tested 

and the drug release from the hydrogels determined, which could result in sustained and/or 

enhanced drug delivery. The ultimate goal is to prepare an alginate wound dressing. 
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2 - INTRODUCTION  
 

2.1 Dermal drug delivery 

2.1.1 The skin 

The skin consists of two main layers: epidermis and dermis. The outermost layer, epidermis, 

consists of stratified, squamous, keratinizing epithelium and can further be divided into five 

layeres. The outermost layer, stratum corneum (SC), is one of the largest obstacles for drug 

delivery and contains corneocytes embedded in intercellular lipids. SC is considered as a 

lipophilic barrier. The passive diffusion of molecules through SC is constrained to the 

intercellular pathway and this is why the skin is difficult to permeate. Beyond epidermis is 

dermis where blood and lymphatic vessels, as well as nerves are located, and where 

transdermal drugs gain access to the systemic circulation. Dermis supports epidermis and also 

provides support to hair follicles and sweat glands [3]. 

In this project the goal was to develop a formulation for dermal application on wounds 

without any systemic absorption (i.e., transdermal delivery). However, if the skin is notably 

damaged and the wound is deep, SC as a barrier will be negligible since the epidermis is 

known to be just 0.1 mm thick. This could reveal the underlying tissues and lead to systemic 

absorption. However, the flux from the formulation to the wound must be considered and the 

affinity of triclosan (TCS) for the wound must exceed the affinity for the formulation. 

According to Fick’s first law (equation 2.1) which describes passive diffusion, the diffusion of 

TCS from the formulation to the wound should be proportional to the drug concentration 

difference between the formulation and the wound [4]: 

� =
��(∆�)

	
        (Equation 2.1) 

where J is the flux, D is diffusion coefficient, K is the partition coefficient, ∆C is the 

difference in TCS concentration between the formulation and the wound, and h is thickness of 

the membrane [3, 5]. In this project the in vivo membrane will be the tissue and the in vitro 

membrane will be the cellophane membrane used during diffusion studies. 
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2.1.2 Wounds   

A wound occurs when there is a defect or a break in the skin. This can be caused by a disease, 

a mechanical or a thermal injury. Wounds that will not heal in less than 8-12 weeks are 

chronic. Based on the effect on skin layers, wounds are classified as: 

- Superficial: only epidermis is damaged. 

- Partial-thickness: epidermis and dermis with its appendages are affected. 

- Full-thickness: when subcutaneous fat or even deeper underlying tissues are affected 

[4]. 

 

2.1.3 Wound healing  

Wound healing can be divided in four stages: inflammation, migration, proliferation and 

maturation [4]. Inflammation is the first to occur, where the most characteristic features are: 

redness, warmth, swelling and pain. When the vascular tissue is injured it will respond with a  

vasoconstriction, so that tissue factors and calcium will activate factor VII and the subsequent 

coagulation cascade [6]. Eventually histamine and cell-mediated factors will be released into 

the wound and cause vasodilatation, capillary leakage and stimulation of pain receptor. 

Because of increased vascular permeability exudate from the wound contains plasma proteins, 

phagocytes and other inflammatory cells, which will remove damaged tissue, bacteria and 

contaminants. Fibrinogen provides the clotting mechanism, which leads to lack of bleeding 

and supports the damaged tissue. The second step, migration, is the replacement of damaged 

skin. Because of growth factors in the exudate epithelial cells, fibroblasts and keratinocytes 

will grow and migrate to the affected area, a process that lasts for 2-3 days [4]. The third 

phase, proliferation, is recognized by formation of a new tissue. Stimulated by basic fibroblast 

growth factor, tumor growth factor-β and platelet derived growth factor, fibroblasts are 

migrating from the wound edges towards the middle of the wound. Fibroblasts produce 

hyaluronic acid, proteoglycans and collagen which are the main extracellular substances of 

granulation tissue [6]. Fibroblasts are the dominant cell type and collagen is the dominant 

connective component of wounded tissue, and will, accompanied by capillaries, replace the 

fibrin clot. During the proliferation phase epithelium cells will migrate from the wound edge 

providing a closure. The last phase is the maturation phase where collagens fibers are 

remodeled in a more organized structure which gives more tensile strength. This phase lasts 
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up to one year and the strength of the scar tissue is about 80% compared to the tissue before 

the injury [6]. 

 

2.1.4 Wound dressings 

There are many different wound dressings on the market, which can be divided into different 

categories depending on function, material and the physical form of the dressing. Some 

examples can be: traditional-, foam-, alginate-, hydrogel-, hydrocolloid- and bioactive 

dressings, as well as semi-permeable adhesive films. In this project alginate is one of the main 

dressing components, therefore a brief introduction to alginate dressings will be given [4]. 

Alginate dressings are intended for exuding wounds, rather than for dry ones, since the 

dressing will interact with wound exudate and blood. They may be applied to dry wounds, 

provided that the dressing is premoistened with saline [4, 7]. Because of the high absorbing 

capacity of alginate these dressings are intended for use on moderate to heavily exuding 

wounds [4]. When applied to a wound there will be an ion-exchange between the calcium in 

the dressing and sodium from the exudate, forming a soluble calcium/sodium alginate gel [8]. 

The free calcium ions in the wound will amplify the clotting cascade, and it has been reported 

that the calcium ions reduce the bleeding during various surgical interventions [8]. The 

interaction with the wound exudates will create a protective gel that has occlusive, non-

adherent and moisturizing properties [4]. The gelling properties of alginate are dependent on 

the concentration and arrangements of mannuronic- (M) and guluronic (G) acid within the 

polymer, which will affect the rigidity and absorption characteristics of the gel. Gels with a 

high G content causes highly absorbent gels, while gels rich in M content will be less 

absorbing because of softer fibers [7]. Alginate dressings are easily removed without causing 

sufficient pain [4]. Alginates are used in powder-, film-, and fiber-based wound dressings [7] 

and have been successfully used in the treatment of various wounds like split skin graft, donor 

sites, diabetic foot ulcer and full-thickness excisions [8]. 
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2.2 Triclosan 

TCS also known as 5-chloro-2-(2,4-dichlorophenoxy)phenol or 2,4,4´-trichloro-2´-

hydroxydiphenylether (figure 2.1) is a well known synthetic broad-spectrum antibacterial 

agent [1, 9].  

 

Figure 2.1: Structure of triclosan [1]. 

First synthesized by Ciba-Geigy Company in Switzerland [9], it was in the beginning 

registered as a pesticide [10] but in the recent years more attention has been drawn towards its 

antibacterial effect. In 1972 it was introduced in the health care industry as a surgical scrub 

and in 1985 for oral care in toothpaste in Europe [11]. Because of the antibacterial effect of 

TCS the compound has extensively been used in personal care products, like toothpaste, 

deodorants, soaps, body washes, cosmetic and topical preparations like cream and lotions [9, 

12]. TCS has even been used in clothing, kitchenware, furniture and toys [13]. The safety 

profile of TCS is good and the U.S Food and Drug administration (FDA) reported in 2010 

that TCS is not hazardous to humans [13]. Several animal and human studies have been done 

and a review written by Fang et al. [14] reports that TCS demonstrated a high threshold for 

severe toxicity in acute studies. In a study where 1246 volunteers used dental products 

containing TCS (0.01-0.6%) during 1–12 weeks period, no adverse effects were noted [14]. 

Regarding dermal products TCS is considered to have a low skin sensitizing potential [14]. 

The physiochemical properties of TCS are reported in table 2.1. 
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Table 2.1: Physicochemical properties of triclosan [1, 9, 11, 12, 15].  

Molecular formula C12H7Cl3O2 

Appearance  Off-white crystalline powder 

Molecular weight 289.5 Da 

Melting point 54-57 °C 

Log P (octanol/water) 4.8 

pKa 7.9 

Thermal stability Good. Can withstand 
temperatures up to 150°C and 
even 200°C if not heated more 
than 2 hours. 

Solubility at room 
temperature 

Water ≤ 1 µg /ml[1] 

10 µg/ml[12] 

5.9 µg/ml [this work] 

Acetone Very soluble 

Propylene glycol Very soluble 

Alkaline solutions Moderately soluble 

MIC (µg/ml) S. Aureus 0.1 

E. coli 5 

P. aeruginosa > 300 
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2.2.1 Mechanism of action and microbiologic properties  

TCS is a chlorinated aromatic compound with ether and phenols as functional groups [10] and 

its activity is dependent of concentration and formulation [9]. At low concentrations TCS will 

be bacteriostatic but bactericidal at high concentrations [14, 16]. The efficiency of TCS can be 

greatly improved by formulations effects, which has been seen in combination with 

ethylenediaminetetraacetic acid (EDTA) [15, 17]. TCS is a broad-spectrum antibiotic and acts 

against several types of bacteria, but the efficiency against gram-positive are generally higher 

than towards gram-negative [14, 16]. Regös et al. [18] compared the in vitro activity of TCS 

to other topical antimicrobial agents by testing the minimal inhibitory concentration (MIC). 

Compared to hexachlorophene, another bis-phenol, TCS was 10-100 times more potent 

against Escherichia Coli, Klebsiella edwardsii, and Salmonella species, but 10 times less 

active against micrococci, streptococci and Propionibacterium acnes.  

Concerning the mechanism of action several targets have been reported. Regös and Hitz [19] 

emphasized the cytoplasmic membrane as the primary site of action, while other targets were 

RNA and protein synthesis . When the cytoplasmic membrane loses its structural organisation 

and integrity the consequence will be leakage of intracellular material which eventually will 

lead to initiation of autolysis, i.e., self-destruction by the bacteria [17]. McMurry et al. [20] 

reported in 1998 that TCS in sublethal concentrations had a specific target, which was the 

lipid synthesis. The FabI gene encodes for the enoyl-acyl carrier protein reductase which is 

essential for bacteria’s fatty acid biosynthesis.  Experiments performed at E. Coli showed that 

TCS inhibits this gene by binding to the enoyl substrate site on FabI, which leads to a ternary 

triclosan-NAD+-FabI complex formation. From this complex TCS will occupy the enoyl 

substrate site, inhibiting the last reactions in the fatty acid elongation. This will result in cell 

membrane damage and dysfunction because of lack in production of lipopolysaccharide, 

lipoproteins and phospholipids synthesis [14, 16, 20]. Besides having antibacterial activity it 

is also reported that TCS has anti-malaria, anti-inflammatory [1], antifungal and anti-

mycobacterial activity [16]. The anti-inflammatory activity is thought to be due to the 

anticyclo-oxygenase activity of TCS which reduces prostaglandin production [11]. 

 

 



2 - Introduction 13 

 

2.2.2 Bacterial resistance to TCS 

The generally accepted view of biocides, including TCS, has been that they have multiple 

mechanisms of action and several cellular targets. This view has also led to the thought of 

resistance development as rather uncommon [21]. But when used in sublethal concentrations, 

TCS has a specific target, and several resistance mechanisms to TCS have been reported [16]: 

- Overproduction of the enoyl-ACP reductase enzyme. 

- Mutations in FabI, leading to enoyl- APC reductase enzyme which is insensitive to 

TCS. 

- Production of TCS-degradative enzymes. 

- The moderation of outer membrane permeability barriers. 

- Acquirement, adaption or up-regulation of efflux pumps. 

TCS resistance among normal flora and environmental micro-organisms has been confirmed 

by several studies and efflux pumps are the most common resistance mechanism [16]. E. Coli, 

M. Tuberculosis, S. Aureus and S. Epidermidis are some of the bacteria listed by Yazdankhah 

et al. with decreased susceptibility to TCS [21].  

Many of the mechanisms of action and resistance to antibiotics are similar to those of 

disinfectants and biocides. Therefore cross-resistance of TCS has been of great concern due to 

TCS presence in daily life products. Several studies have looked at this with varying results, 

but Meyer and Cookson concluded that the cross-resistance caused by exposure of bacteria to 

TCS is case-dependent [22]. It depends on the bacteria, concentration of the biocide used, and 

other variables in the community where the studies are performed. Because some studies are 

inconclusive and others have verified development resistance against bacteria because of 

prolonged exposure to TCS, cross-resistance cannot be ruled out [16]. Together with the 

concern about cross-resistance and the fact that several studies show development of 

resistance at some bacteria species Yazdankhah et al. states that “it could be argued that the 

use of TCS should be restricted to purposes where there is a well-documented and desirable 

effect” [21].  
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2.2.3 Absorption, metabolism and elimination 

TCS will be absorbed to the systemic circulation via the most common sites of the body: the 

oral cavity, the gastrointestinal tract and the skin [14]. The absorption is governed by 

diffusion [9]. Once TCS is inside the body several enzymes like CYP 450 (cytochrome P450), 

UGT (uridine'5 Diphospho-Glucuronosyl Transferase) and SULT (sulfotranserase) are 

metabolising it into glucuronide and sulphate conjugates. The elimination process of TCS is 

excretion in the feces and urine. Depending on the species, animal studies have shown biliary 

excretion into the feces and excretion via the kidney [14]. The major excretion route in 

humans is in the urine and the secondary is via the feces [14].  
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2.3 Improvement of aqueous solubility 

To exert biological effect of a solid drug in the body, the first step is dissolution of the 

compound. The second step is to penetrate the lipid bilayer of the biological membrane so that 

the drug reaches the systemic circulation. To achieve this, the drug has to possess certain 

affinity to hydrophilic and lipophilic media in the body, which is reflected in the partitioning 

coefficient value. From table 2.1 it is clear that TCS fulfils Lipinski’s rule of Five (molecular 

mass below 500, log P below 5, less than 5 hydrogen bond donors and less than 10 hydrogen 

acceptors) [23], which makes the permeation through biological membranes much more 

likely. TCS is a lipophilic compound (i.e., log P has positive value), like many other drugs, 

and the aqueous solubility is reported to be as low as 1 µg/ml [1]. Low aqueous solubility is a 

challenge that has to be overcome in order to make a successful formulation. Some of the 

most common approaches are reported below [5]: 

- Drugs containing ionisable groups can increase the solubility by preparing a salt. The 

salt chosen can markedly influence the solubility.  

- The pH of a solution will influence the solubility of drugs containing ionisable 

entities.  

- Cosolvents for aqueous solutions, which are water-miscible, can be added to a 

formulation to increase the solubility of a drug. Common cosolvents are glycerol, 

propylene glycol and ethanol. 

- Transformation of the drug from crystalline to amorphous form. The amorphous form 

is more soluble, but less stable than the crystalline state.  

- Surface-active agents can form micelles above the critical micelle concentration and 

solubilise drug molecules. Drugs can also be incorporated in liposomes.  

- Formation of inclusion complexes with a cyclodextrin (CD). The drug is incorporated 

into the CDs lipophilic core and the hydrophilic outer surface of the CD provides the 

complex aqueous solubility.  

Within the current project the use of CD will be of importance to solve the problems 

connected with the poor aqueous solubility of TCS. 
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2.4 Cyclodextrins 

2.4.1 Chemistry 

CDs are cyclic oligosaccharides consisting of six or more α-1,4-linked glucopyranose units 

[24]. CDs with fewer units than 6 do not exist due to steric reasons [25]. The most common 

CDs are α-, β- and γCD (6, 7, and 8 units, respectively). Larger CDs containing 9-35 

glucopyranose units also exist but are not considered as good solubilisers like αCD, βCD and 

γCD.  When starch is degraded by amylase from Bacillus macerans a mixture of CDs is 

produced, mainly containing α-, β- and γCDs, however current technology utilizes different 

types of cyclodextrin glucosyltransferase to produce α-, β- and γCDs.  The glucopyranose 

units exist in the chair conformation and this explains why CDs have the shape of a truncated 

cone, rather than a cylinder. The hydroxyl groups at the glucopyranose units are oriented to 

the exterior side of the cone with the primary hydroxyl groups at the narrow edge and the 

secondary at the wider edge (figure 2.2). The interior of the cone consists of carbons and 

oxygens from the glucopyranose units [24]. Because of these features CDs have a hydrophilic 

outer surface and lipophilic core, which is of great interest in the pharmaceutical research 

where most active ingredients are lipophilic and have low aqueous solubility.  

 

Figure 2.2: Schematic representation of a CD’s lipophilic cavity with primary and secondary hydroxyl groups 

[26].  

 

2.4.2 Solubilising effects  

The natural CDs are hydrophilic compounds, but the aqueous solubility is limited (table 2.2) 

and is much lower than that of acyclic dextrins [27]. Of αCD, βCD and γCD, it is βCD that 

has the lowest aqueous solubility. The low aqueous solubility is believed to be due to the 

relatively strong binding of the CDs molecules in the crystal lattice and because of hydrogen 

bonding between the C2-OH in one glucopyranose unit with the C3-OH group in the 

neighbouring unit. This makes the hydroxyl groups less available for interactions with water, 
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hence lower aqueous solubility of βCD. The hydrogen bonding makes a complete boundary in 

the βCD molecule but is incomplete in αCD because of a distorted glucopyranose unit, 

leading to fewer hydrogen bonds and consequently better aqueous solubility. Regarding γCD 

the CD is not coplanar and has a more flexible structure, which makes it the most soluble 

among the three natural compounds [28].  

Table 2.2: Structure and some properties of  natural cyclodextrins [24, 25]. 

 

 αCD βCD γCD 

N 0 1 2 

R= -H -H -H 

Molecular weight 
(Da) 

972 1135 1297 

Aqueous solubility 
(mg/ml) 

145 18.5 232 

Cavity size 
(diameter Å) 

4.7 - 5.3 6.0 - 6.5 7.5 - 8.3 
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2.4.3 Cyclodextrin derivatives 

Additional to the natural CDs chemically modified CDs have been developed to obtain CDs 

with more favourable properties. Improvement of solubility and decrease of toxicity are some 

of the reasons behind this (see section 2.4.10). Regarding βCD, the low aqueous solubility and 

the fact that parenterally administered βCD does not metabolise and therefore accumulates in 

the kidneys as insoluble complexes resulting in nephrotoxicity, required to develop modified 

βCDs [25]. All of the free hydroxyl groups in a CD can receive a substituent, where C6-OH in 

the glucose unit is the most reactive, while C3-OH is the least reactive [25]. For example, 

βCD increases its solubility proportionally with increasing degree of methylation, obtaining 

its highest solubility when two-thirds of the hydroxyl groups are methylated [27]. The most 

common derivatives nowadays include hydroxypropyl derivatives of βCD and γCD (i.e., 

HPβCD and HPγCD), randomly methylated-βCD (RMβCD), sulfobutylether-βCD (SBEβCD) 

and branched CDs such as glucosyl-βCD (G1βCD) and maltosyl-βCD (G2βCD) [24, 29]. 

There are several ways to characterise the substitution in a chemically modified CD, in this 

work the average degree of substitution (DS) applied by the producer was used. DS tells us 

the average number of substituents per glucose unit. This varies from 0 to 3 [25]. Table 2.3 

shows the characteristics of the modified CD used in this project.  

Table 2.3: Characteristics of chemically modified CD used during this project [24]. 

 HPβCD RMβCD HPγCD 

No. of glucose units 7 7 8 

Substitution unit -CH2CHOHCH3 -CH3 -CH2CHOHCH3 

Molecular weight (Da) 1400 1312 1576 

Aqueous solubility 
(mg/ml) 

>600 > 500 >500 

DS 0.64 1.6 - 1.9 0.6 

 

2.4.4 Interactions between cyclodextrin and the substrate  

CDs enhance the solubility of poorly water-soluble drugs in different ways, where inclusion 

complex formation is the prominent one. The cavity of CDs in an aqueous solution is 

occupied with H2O molecules even though it is thermodynamically unfavourable. As soon as 

a guest molecule of less polarity as water appears, this molecule can displace the water 
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molecules in the CD cavity, leading to a more thermodynamically favourable situation. The 

most common ratio between host:guest is 1:1 (figure 2.3), but complexes like 1:2, 2:1, 2:2 and 

even higher stoichiometry exist, most often simultaneously [28]. How the drug fits into the 

CD cavity depends on the size of the drug molecule, and the geometry of the compound is of 

more importance than the chemical factors of the drug. It is not always necessary that the 

whole molecule of a given drug fits the CD cavity, but certain groups or side chains can 

penetrate into the cavity. The larger the drug molecule is or if it is ionized the slower is the 

association and dissociation rate of the complex [25]. CDs can also form non-inclusion 

complexes, where the drug in question can interact with the hydroxyl groups on the exterior 

side of the CD molecule [24]. The driving forces of inclusion complexation are several: 

enthalpy, size of the guest molecule compared to the CD cavity, the polarity of the guest 

molecule, van der Waals interactions, hydrogen bonding, hydrophobic interactions, release of 

ring strain in the cyclodextrin molecule and changes in solvent-surface tension [25, 27, 29]. 

During the complex formation no covalent bonds are formed or broken, and the formation and 

dissociation kinetics of the inclusion complex is fast. So the free drug and free CD are always 

in a dynamic equilibrium with the complex [29]. The complex can have physical, chemical 

and biological properties that differ much from the original properties of the free drug and 

free CD [30].  

 

Figure 2.3: Equilibrium binding of drug and cyclodextrin, a 1:1 complex [31].  

The stability constant, K1:1 of a 1:1 complex can be expressed as follows [25]: 

D +  CD  ↔ D / CD      (Equation 2.2)  

��:� =
[�/��]  

[�][��]
       (Equation 2.3)    

The higher the value of K1:1, the stronger the complex is and the drug’s affinity for the 

lipophilic cavity is stronger. The K value is dependent on the temperature (i.e., it will decrease 

with increasing temperature) and pH. 
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The stability constant is not the best way to compare the affinity of a drug to different CD 

because it is sensitive to external conditions, for example impurities, the method applied and 

mathematical interpretation of experimental results. It is also important to be aware of the fact 

that S0 (the intrinsic solubility) can differ from the intercept in a phase-solubility plot, which 

often happens for drugs with a low aqueous solubility. Therefore, it is better to use the 

complexation efficacy (CE) as a measure when solubilisation in different CDs is going to be 

compared. CE can be obtained by equation 2.4 if the slope of the linear phase solubility 

diagram is less than unity [32].  

�� =  �� ∙ ��:� =
���� 

(�!"��� )
      (Equation 2.4) 

The individual CD units and the inclusion complexes formed during solubilisation of a drug 

are also able to self-associate and form aggregates or micelle-like structures. These structures 

can consist of two to several hundred CDs molecules and/or CD complexes [33]. In average, 

HPβCD forms aggregates of two to three CD molecules [34]. These aggregates and micelle-

like structures have the ability to further solubilise a lipophilic drug beyond the inclusion 

complex with the CD, by non-inclusion complexation [35].  

Drug release from the complex is mainly due to dilution of the formulation but other factors 

governing this can be [31]: 

- Protein binding of the drug, which will decrease the free drug concentration making 

the equilibrium of equation 2.2 shift to the left. 

- Other endogenous and exogenous molecules which will displace the drug molecule. 

- Drug uptake across membranes not accessible by the complex or free CD. 

 

2.4.5 Enhancement of the complex formation 

Sometimes it is necessary to have a high CD concentration for poorly water-soluble drugs to 

get the desirable solubilisation. Thus, one disadvantage with CDs is the increase in bulk 

formulation of solid dosage forms. Therefore, effort is made to find additives which can 

enhance the CE between the CD and the drug. Some additives for this purpose can be other 

polymers, volatile acids and bases, organic salts, amino acids, cosolvents and the use of drug 

ionization and salt formation [24]. 
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2.4.6 Phase-solubility diagrams 

Phase-solubility is a method to determine how complexing agents are influencing the 

solubility of a given drug. This method is also used to determine the stability constant and the 

stoichiometry of the equilibrium complex. Excess amount of poorly water-soluble drug is 

added to aqueous solutions with different CD concentrations. To decrease the equilibration 

time sonication with heating can be performed prior to further equilibration of the solutions 

by continuous shaking. In phase-solubility diagrams the increased solubility of a drug is 

assessed as a function of the CD concentration. Two major types of phase-solubility diagrams 

can be obtained, A-type and B-type (figure 2.4). A-type indicates formation of soluble CD 

complexes and can further be divided in the subgroups AP, AN and AL. The B-type indicates 

formation of complexes with limited solubility and has two subgroups, BS and BI, respectively 

[32].  

 

Figur 2.4: Phase-solubility diagrams with the different A- and B-type profiles [32]. 

 

2.4.7 Stability of cyclodextrins 

CDs are more stable than their corresponding acyclic linear oligosaccharides and the rate of 

ring opening is dependent on the size and conformation of the cycle. Ring opening happens 

faster when the ring contains more glucose units [36]. In alkaline medium the CDs are quite 

stable, but in strong acidic solutions they are labile for hydrolysis giving linear 

maltosaccharides [36]. Regarding enzymatic degradation, CDs show good stability towards 

the usual starch hydrolysing enzymes [25]. β-amylase, cleaving the free terminal glucose unit, 

does not work on the CDs, but α-amylase can, since it attacks the inside of the molecule. This 
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happens usually at a low rate and the parent CDs are hydrolysed with increasing reactivity in 

the order αCD < βCD << γCD. In general, chemically modified CDs are less susceptible for 

enzymatic degradation because the affinity of the CDs to the enzymes is lowered or the 

intrinsic reactivity of the enzymes is reduced [25, 36].  

 

2.4.8 Pharmaceutical application of cyclodextrins 

CDs with their hydrophobic cavity and hydrophilic exterior are in most common 

pharmaceutical application used to enhance the solubility of lipophilic drugs in water. Some 

general statements about the ability CDs have to solubilise drugs can be made [27]: 

- CDs have a greater relative solubilising effect on drugs with a low aqueous intrinsic 

solubility compared to drugs with higher intrinsic solubility. 

- CD derivatives with a low molar substitution (MS) are better solubilisers than the 

same type of derivatives with a higher degree of substitution. 

- Charged CDs appear to be better solubilisers the farther away the charge is located 

from the CD cavity. 

- The stability constant is higher for unionized drug molecules than for the ionized 

form; by adjusting pH, as being done in this project, it is possible to enhance the CD 

solubilisation. 

CDs are being used in formulations with different routes of administration: parenteral, oral, 

ophthalmic, nasal, dermal, pulmonary and rectal [30]. As described above the main reason of 

using CDs, is solubilisation of drugs with poor aqueous solubility. Other applications areas 

for CDs are stabilisation, increase of dissolution rates and oral bioavailability of solid drug 

complexes [27], alteration of release rates [30], decrease of the volatility of drug molecules, 

taste masking of bitter materials [31] and the improvement of irritancy and toxicity of drugs 

[29]. Table 2.4 gives an overview of drugs available in Norway containing cyclodextrins. 
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Table 2.4: Drugs registered in Norway containing cyclodextrin [37, 38]. 

Trade name Drug Cyclodextrin 

Brexidol® 

Tablets, (Nycomed Pharma) 

Piroxicam βCD 

Nicorette®  

Sublingual tablets, (McNeil Sweden AB) 

Nicotine βCD 

Vfend® 

Injection, (Pfizer) 

Voriconazole SBEβCD 

Voltaren Ophtha® 

Eye drops, (Novartis) 

Diclofenac HPγCD 

Zeldox® 

Injection, (Pfizer) 

Ziprasidone 

 

SBEβCD 

 

2.4.9 Cyclodextrins in dermal formulations 

CDs have been used in dermal applications to increase the solubility and stability of the drug, 

along with the potential CDs have to increase the membrane permeability [30]. Because of 

CDs relatively high molecular weight (Mw) and hydrophilic outer surface it will under normal 

conditions be difficult for the CD or the complex to permeate the skin. Lipophilic CDs like 

heptakis(2,6-di-O-methyl)-βCD (DMβCD) and RMβCD will be somewhat more absorbed but 

also this absorption is negligible and it is generally believed that the CDs and complexes 

thereof are unable to permeate the skin. Some CDs are able to interact with lipophilic 

components in the skin like cholesterol, lipids, phospholipids and proteins, but disruption of 

the membrane is not considered as the main mechanism in the enhanced transdermal drug 

delivery caused by CDs [39]. Interaction with components (i.e., cholesterol, lipids and 

phospholipids) in the skin will be suppressed by the lipophilic drug and other lipophilic 

excipients in the formulation, competing for the lipophilic CD cavity. Clinical studies have 

shown that CDs used in dermal formulations can be regarded as safe [39, 40]. 

 

2.4.10  The toxicological profile of CDs 

CDs are poorly absorbed from the gastrointestinal tractus, therefore the administration of CDs 

through the oral route is considered safe [36]. Contrary to the oral route where the systemic 

exposure is minimal, it has been of great concern about the safety profile for the parenteral 

route. As previously described both αCD and βCD are unsuitable for parenteral administration 
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because of the renal toxicity. However HPβCD, SBEβCD, γCD and HPγCD have shown to be 

suitable for both parenteral and oral formulations [36, 39]. HPβCD is eliminated via 

glomerular filtration after intravenous injection and should not be given to patients with 

severe renal insufficiency [27]. 
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2.5 Alginate as a gelling agent 

2.5.1 Polymers 

A polymer is a chain of high Mw, consisting of repeating units called monomers. Different 

types of monomers exist, and depending on the monomer homopolymers (identical 

monomers) or copolymers (alternating, random, block or graft monomer) may be obtained. 

The size and conformation of the polymeric molecules give them their physicochemical 

properties, but these are also strongly dependent of the way the monomers are combined. As a 

pharmaceutical ingredient, polymers are used as suspending, emulsifying and flocculating 

agents and in materials with adhesives, packaging and coating properties. They are also used 

in controlled and site-specific drug delivery systems [5].  

According to the European Pharmacopeia (Ph. Eur) “Gels consist of liquids gelled by means 

of suitable gelling agents”. Further, gels are divided into lipophilic and hydrophilic systems 

[41]. Polymers represent suitable gelling agents and when polymer chains are cross-linked, a 

three-dimensional network is formed and the outcome is a gel. The bonds in the network are 

stable and will to a limited extent be affected by thermal motion. Gels can be divided into two 

groups with regard to the binding nature within the gel. Some of the polymer chains have 

covalent bonds (type I) and are irreversible systems, while others possess intermolecular 

hydrogen bonds (type II) [5]. A type II gel is heat-reversible. Bridging of the polymer chains 

by additive molecules can also be the basis of the gel formation. The presence of additives can 

influence the gel point of the polymer. Bivalent ions are also capable of inducing gel 

formation. This is seen with calcium ions which interact with uronic acid containing 

polysaccharides [5]. The characteristic features of a gel are: an increase of the viscosity above 

the gel point, the appearance of rubber-like elasticity and, at high polymer concentrations, a 

yield point stress. This means that when a high degree of stress is applied to the gel, 

deformation can occur [5].  

 

2.5.2 Alginate 

In 1883 Edward Stanford discovered alginate: a high-molecular mass polysaccharide 

extracted from brown seaweed (Phaeophyceae) such as the genus Macrocystis pyrifera, 

Ascophyllum nodosum and Laminaria hyperborea. Alginate functions as a skeleton in the cell 

wall and intercellular regions. It is also possible to isolate alginate from bacteria, such as 

Azotobacter vinelandii and the dreaded Pseudomonas aeruginosa. In the bacteria the alginate 
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is exploited as a component of the capsular protection [42].  The extraction of alginate can be 

done in different ways and one of them uses a dilute alkaline solution on dried milled 

seaweed. Further treatment with mineral acids to the pasty mass releases alginic acid, which 

again gives sodium alginate after treatment with ethyl alcohol. It is also possible to make 

other salts of alginic acid, but sodium salt is the most common form [7, 42].  

As a polymer, alginic acid is linear consisting of β-D-mannuronic acid (M) and α-L-guluronic 

acid (G) monomers linked by 1,4-glycosidic linkages. The salt form, alginate, has anionic 

groups because of the carboxylic acid on the sugar unit (figure 2.5). It is a block copolymer 

which can consist of three types of blocks, either M or G-blocks and MG-blocks, where M 

and G monomers are sequentially alternating. The sequence and composition of blocks in 

different types of alginate are variable, depending on the source of origin of seaweed. Other 

factors affecting the G:M ratio are at which point in the season the seaweed is harvested and 

which parts of the seaweed are being used [42]. It is the relative content of a block type in the 

polymer that decides the properties of the alginate types [42-44].   

 

 
Figure 2.5: Structure of alginate and its monomers [45]. 

 

2.5.3 Properties of alginate 

Alginic acid will swell in water and is practically insoluble in organic solvents [41]. Most of 

the alginate salts (alkali metals-, aluminium- and magnesium salts) are soluble in water, 

giving a viscous colloidal solution. During the solubilisation process the alginate particles will 

rapidly stick together, resulting in clumps which are slowly dissolved, therefore particle size 

and alginate type (e.g., the alginate salt) affect solubility behaviour [43]. Sodium alginate is 

insoluble in alcohol and organic solvents, while calcium alginate (CA) is insoluble in water 
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[42]. A derivative of alginate which is widely used in the food industry, e.g., to stabilise acid 

emulsions (dressings), acid fruit drinks and juices is propylene glycol alginate (PGA) [46]. 

PGA is processed by a partial esterification of the carboxylic groups with propylene oxide. 

The advantage of this derivative compared to unmodified alginate is its higher solubility and 

better stability under acidic conditions [46, 47]. This is due to the introduction of bulky 

groups preventing intermolecular interactions. Other derivatives of alginate are esters with 

pharmacologically active alcohols and alginates grafted with acrylate or allyl groups [47]. 

Table 2.5 gives an overview of the alginate types used in this project.  

Table 2.5: Physicochemical properties of the different alginate types used in the project [48]. 

Type of alginate 

 

 

 

Content  
of G and 
M 
residues 
(%) 

Molecular 
weight  
(g/mol) 

Loss 
of 
drying 
(%) 

Viscosity 1% 
(mPas)  

pH (1% 
solution, 
20ºC) 

Solubility 
in water 

Protanal® LF 10/60 
LS sodium alginate 

G: 35-45  

M: 55-65  

130 000 - 
220 000 

12.6   41   6.5   

 

 

Slowly 
soluble, 
will form 
a viscous, 
colloidal 
solution. 

 

Protanal® HF 120 
RBS sodium 
alginate 

G: 45-55  

M: 45-55 

380 000 - 
400 000 

8.8 663  6.7  

Protanal® LF 200 
FTS sodium 
alginate 

G: 60-70 

M: 30-40 

280 000 - 
350 000 

9.8 350 8.0 

Protanal® ester 
SD-LB propylene 
glycol alginate* 

G: 30-40  

M: 60-70 

Not 
available 

6.2 1378 

 (2% solution) 

3.9 

(2% solution) 

Keltone® HVCR 
sodium alginate 

G: 30-40 

M: 60-70 

320 000 -  
370 000 

9.6 896  

(1.25% 
solution) 

8.0 

(1.25% 
solution) 

Soluble in 
water 

*Esterification degree: 62%. Free carboxyl groups: 10.2% 
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Alginate solutions exhibit a pseudoplastic rheology, the solution flows more readily the more 

it is stirred. Viscosity values for different sodium alginate solutions are within the range of 20 

– 900 centipoises (cP) [42, 48]. Viscosity of an alginate solution is determined by the Mw of 

the polymer, concentration, pH, temperature and Ca2+-ions [43]. The higher Mw and 

concentration of the polymer, the higher is the viscosity. The Mw of alginate is ranging from 

20 000 to 370 000 Da [5, 44]. A temperature increase leads to viscosity decrease and solutions 

kept at temperatures above 50°C for a long time can undergo depolymerization. pH values 

between 5 and 11 will not influence the viscosity [43]. Below pH 5 carboxylate ions will to a 

larger extent be protonated. This will reduce the repulsive forces of the chains and hydrogen 

bonds can be formed, increasing the viscosity. pH values above 11 will lead to a slow 

depolymerization, reducing the viscosity. Low concentrations of Ca2+ will increase the 

viscosity, but higher concentrations will lead to gel formation [43].  

 

2.5.4 Degradation of alginate 

Different degradation mechanisms can affect alginate, like other polysaccharides, including 

oxidative-reductive free radical depolymerization (ORD), acid and alkaline degradation and 

enzymatic-catalyzed degradation. During degradation cleavage of the glycoside bonds will 

occur, giving monomers [49] and a subsequent decrease in viscosity. Concentrations of 

reactants and temperature are the main factors affecting degradation rates [44, 49, 50]. A 

study done by Holme et al. [49] on thermal depolymerization of alginate in the solid state 

showed an increasing depolymerization rate due to increasing temperatures. Furthermore, the 

study suggested that acid hydrolysis and β-elimination (caused by alkaline conditions) are the 

primary mechanisms responsible for the depolymerization. There were not found any 

significant differences between the thermal stability of G-rich and M-rich alginate samples 

[49]. Degradation studies of non-purified alginate (can contain phenolic reducing substances 

from brown seaweed) solutions have also been performed and Smidsrød et al.  [51] concluded 

that the presence of oxygen affects the alginate stability because of ORD-reactions with the 

present phenolic reducing substances. Purified alginate solutions were tested for degradation 

where temperature, presence of transition metals and pH were examined [50]. The rate of 

thermal depolymerization increased with decreasing pH values (pH 6.6 → 4.3), supporting 

acid hydrolysis as a degradation mechanism. Transition metals may catalyze an ORD 

mechanism, but purified alginate did not contain high enough levels for this to happen. The 

study concluded that acid and alkaline hydrolysis were the main degradation mechanisms of 
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purified alginate solutions, coinciding with degradation mechanism for solid alginate, and 

ORD as the main mechanism for non-purified alginate [50]. From the different studies 

presented here it seems like temperature, pH, impurities and the presence of oxygen will 

affect the stability of alginate.  

 

2.5.5 The application areas of alginate 

As alginate is readily available, relatively inexpensive and regarded as non-toxic, this 

biopolymer has several application areas. Some of them are in the food industry where 

alginate is used as a thickening, gelling and stabilizing agent. In the pharmaceutical areas 

alginate and alginic acid are explored for sustained and controlled release, as a disintegrant 

and tablet binder or even taste masking agent in the treatment against esophageal reflux and as 

a basis in wound healing and dermatology. Table 2.6 gives an overview of drugs available in 

Norway containing alginate. Other areas are in textile printing and enzyme/cell 

immobilization [7, 42, 43, 52].  

Table 2.6: Drug formulations in Norway containing alginate [37, 38, 53]. 

Trade name Substance Alginate 

Banminth®  

Oral paste for dogs, cats and horses, 
(Pfeizer Oy Animal Health) 

Pyrantel pamoate Sodium alginate 

Gaviscon® 

Mixture and chewable tablets,  

(Nordic Drug AB) 

Sodium alginate, aluminium 
hydroxide, sodium hydrogen 
carbonate and calcium 
carbonate 

Sodium alginate 

Isoptin Retard® 

Tablets, (Abbot Scandinavia AB) 

Verapamil hydrochloride Sodium alginate 

Klacid OD® 

Depot tablets, (Abbot Scandinavia AB) 

Clarithromycin Sodium alginate, 
sodium calcium 
alginate 

Lariam® 

Tablets, (F. Hoffman- La Roche AG) 

Mefloquine Ammonium 
calcium alginate 

Migea® 

Tablets, (Sandoz AS) 

Tolfenamic acid 

 

Alginic acid 
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2.5.6 Gelling properties of alginate 

Gels from alginate can be prepared by using ions or acidic environment. In this project the use 

of Ca2+-ions will be explored.  

Adding di- or trivalent cations to an alginate solution leads to ionic interaction and 

intramolecular bonding between the cation and the negative charge on alginate resulting in a 

gel. Cations used for this purpose can be: Ca2+, Sr2+, Ba2+, Fe3+ and Al3+ [42].  Two alginate 

strands can interact with Ca2+ (or another divalent cation), resulting in a chain of calcium- 

linked alginate strands that forms a solid gel. The cations fit the electronegative cavities 

(between the alginate strands) like eggs in an egg-box, therefore the proposed gel formation 

concept is called “Egg-box model” (figure 2.6). The cavities where the interaction between 

the negative and positive charges takes place are called junction zones. This is where the 

alginate polymers are bound together, leading to gelation of the solution [42]. To obtain a 

homogenous gel it is better to use a calcium salt (such as calcium citrate [43]) which is slowly 

released, so that it has enough time to diffuse through the alginate solution bulk before the gel 

formation occurs. Another method is the use of calcium salts, which are practically insoluble 

in neutral solutions but dissolve when the pH is decreased. CaHPO4 or CaCO3 together with 

glukono-delta-lakton (GDL) can be used, where GDL is slowly hydrolysed, lowering the pH 

so that Ca2+ can react [53, 54]. 

Figure 2.6: Egg-box formation when Ca2+ is mixed with alginate leading to the gel formation [42].  

The physical properties of the gel are dependent on the formulation composition, i.e., the 

proportion between G and M residues, in which sequence they are, Mw of the polymer and 
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the concentration of the polyvalent cation used as a cross-linking agent [7, 42, 43]. When 

there is a high content of guluronic acid the gels: 

- Are stiffer, more brittle and porous (the G residue has stronger affinity for divalent 

cations than M residues). 

- Maintain their integrity and form for a long time. 

- Are characterized by more restricted solute transportation. 

Should the gel be made of alginate with a high content of mannuronic acid, the gel will: 

- Be more soft, elastic, and less porous. 

- Disintegrate easier with time. 

- Swell more when the cross-linking takes place.  

Calcium complexing agents like EDTA-sodium citrate, monovalent cations and anions with 

high affinity for calcium like phosphate, citrate and lactate will destabilise the gel. High 

concentrations of sodium and magnesium ions will also have a negative effect on viscosity. 

The temperature and addition of chemical cross-linking agents will not affect the sol-gel 

transition, but this could happen if sodium, magnesium or EDTA is added [42]. 

 

2.5.7 Safety of alginate based formulations 

Alginic acid and its sodium and calcium salts are generally regarded as non-toxic and 

biocompatible and therefore suitable as excipients for oral and topical drug delivery. Sodium 

alginate has shown to be non-allergic and not shown any skin irritation properties [7, 42].  
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2.6 Requirements from the European Pharmacopeia regarding 
semi-solid and solid preparations for cutaneous application 

When preparing a topical formulation, it is important to take precautions to ensure and to 

evaluate the microbiological quality of the formulation according to Ph. Eur 5.1.4 

(Microbiological quality of pharmaceutical preparations). If a pharmaceutical formulation is 

intended for use on severely injured skin the formulation must be sterile. To obtain this, 

materials and methods that ensure sterility are necessary, and methods according to Ph. Eur 

5.1.1 (Methods of preparation of sterile products) should be followed. The test for sterility 

(2.6.1) should then be performed. To ensure the defined rheological properties of a semi-solid 

preparation are fulfilled, measurements should be done and tests like consistency, viscosity 

and release of the active ingredient can be performed where appropriate. In cases where the 

active substance is dissolved the formulation has to comply with the test for mass variation. 

For single-dose powders they must comply with the test of uniformity of dosage units (2.9.40) 

or with uniformity of content (2.9.6) and/or uniformity of mass (2.9.5) [41]. 
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3 - MATERIALS AND METHODS 
 

3.1 Equipment list 

3.1.1 Apparatus 

 

Analytical balance AG285, Mettler Toledo, Switzerland 

Autoclave AMB 220, Astell Scientific, UK 

Diffusion system:  

Franz diffusion cells SES GmbH-Analysesysteme, Germany 

Stirring plate Variomag Poly 15, H + P Labortechnik, Germany 

Hotplate magnetic stirrer MR Hei-Standard, Heidolph, Germany 

HPLC: Ultimate 3000 Series, Dionex Softron GmbH, Germany 

Pump P680 

Degasser DG-1210 

Autosampler ASI-100 

Detector VWD-3400 UV-Vis 

Microscope Olympus BH2, Japan 

Moisture analyzer MX-50, A&D Co., Japan 

pH-meter Orion 3 Star, Thermo, USA 

Platform shaker KS- 15 CONTROLL, Edmund Bühler GmbH, Germany 

Thermostat Polystat®, Cole Parmer, USA 

Ultrasonic bath 8892, Cole Parmer, USA 

Vacuum pump Snijders Scientific, 2440, Netherland 

Viscometer DV-I+, Brookfield, USA 

Vortexer Mini Vortexer, VWR Scientific Products, USA 

Water purification system Milli-Q® Academic, Millipore, USA 
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3.1.2 Research supplies 

 

Filters Spartan 13/0.45 RC, 0.45µm, Whatman GmbH, Germany 

 FP 30/0.45 CA-S, 0.45µm, Whatman GmbH, Germany 

Paper filter, size 2, Whatman Ltd, England 

HPLC column C18 Luna 5µm reverse-phase, 150×4.6 mm, Phenomenex, USA 

HPLC guard system:  SecurityGuard™, Phenomenex, USA 

Holder Analytical Cartridge Holder 4 mm 

Cartridge C18, 4×3mm 

Laboratory test sieve BS 410, Endecotts LTD, England 

Micropipette Finnpipette F1, Thermo Scientific 

Semi-permeable 
cellophane  
membranes 

Spectra/Por® Dialysis Tubing from regenerated cellulose, MWCO 6-
8 kDa, Spectrum Laboratories, USA 

Syringe  1 ml, Omnifix-F, B.Braun Melsungen AG, Germany 

Vacuum filtration 
assambly: 

 

Funnel Phenomenex, USA 

Membrane filter NL 17, 0.45 µm, Schleicher & Schuell, Germany  

Receiver flask Phenomenex, USA 

Wound dressings DermaPlast® Universal, Hartmann, Germany 
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3.1.3 Chemicals and reagents 

 

Acetone Skeljungur hf, Iceland 

Alginates: FMC BioPolymer UK Ltd., UK 

Keltone HVCR Batch G2905001 

Protanal ester SD LB Batch LSJ004601 

Protanal HF 120 RBS Batch G2507401 

Protanal LF 10/60 LS Batch G2901001 

Protanal LF 200 FTS Batch G3003201 

CaCl2×2H2O Calcium chloride dihydrate, Mw 147, Merck, Germany 

CH2Cl2 Dichloromethane, HPLC grade, Mw 84.93, Sigma-Aldrich, 
USA 

CO2 Carbon dioxide, Mw 44.01, Ísaga EHF, Iceland 

EtOH Ethanol, HPLC grade, Mw 46.07, Sigma-Aldrich, USA 

γCD Cavamax® W8 Pharma, Mw 1297, Wacker Chemie, Germany 

HPβCD Kleptose® HPB, Mw 1400, Roquette, France 

HPγCD Cavasol® W8 HP Pharma, Mw 1576, Wacker Chemie, 
Germany 

H3PO4 Orthophosphoric acid 85%, Mw 98, Merck, Germany 

KCl Potassium chloride, Mw 74.56, Merck, Germany 

KH2PO4 Potassium dihydrogen phosphate, Mw 136.09, Merk, Germany 

MeOH Methanol, HPLC grade, Mw 32.04, Sigma-Aldrich, USA 

NaCl Sodium chloride, Mw 58.44, Sigma-Aldrich, USA 

Na2HPO4×12H2O Disodium hydrogen phosphate dodecahydrate, Mw 357.95, 
Norsk Medisinaldepot, Norway 

2PrOH Isopropanol, HPLC grade, Mw 60.1, Sigma-Aldrich, USA 

RMβCD Cavasol® W7 M, Mw 1310, Wacker Chemie, Germany 

THF Tetrahydrofuran, HPLC grade, Mw 72.11, Riedel-de Haen, 
Germany 

Triclosan Irgasan DP 300, Mw 289.54, Procter & Gamble, UK 
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3.2 Phase-solubility studies 

3.2.1 Water content determination 

CDs are hygroscopic and therefore it was necessary to account for the adsorbed water content 

prior to weighing. The water content was determined using a moisture analyzer before the 

preparation of each solution: approximately 1 g of an appropriate CD was heated at 130°C 

until the sample weight loss stopped. The experimental values of CD water content were 8.3, 

3.3, 5.0 and 4.7% (w/v) for γCD, RMβCD, HPγCD and HPβCD, respectively. 

 

3.2.2 Stability of TCS 

A degradation test of TCS was performed with sonication and heating in an autoclave. A 

stock solution of 5% (w/v) HPβCD in H2O was adjusted to pH 5 with diluted H3PO4. A TCS 

amount corresponding to 1.4 mg/ml was added and the flask was shaken for 3 days. The 

solution was filtrated before divided into glass vials of 4 ml. 3 vials were sonicated (60°C, 60 

min), 3 vials autoclaved (121°C, 20 min) and some of the solution was immediately measured 

in the high performance liquid chromatography (HPLC) device to find the initial 

concentration before any intervention.  

 

3.2.3 Phase-solubility 

The solubility of unionized TCS was determined in acidified aqueous solutions containing 

different concentrations of HPβCD, γCD, or HPγCD, as well as mixtures of γCD:HPγCD in 

75:25, 50:50 and 25:75 stoichiometry. In all cases three parallel 4 ml vials were prepared with 

the total CD concentrations of 0, 1, 3, 5, 10, 15 and 20% (w/v). An excess amount of TCS was 

added in accordance to the procedure described elsewhere [2]. To shorten the equilibration 

time and ensure saturation of a solution with TCS the following steps were performed. The 

vials were sealed and heated in an ultrasonic bath at 60°C for 60 min to promote 

oversaturation, which is believed to be a more secure way to reach equilibrium. After gradual 

cooling to ambient temperature the existence of a precipitation in the vials was controlled, if 

necessary the vials were opened and an extra amount of TCS was added. Afterwards, the 

samples were shaken at ambient temperature for seven days [1, 2, 55]. While shaking, the 

precipitates as well as pH of the solutions were monitored. Because TCS is a weak acid with 
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pKa equal to 7.9 it was necessary to maintain pH lower than 5.9 in order to deal only with 

unionized molecules. Thus, pH was adjusted to acidic pH by means of 1·10-5 M H3PO4. After 

equilibrium was reached the samples were filtrated through 0.45 µm membrane filters and the 

solutions were analyzed by HPLC. The samples were preliminarily diluted with methanol 

(MeOH) or an appropriate CD aqueous solution, if necessary. The phase-solubility profiles 

were prepared by plotting the solubility of TCS versus the CD concentration. 

 

3.2.4 Quantification 

Calibration curves for quantification of TCS by HPLC were prepared from at least seven 

standard solutions of TCS in MeOH in the concentration range 0.6-0.0025 mg/ml. The 

samples were prepared by a stepwise dilution of a stock solution of 1 mg/ml. HPLC peak area 

was used for quantification. The detection wavelength was 283 nm.  
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3.3 Alginate studies 

3.3.1 Optimization of equilibration time for solubilisation studies 

When introducing alginate to the formulation it was desirable to estimate its solubilising 

effect in addition to the one of HPβCD. Since alginate is thermally unstable it was necessary 

to optimise the pre-saturation procedure for the HPβCD/TCS solution, i.e., sonication time 

and temperature. 4 ml of 10% (w/v) HPβCD and an excess amount of TCS were added into 

vials (without any alginate) and thereafter sonicated for 5, 10 and 15 min. There were three 

parallels in each case and after sonication they were treated similarly to the samples in the 

phase-solubility studies. After one week of shaking the samples were filtrated and analysed by 

the HPLC. 

 

3.3.2 Verification of alginate stability 

It is known that polymeric chains of alginate may relatively easily break down to shorter 

fragments, i.e., degrade upon heating, sonication, dissolution in acidic media etc. [49, 50, 56, 

57]. When degradation happens the shorter alginate species diffuse more readily in a solution 

which consequently reduces the solution viscosity. Thus, the viscosity measurements 

represent an efficient tool for alginate degradation monitoring. 

 

3.3.3 Samples preparation for viscosity measurements 

The viscosity of aqueous solutions containing various types of alginates at different 

concentrations was measured in the presence of 20% (w/v) HPβCD at 25°C. The alginate 

concentration range chosen for viscosity tests varied between 0.5 and 5% [58, 59]. The 

solutions were prepared in volumetric flasks in the following way. First, a small amount of 

20% (w/v) HPβCD solution was poured into the flask. It was done to promote alginate 

dissolution. Next, a weighed amount of an appropriate alginate was added stepwise into the 

flask which was periodically shaken using vortexer to avoid alginate caking. The final step of 

the solution preparation was filling up the flask with 20% (w/v) HPβCD solution until the 

mark. The solution was processed using a stirring bar and a magnetic stirrer to maximize the 

contact surface between alginate powder and liquid solution in the flask. In order to avoid any 

risk of alginate degradation during the slow process of dissolution, the flask was placed into 
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the fridge overnight. Due to thermal instability of alginate the water content in alginate 

powders was not determined by moisture analysis but was taken into account according to the 

product specifications supplied by the alginate manufacturer. 

 

3.3.4 Viscosity measurements 

To check the absence of alginate degradation during our experiments the viscosity of a 1% 

(w/v) alginate solution in the presence of 20% (w/v) HPβCD, was monitored with regard to 

pH, sonication and heating effects. 

Prior to measurements, the viscometer was calibrated in the following way. The experimental 

parameters, such as spindle type, beaker volume, spindle rotation speed and torque, were 

determined empirically based on comparison of measured viscosity values for aqueous 

alginate solutions with the ones taken from the alginate product specifications [48]. The 

optimal experimental parameters for sonication effect test were found to be spindle #1, the 60 

ml beaker, and 12 rotations per minutes (RPM) as the speed.  

To analyze the pH effect and simultaneously to distinguish between sonication and heating 

effect on alginate degradation, four parallels of an alginate solution were prepared in both 

pure water with pH 7 and acidified water with pH 5. Next, two of the four parallels were 

sonicated at 40°C, while the rest were heated on a hotplate magnetic stirrer without sonication 

at 40°C for the same time interval. The solutions were left to cool down to room temperature; 

afterwards, the viscosities were measured and compared. 
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3.3.5 Alginate solubilising effect test 

To verify the alginate solubilising effect on TCS the following procedure was used. Three sets 

of aqueous solutions were prepared in 4 ml vials in triplicate (table 3.1): 

Table 3.1: Concentrations of TCS, alginate and HPβCD in different test solutions 

Test solution TCS, mg/ml Alginate, % (w/v) HPβCD, % (w/v) 

I set 

125 

- 10 

II set 0.25 10 

III set 0.25 - 

 

The drug was added to the test solution as the last component, i.e., when the solubiliser(s) 

was/were dissolved, to insure instant drug dissolution. Each sample was processed with a 

stirring bar on a hotplate magnetic stirrer without heating (to avoid thermal degradation of 

alginate) for four hours. After stirring the samples were filtrated and diluted to the final 

concentration with H2O:MeOH (80:20) prior to analysis by HPLC. The concentrations of TCS 

in the three sets were determined and compared. 

 

3.3.6 Separation of alginate from aqueous solution by organic solvents 

Because of problems with precipitation in the HPLC column it was necessary to separate the 

alginate from the samples prior to the HPLC analysis. Three different alcohols: MeOH, 

ethanol (EtOH), and isopropanol (2PrOH), as well as acetonitrile (ACN) were tested for this 

purpose. 30 drops of an appropriate organic solvent were added to the solution by a 

micropipette without any notable precipitation effect on alginate. Consecutive addition of 3 x 

1 ml of organic solvent resulted in formation of a solid alginate cluster in case of 2PrOH and 

ACN. ACN appeared to be the most efficient precipitator, so this solvent was chosen for 

further experiments. However, a risk that the alginate precipitation could contain TCS existed. 

To check this out, an aqueous solution containing 5% (w/v) HPβCD, 0.2 mg/ml TCS and 

0.25% (w/v) of alginate was prepared.  Afterwards, 3 ml of ACN were added to 1 ml of the 

solution, the precipitate was separated by filtration using a vacuum filter system and the 

amount of TCS remains in the supernatant was quantified by HPLC.  
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Since the loss of TCS after alginate precipitation appeared to be significant the method of 

alginate precipitation was further optimized. A procedure described in section 3.3.5 was used. 

After stirring during 4 hours the solutions were filtrated as a first step of alginate removal, and 

1 ml of the filtrate was mixed with 3 ml of ACN. The solution was sonicated at room 

temperature for 60 min to provoke degradation of the remaining alginate. After cooling the 

sample was filtrated again with a paper filter, then diluted with MeOH and analysed by 

HPLC.  

 

3.3.7 Column washing 

The constant problem with precipitation of alginate on the HPLC column was of major 

concern and effort was made to remove the alginate from the column. The column was 

reversely installed to facilitate the alginate release. Since the column was reversed the flow 

rate chosen was relatively low and each of the solvents used for washing the column was 

flushed with a volume exceeding 10 column volumes (the column dimensions 150x4.6 mm 

give an estimated column volume of ≈ 2.5 ml), i.e., each solvent was flushed for at least 50 

min at 0.5 ml/min. Solvents for washing were used in the following order: 2PrOH, 

dichloromethane, 2PrOH, MeOH and H2O. During washing procedure a column temperature 

of 50°C was used.  
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3.4 Preparation of alginate gel 

Different methods can be employed for preparation of alginate gels. One of them is the 

dialysis/diffusion method where the gelling ions diffuse into the alginate solution [44]. The 

different alginate types were used together with CaCl2 [58], HPβCD, H2O, H3PO4 and TCS 

when the gels were prepared.   

 

3.4.1 Preparation of stock solutions 

3.4.1.1 HPβCD/TCS solution: 

To make the gel preparation easier a solution of TCS in 20% HPβCD was prepared almost in 

the same way as for the phase-solubility studies. The difference was that a stock solution of 

H2O and H3PO4 (pH 5) was used instead of pure water and the time of shaking was shortened 

unto 3 days. To control the TCS concentration, samples were taken from the solution and 

analyzed by HPLC. This stock solution was used as a solvent for alginate solution 

preparations.  

3.4.1.2 CaCl2 solution: 

Different final concentrations of CaCl2 were used during gels preparation, but the initial 

concentrations of stock solutions were 0.4 M and 0.8 M. They were prepared in volumetric 

flasks by weighing of appropriate amounts of salt and filling the flask with H2O until the 

mark.  

3.4.1.3 Alginate solutions: 

The alginate solutions were prepared in the way described in section 3.3.3. Because the 

various alginate types gave different viscosity the initial concentration of the solutions varied 

between 1-4 % (w/v), where 2 and 3 % were the most common. 

 

3.4.2 Gel preparation 

Alginate solution was added to a glass vial by means of a plastic syringe without needle 

because of its high viscosity. CaCl2 was added to this vial dropwise using a micropipette 

under intensive agitation with a magnetic stirrer. Because of considerable viscosity, highly 

concentrated alginate solutions were mixed with the CaCl2 solution on a vortex plate. 

According to the results obtained during the gel preparation, variations were made in alginate 
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and CaCl2 concentration to improve the appearance of the gel. Effort was made to change 

only one parameter at a time so that changes in the results would be more easily explained. 

All the different alginate types were used in these experiments, where the one with the lowest 

viscosity (Protanal 10/60) was tested first. The optimal ratios and concentrations found for the 

gel containing the lowest viscosity alginate were used as reference for the further gel 

preparations. 

 

3.4.3 Shelf life of alginate gels 

The stability of gels containing the alginate type protanal ester SD-LB (PE) was tested during 

a period of 3 weeks. Gels with 2.7% (w/v) or 1.6% (w/v) PE and 16 mM and/or 80 mM CaCl2 

were prepared. The gels were put on Petri dishes uncovered and covered with parafilm and 

the stability was tested at room temperature (22-23°C) and in the fridge (2-4°C).  
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3.5 Diffusion studies 

The diffusion of TCS from freshly prepared gels, rehydrated gels and lyophilized gels through 

a semi-permeable cellophane membrane was studied using Franz diffusion cells at room 

temperature (22–23 °C). The receptor phase (RP) was prepared as described below and each 

cell was continuously stirred providing homogenicity of the receptor solution. The donor 

phase (DP) constituted different formulations, which were applied to the membrane with the 

surface area of 1.77 cm2 [60, 61]. All the systems studied were prepared and tested in 

triplicate. The dry cellophane membranes (MWCO = 6-8000 Da) were soaked in RP 

overnight prior to the experiment, in accordance with the manufacturer guidelines. The donor 

compartment (DC) was covered with parafilm to avoid contamination and donor solution 

evaporation. Samples (100 µl) were withdrawn from the RP at various time points for up to 6 

hours and replaced with fresh RP. The samples were diluted with 50 µl MeOH before analysis 

by HPLC. An HPLC calibration curve was obtained by standards of TCS within a 

concentration range of 1.6-80 µg/ml. The flux was calculated from the linear part of each 

diffusion profile. Volume changes caused by a concentration gradient of Ca2+ and CD were 

observed and accounted for during the experiment.  

 

3.5.1  Receptor phase preparation 

Two RPs were used during diffusion studies: one consisted of an aqueous solution of RMβCD 

and CaCl2, whereas the other was the phosphate buffer saline (PBS) at pH 7.4. The RP was 

degassed in an ultrasonic bath, filled into the receptor compartment (RC) (12 ml), and stirred 

for 15 min to ensure complete release of air bubbles before the membrane installation. 

3.5.1.1 Receptor phase containing RMβCD and CaCl2: 

RMβCD was added to the RP in order to compensate for a difference in osmotic pressure 

between DP and RP (in other words, to diminish a change in volume), as well as to solubilize 

the drug diffusing through the membrane into the RC. Preliminary calculations were made to 

ensure the osmotic equality of both phases: 20% (w/v) HPβCD in the DP corresponded 

approximately to 15% (w/v) RMβCD in the RP. Water served as a solvent, acidified with 

H3PO4 until pH 5. To avoid collapse of the gel due to diffusion of CaCl2 into the RP driven by 

concentration gradient, and to exclude volume shift caused by CaCl2, this salt was added to 
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the RP to give the same concentration as in the DP (i.e., 16 mM and 80 mM, dependent on the 

gel studied). 

3.5.1.2 Receptor phase consisting of phosphate buffer saline solution: 

For 1 liter of solution the following ingredients were dissolved in 800 ml of deionized (Mili-

Q) H2O: 

- 8 g of NaCl 

- 0.2 g of KCl 

- 2.89 g of NaHPO4·12H2O 

- 0.24 g of KH2PO4 

In the end, pH of the solution was checked by use of a pH meter and precisely adjusted to 7.4 

by adding HCl (0.01 M) with subsequent addition of H2O until 1 L. The solution was 

sterilized by autoclaving (21°C, 20 min) and stored at room temperature [62]. 

 

3.5.2 Donor phase preparation 

3.5.2.1 Gel  

The gels were prepared in the same way as described in section 3.4.2. For diffusion studies 

only PE was used out of the five alginate types. The two gels studied contained 2.7% and 

1.6% (w/v) PE with 16 and 80 mM CaCl2, respectively. The PE concentration range was 

selected based on limitations due to high viscosity of PE solutions and texture of the formed 

gel. 

3.5.2.2 Solutions of CaCl2 or PE combined with HPβCD/TCS- solution 

To test if CaCl2 affected the release rate of TCS, six alginate free solutions containing 

HPβCD/TCS solution and 20, 40, 60, 80, 100 and 120 mM of CaCl2 respectively, were 

prepared. 

The same test was made with regard to PE. A solution of 3% (w/v) PE containing 

HPβCD/TCS solution was prepared and the viscosity was measured. After viscosity 

measurements, one portion of the solution was saved for diffusion study while another portion 

was diluted to a final concentration of 2.5% (w/v) PE concentration. This procedure was 

repeated to obtain 2.0, 1.5 and 1.0% (w/v) PE solutions. The concentrations of solutes other 

than PE were kept constant. 
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3.5.2.3 Rehydrated gel and lyophilized gel.  

To study alternative types of the developed formulation, i.e., a lyophilized gel (LG) and 

rehydrated gel were prepared. The LG was made by gel freezing using a bowl filled with 

acetone and solid CO2 and subsequent lyophilization in a vacuum pump via complete ice 

sublimation during one day. After lyophilization the LG was homogenized by grinding in a 

mortar. Further, sieving was performed to obtain a LG with a known particle size (figure 3.1). 

The sieves with 212, 355, 710 and 1000 µm mesh size were used. Effort was also made to 

characterize the powder particles using a microscope. Since there were several steps before 

the wanted particle size was obtained some of the LG was lost, therefore it was difficult to get 

the same amount of LG which existed after the lyophilisation. To solve this problem, gels 

with three parallels of each concentration, i.e., 2.7% (w/v) or 1.6% (w/v) PE and 16 mM 

and/or 80 mM CaCl2, were lyophilised and weighed before and after the lyophilisation. The 

average of the three parallels was used as a standard for how much LG that would correspond 

to 1 ml of gel in the further experiments.  

 

Figure 3.1: Picture of a LG after grinding and sieving (left) and LG right after lyophilisation (right).  

Before starting diffusion studies on LG, a pilot study was performed, to decide the amount of 

liquid in the DC. 0, 500 and 1000 µl H2O were added to different DCs, thereafter 35 mg LG 

(particle size < 212 µm) from a 1.6% PE/80 mM CaCl2 was added. 35 mg corresponded to the 

amount of powder sufficient to cover the surface of the membrane. Samples were taken each 



3 – Material and methods 47 

 

hour for nine hours, followed by a pause during the night and continued towards a total of 34 

hours.  

For the rehydrated gels the appropriate amount of water was added prior to the diffusion 

studies. Estimation of the water (equation 3.1) amount was based on the loss of dry powder 

from 1 ml lyophilized gel during grinding and sieving: 

(#� − %&�)/(' − %&() →
*+,×./

*+/
= 0    (Equation 3.1) 

where dm1 (dry matter) is the mass of dry powder from lyophilized gel, dm2 is mass of dry 

powder after grinding and sieving, w1 is mass of water lost during lyophilisation, and x is 

mass of water that shall be added to the actual amount of  pulverized powder. The rehydrated 

gels were equilibrating overnight after the water was added and prior to the diffusion study 

started. 

 

3.5.3 Lyophilized gel vs. lyophilized HPβCD/TCS solution vs. TCS bulk 

substance 

To prove that the components in the LG were superior to lyophilized HPβCD/TCS solution 

and just the TCS bulk substance, a diffusion study was performed. LG, lyophilized 

HPβCD/TCS solution and TCS bulk substance were tested. To compare the different powders 

it was important to know the amount of HPβCD and TCS in 1 ml of gel (table 3.2). 

Table 3.2: Concentration of the different components in a 1 ml gel. 

Concentration 

of PE (%) in 1 

ml of gel 

Concentration CaCl2 

(mM) in 1 ml of gel 

Concentration of 

HPβCD in 1 ml of gel 

(% ) 

Concentration of 

TCS in 1 ml of 

gel (mg/ml) 

2.7  80  18.6  10.1  

1.6  16 18.8  10.9  

 

Since it was impossible to make solutions of HPβCD and TCS with the concentrations given 

in table 3.2 without sonication and heating, the solutions were made by diluting the stock 

solution of HPβCD/TCS (containing 20% (w/v) CD and 11.62 mg/ml TCS). The results were 
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the same as described in table 3.2, except for the TCS concentration corresponding to the gel 

of 2.7% (w/v) PE/80 mM CaCl2 which was 10.8 mg/ml instead of 10.1 mg/ml. The solutions 

were lyophilized in the same way as the gels. The TCS amounts (as described in table 3.2) 

were measured and added to the DC. All of the powders had a particle size distribution of less 

than 212 µm. 

 

3.5.4 Diffusion from wound dressings 

The last diffusion study was performed with wound dressings. PBS was used as a RP and DP 

(3 ml) to make the conditions as similar as possible to wound exudate. It was only the piece of 

cloth from the dressings that was added to the DC for the diffusion study (figure 3.2). This 

cloth was adjusted (1.3x1.7 cm) to match the DC and the capacity to retain liquid was 

determined to be 80 µl. To make sure that the total area of the cloth was covered with DP and 

to minimize the contact between the cloth and the cellophane membrane, the cloth was 

standing in the DC. With three parallels each gel, HPβCD/TCS solution and TCS suspension 

were added to the cloth before freeze drying and lyophilization. Based on the formulation (if 

it was a gel, HPβCD/TCS solution or TCS suspension) on the piece of cloth the samples had 

concentrations of either 1.6% (w/v) PE/16 mM CaCl2, 18.8% (w/v) HPβCD or 10.9 mg/ml of 

TCS (figure 3.3). An HPLC standard curve was prepared in the concentration range 5-300 

µg/ml and was used to calculate the relationship between the area and concentration in the 

HPLC. It was not necessary to dilute the samples prior to quantification by HPLC.  

 
Figure 3.2: Picture of the wound dressing containing LG (to the left) and the piece of cloth (to the right). Only 
the piece of cloth was submerged in PBS. 
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3.5.4.1 The gel 

A gel was made with the lowest concentration: 1.6% (w/v) PE and 16 mM CaCl2. Since the 

appearance of this gel was quite fluid, it was possible to add 80 µl with a 1 ml plastic syringe 

to the piece of cloth.  

3.5.4.2 HPβCD/TCS solution 

A stock solution of HPβCD/TCS solution with concentration 20% (w/v) HPβCD and 11.6 

mg/ml TCS was diluted to give the concentration corresponding to 1 ml of gel (see table 3.2). 

From the diluted solution 80 µl were measured with a micropipette and applied to the cloth. 

3.5.4.3 TCS suspension 

The TCS suspension, consisting of TCS in H2O/H3PO4, was made with twice the desirable 

concentration of TCS, 21.8 mg/ml instead of 10.9 mg/ml. To distribute TCS evenly in the 

suspension a stirring bar was inserted to the beaker and the suspension placed on a magnetic 

stirrer. 40 µl of suspension was applied to the cloth with a micropipette. The pipette was 

rinsed with 40 µl H2O/H3PO4. The final concentration of TCS on the cloth was 10.9 mg/ml. 

 

 
Figure 3.3: Picture of lyophilized wound dressings before diffusion study, containing gel, HPβCD/TCS solution 

and TCS suspension.  

 

  



3 – Material and methods 50 

 

3.6 HPLC 

 

3.6.1 Method 

Quantitative determination of TCS was performed using a mobile phase consisting of MeOH, 

H2O and tetrahydrofuran in 89:10:1 volume ratios. The mobile phase was filtrated and 

degassed each time prior to use. The optimal flow rate and the retention time were chosen to 

be 1.0 ml/min and 3.3 min, respectively. TCS was detected at wavelength of 283 nm. 

 

3.6.2 Validation of the HPLC method 

The HPLC method was validated via reproducibility, the detection limit (LOD), the 

quantification limit (LOQ) and linearity. The reproducibility is the fluctuation of a series of 

replicates and is often reported as the relative standard deviation (RSD). Reproducibility was 

accepted with RSD less than 1%. The LOD indicates the lowest concentration of a drug that 

can be detected with the running analytical method. LOD is defined as a signal that is two to 

three times higher than the noise of the baseline and is reported as concentration of drug in the 

sample. The LOQ is the lowest concentration of drug that can be determined and is defined as 

a signal that is 10 times higher than the noise. The regression coefficient is used to validate 

the relationship between the detected signal and the concentration of the standards and 

describes the linearity for the given concentration range. Ideally the value should be ≥ 0,999 

[63]. 

RSD was calculated (equation 3.2) using the area under the curve (AUC), since this has been 

used for quantification of the drug in the samples. Three different concentrations covering the 

concentration range in the calibration curve were analyzed with six repeated injections per 

concentration.  The reported RSDs were all less than 0.4% (table 3.3). The calibration range 

of the method was validated by preparing 8 different concentrations in the range from 5·10-4 

to 0.3 mg/ml (1.7·10-6 to 1·10-3 M), each three replicates. A regression coefficient of 0.9994 

was obtained and thus calibration is sufficiently linear. 
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Table 3.3: The reproducibility of three different concentrations.  

 0.6 mg/ml 0.3 mg/ml 0.0025 mg/ml 

Average (mAU·min) 227.34 116.14 1.020 

SD (mAU*min) 0.15 0.11 0.004 

RSD (%) 0.06 0.09 0.36 

 

The LOD and LOQ were calculated in two different ways, by using the standard deviation 

(SD) and the slope of the calibration (equation 3.3) or the noise and the slope of the 

calibration (equation 3.4). 10 samples with a concentration of 0.25 µg/ml were prepared 

individually. The concentration is based on the lowest standard concentration that has been 

used (0.5 µg/ml) throughout the experiments and then diluted 50% [64]. The results for LOD 

and LOQ are presented in Table 3.4.  

Table 3.4: Validating LOD and LOQ 

 Using the SD Using the noise  

LOD 
(pg/ml) 

168.9±0.6 19.73±0.07 

LOQ 
(pg/ml) 

559.7±2.0 65.75±0.24 

 

 

 
��

12 345 
 × 100 % = RSD      (Equation 3.2) 

 

 ��

"���  
× 3 or 10 = LOD or LOQ     (Equation 3.3) 

 

:�;" 

"���  
× 3 or 10  = LOD or LOQ     (Equation 3.4) 
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4 – RESULTS AND DISCUSSION 
 

4.1 Phase-solubility studies of triclosan in different aqueous CD 

solutions.  
 

4.1.1 Calibration HPLC 

 

Figure 4.1: Calibration HPLC curve in phase solubility studies for TCS quantification. 

Figure 4.1 shows a typical HPLC calibration curve used for quantification of TCS in the 

phase-solubility studies. The calibration curves were linear in the range of 0.0025-0.6 mg/ml, 

but showed negative deviation from linearity with concentrations higher than 0.6 mg/ml. 

Measurements of standards were done before each experiment and the regression coefficient 

in all experiments was ≥ 0.999. A typical chromatogram of TCS in aqueous HPβCD solution 

(20 % w/v) is shown in figure 4.2. The chromatograms of TCS from different samples looked 

almost the same and the retention time of TCS varied between 3.2-3.3 min.  
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Figure 4.2: Chromatogram of TCS in an aqueous HPβCD solution (20% w/v). 

4.1.2 Phase-solubility studies with γCD and HPγCD 

The phase-solubility profiles for γCD and HPγCD are different: the solubility of TCS in water 

decreases with an increase in γCD concentration, while in case of HPγCD the opposite is 

observed, which corresponds to B- and A-type profiles (figure 2.4), respectively, according to 

classification of Higuchi and Connors [65] (figures 4.3 and 4.4). 

 

Figure 4.3: Phase solubility plot of TCS interacting with γCD. 
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The complex formation between TCS and γCD has limited aqueous solubility and it is clear 

that γCD is not a suitable solubiliser for TCS. The pH was adjusted so that TCS remained 

unionized and the affinity to the lipophilic CD cavity was thereby maximal. The intrinsic 

solubility of TCS obtained in this experiment was of 2.5·10-5 M and as seen in figure 4.3 the 

addition of γCD will only decrease the intrinsic solubility. γCD has limited aqueous solubility 

and limited ability to form water-soluble drug complexes [66], which can be an explanation of 

this behaviour or the fact that TCS/CD complexes formed are insoluble in the complexation 

media [32]. The solubility is steadily decreasing with a solubility of 6.7 µg/ml (2.3·10-5 M) at 

1%  (w/v) γCD and 2.9 µg/ml (1.0·10-5 M) at 10% (w/v) γCD. The phase-solubility diagram 

indicates a BI-type profile (although a plateau is not seen), which are frequently observed with 

the natural CDs [32]. A study carried out by Loftsson et al. [1] with TCS in aqueous βCD 

solution/suspension also showed a B-type profile reaching a maximum solubility of 80 µg/ml 

at 1% (w/v) βCD. The highest concentration of TCS obtained with γCD in the current work 

was the intrinsic solubility of 7.3 µg/ml (2.5·10-5 M). In another study by Loftsson et al. [67] 

dealing with TCS availability in toothpastes, several different CDs including the natural ones 

were tested for their solubilising effect. Of all the CDs tested it was only γCD that did not 

form water-soluble complexes with TCS, supporting the fact that γCD has no ability to form 

water-soluble complexes and yields a BS-type diagram. Hydrocortisone and dexamethasone 

have shown BS-type profile in aqueous complexation media with γCD and γCD:HPγCD 

(80:20) mixture. This indicated a precipitation of the insoluble complex at higher CDs 

concentrations, due to limited solubility of γCD and the lipophilicity of the drugs [68].  

Nevertheless, Veiga et al. [12] carried out a solubility study with TCS and γCD concluding 

that the CD had a small solubilising effect on TCS. Anyway, the study showed that the 

increase of TCS solubility was so small that the interaction of TCS and γCD in solution was 

of no value. One of the explanations was that the TCS molecules were too small to establish 

stable interactions within the γCD cavity.  

Contrary to γCD ability to solubilise TCS, HPγCD showed a profound solubilising effect. The 

solubilisation followed an AP- type profile (figure 4.4). 
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Figure 4.4: Phase-solubility diagram of TCS interacting with HPγCD. 

The stability constant was calculated (equation 4.1) using the intrinsic solubility of TCS 

(2.4·10-5 M) obtained from the experiment. The stability constants calculated were K1:1 = 934 

M-1 and K1:2 = 3.05 M-1.   

 

Stot = S0 + K1:1S0[CD] + K1:1K1:2S0[CD]2    (Equation 4.1) 

Veiga et al. [12] reported solubility improvement of TCS by using hydroxypropylated CDs. 

Regarding HPγCD the phase-solubility diagram was of AL-type with a K1:1 of 3970 M-1 [12]. 

This stability constant was 200 times higher than reported with γCD, indicating the important 

role of the 2-hydroxypropyl moiety for complex stabilization between TCS and the CD 

cavity. Veiga et al. tested solubility of CDs in the concentration range of 0-25 mM. 25 mM 

corresponds to 3.5% (w/v) so there may be a possibility that a positive deviation from the 

linearity will appear with higher CD concentrations. From figure 4.4 it is clear that the 

deviation from the linearity starts after CD concentration of 10% (w/v) which is 

approximately 65 mM.  

The combinations of γCD/HPγCD were also tested and table 4.1 shows the concentration of 

TCS dissolved at different CD combinations.  

 

-0,5

0

0,5

1

1,5

2

2,5

3

3,5

4

4,5

0 0,02 0,04 0,06 0,08 0,1 0,12 0,14

[T
C

S
] M

 ·
 1

0-
5

[HPγCD] M



4- Results and discussion 56 

 

Table 4.1: Solubility of TCS in different γCD/HPγCD combinations.  

CD content 
(% w/v) 

γCD:HPγCD 

75:25 (µg/ml) 

γCD:HPγCD 

50:50 (µg/ml) 

γCD:HPγCD 

25:75 (µg/ml) 

0 4.26±0.25  5.17±0.17 4.53±0.27 

1 4.95±0.42 7.88±0.14 29.8±0.2 

3 2.29±0.01 5.06±0.01 23.47±0.03 

5 3.55±0.02 9.83±0.12 260.7±1.5 

10 8.23±0.36 77.7±2.1 141.9±1.8 

15 47.3±10.3 31.8±0.6 82.0±2.8 

20 14.0±0.4 23.3±0.3 30.2±0.5 

 

These combinations were not good solubilisers for TCS and the pattern in the phase-solubility 

is difficult to analyze. One common observation for all the combinations is that an increase in 

HPγCD fraction promotes solubilisation of TCS, which is expected since HPγCD has a 

positive solubilising effect while the effect of γCD is opposite. This is also seen in studies 

where combinations of 80:20 γCD/HPγCD and 20:80 γCD/HPγCD are used [66, 69]. 

Compared to 10 % (w/v) HPγCD (dissolved 455 µg/ml TCS), the solubilising effect of the 

combinations is negligibly small.     

 

4.1.3 Phase-solubility studies with HPβCD 

Of all the different phase-solubility experiments performed in this project HPβCD showed the 

best solubilising effect and was a much better solubiliser for TCS than HPγCD (figure 4.5). 

When using 10% (w/v) CD concentration, HPβCD dissolved almost 7 times more of TCS 

than HPγCD (3.06 and 0.46 mg/ml or 0.011 and 0.0016 M, respectively). Similarly to 

HPγCD, HPβCD gives an AP-type phase-solubility profile with TCS in aqueous solution, 

conventionally indicating a first order complex with respect to TCS and a second or higher 

order with respect to HPβCD [2]. The present results were adequately described by use of a 

second-order polynomial equation y = 0.2489x2 + 0.1165x + 0.0002 giving a regression 

coefficient of 0.998. By using equation 4.1 the apparent stability constants K1:1 and K1:2 were 

estimated to be 4486 M-1 and 2.1 M-1 respectively.  



4- Results and discussion 57 

 

 

Figure 4.5: Comparison of the phase solubility plots of HPβCD (▪) and HPγCD (•).  

However, self-assembled aggregation of CDs has been studied and Messner et al. [70] 

showed that AP-type diagrams may indicate non-inclusion complexation. Based on the phase-

solubility method alone, it is impossible to speculate about the mechanism of solubilisation. 

To shed light on the mechanisms nuclear magnetic resonance- (NMR), diffusion-, dynamic 

light scattering- and transmission electronic microscopy studies can be performed [71]. 

Additionally to the suggested 1:1 complex, some more of the TCS is dissolved and this would 

be due to other drug/cyclodextrin interaction types. Loftsson et al. [1] showed by NMR 

studies that TCS/HPβCD complexes formed aggregates when concentrations of HPβCD 

higher than 5% (w/v) were used, which is supported by Duan et al. [2] stating that HPβCD’s 

critical aggregation concentration is 5.4% (w/v). TCS/HPβCD complexes can form larger 

aggregates (presumably micelle-like). These aggregates have a hydrophobic core which again 

can solubilise additional TCS molecules in a non-inclusion fashion [70]. A K1:1 of 4486 M-1 

implies a stable complex between one TCS and one cyclodextrin molecule. Apparently, 

because of the low K1:2 of 2.1 M-1, negligible 1:2 complexation may take place. Thus, it is 

very likely that the positive deviation from linearity is due to non-inclusion complexation as 

well as self-aggregation of 1:1 complexes.   

The interaction of TCS with HPβCD has to a greater extent been studied than γCD and 

HPγCD. The stability constants reported in the literature are presented in table 4.2. Only K1:1 

is shown because two of three references report an AL-type diagram.  
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Table 4.2: Apparent stability constants of the TCS/HPβCD complex reported in literature. 

Type of phase-solubility 
diagram 

Molar substitution 
of HPβCD 

K1:1 (M
-1) Reference 

AL 0.6 8100 [12] 

AP 0.6 104 [1] 

AL 0.9 8090 [72] 

 

As follows from the literature and the present work, the apparent stability constant values lie 

within the 4000 - 10000 M-1 range. There may be several reasons of K1:1 variation, among 

them the difference in HPβCD substitution degree, CD concentration range investigated, as 

well as the method used.   

Veiga et al. [12] found increasing stability constants for the CD derivatives compared to the 

parent CDs. This was explained by improved affinity between TCS and the CD by extending 

the hydrophobic region of the cavity because of the 2-hydroxylpropyl group at the edges of 

the ring. The study also showed that the best suitable cavity for TCS was βCD, based on the 

comparative analysis of stability constants for different natural CDs [12]. This statement was 

supported by the fact that HPβCD had a twofold higher stability constant than HPγCD and 

even higher than HPαCD [12]. The method used for saturation of the solutions in that work 

did not involve heating. The samples were magnetically stirred for 3 days (25°C) without pH 

adjustment. As already mentioned with HPγCD, Veiga et al. used HPβCD concentrations up 

to 25 mM (3.5% w/v) which can explain why there is no positive deviation from linearity 

since this is observed only at higher CD concentrations. 

Loftsson et al. [1] and Duan et al. [2] also obtained an AP-type, probably because CD 

concentration ranged from 0 to 40% (w/v). Both of these studies were used as reference for 

the current project, so the sample preparation was identical. Loftsson et al. reported higher 

stability constant values compared to the ones obtained in the current work. Duan et al. did 

not report any K1:1 value. An estimation was therefore made using the published phase-

solubility diagram and converting the concentration into the molar scale. The K1:1 was 

estimated to be 2935 M-1. It should be emphasized that this value cannot be considered as 

precise, thus only the order of magnitude can be taken into account. However, this K1:1 value 

is not in a bad agreement with the K1:1 obtained in the current work. In accordance with 

Messner et al., Duan et al. argues that an AP-type also can indicate formation of complex 
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aggregates which can solubilise the drug through non-inclusion complexes additionally to the 

inclusion complex.  

Mura et al. [72] performed the phase-solubility study in PBS at pH 5.5. The vials were stirred 

(500 RPM) at constant temperature (25°C) for 2 days. CD concentrations from 0 to 25 mM 

(3.5% w/v) were used, which can explain the AL-diagram type. 

During the phase-solubility studies mentioned above different methods have been used and 

this could influence the intrinsic solubility obtained. As Loftsson et al. [1] showed, six days 

were sufficient to obtain the solubility equilibrium, while Veiga et al. and Mura et al. 

equilibrated the samples only two and three days, respectively, which may not be enough. As 

the intrinsic solubility (S0) is used to calculate the stability constant, a different intrinsic 

solubility for the same drug will greatly influence the final value of K1:1. In this project the 

average S0 for TCS, calculated from each phase-solubility experiment, was 5.9±1.4 µg/ml 

(acidic pH). Other S0 values for TCS in pure water are reported to be 0.87 µg/ml [70], < 1 

µg/ml [1] and 50 µg/ml [55]. In PBS at pH 5.5 Mura et al. [72] obtained a S0 of 23.5 µg/ml. 

Variations are caused by different conditions like pH and temperature used, as well as by the 

accuracy with which the intrinsic solubility has been determined. It is also worth to notice that 

S0 may be considered either as the graph intercept or as an experimental value, which may 

cause significant difference.  

HPβCD has a specified MS but its distribution may differ from batch to batch. It is difficult to 

predict the outcome of different degrees of substitution, if this will stabilize the complex as 

Veiga et al. emphasized, or if it will be negative because of steric hindrance. So, this is 

another important factor to be aware of when trying to explain different values of K1:1 

obtained in different studies.  

 

4.1.4 Thermal stability of triclosan 

Heating and sonication were the steps used to promote saturation of the studied solutions 

during the phase-solubility experiments. It was noticed that after such treatment the 

precipitate in some of the vials turned from crystalline powder to an oily substance. No 

discoloration was observed. An obvious explanation is that triclosan melted during the 

sonication taking into account its melting point (54-57°C). However, after cooling the 

substance did not re-crystallize and degradation of TCS was assumed. Among other 
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explanations was the formation of a metastable phase or an effect of impurities present in the 

solution. Besides, influence of CD and H3PO4 present in the solution cannot be excluded. To 

explain the observed phenomenon degradation tests were performed, both in the autoclave 

(121°C, 20 min) and in an ultrasonic bath (60°C, 60 min). Both methods resulted in 

approximately 10% degradation of TCS.  

According to Loftsson et al. [1] chemical degradation of TCS is practically absent (less than 

0.5%) after sonication with heating (70°C for 60 min). This is supported by Duan et al. [2] 

who reports a degradation of less than 1%. The methods used by Loftsson et al. and Duan et 

al. are the same as in this project regarding the sonication. None of the studies give 

information about the ultrasonic bath used, but these studies were performed at the same 

laboratory as the current study so the conditions must be the same. In contrast to the 

mentioned works, Sanchez-Prado et al. [57] reported a notable 75% sonochemical 

degradation (so called sonolysis) of TCS in deionised water. The temperature in their study 

was not controlled, because preliminary studies showed no difference in degradation when the 

temperature was controlled (20°C) compared to uncontrolled. Therefore Sanchesz-Prado et al. 

looked at the effect of pure ultrasonic exposure without the influence of temperature, in 

contrast to what was done by Loftsson et al. [1], Duan et al. [2] and in the current project. 

A phase-solubility experiment where samples were sonicated at 60°C (60 min) or at 45°C (30 

min) was carried out. As previously, the precipitate of the sonicated samples at 60°C turned 

into oily white spots on the solution surface after sonication, while the samples sonicated at 

45°C looked like a solution with unchanged precipitate. Degradation of TCS in the first case 

might be expected but there was no large difference in the amount of TCS detected by HPLC 

in both samples, containing 8.16±0.08 mg/ml and 8.61±0.03 mg/ml, respectively. This result 

supports the idea of degradation absence (at least in a given temperature range) and allows to 

suggest that either impurities in the TCS sample or the presence of cyclodextrin changed the 

TCS crystallinity. The small difference in solubility values reported above may be due to this 

crystallinity change. 

The findings in the studies presented above are contradictory.  The thermal stability of TCS in 

the solid state is reported to be good (table 2.1) which is supported by Latosinska et al. [73], 

reporting that TCS in the solid state is thermally stable. However, in aqueous solutions there 

are extra factors, like hydrolysis, and it is important to remember that TCS has a low aqueous 

solubility and need additives to dissolve. CDs have been used [1, 2] and Sanchez-Prado et al. 
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[57] used aqueous solution with MeOH. It is important to account for the solution 

composition when different degradation rates are compared. Moreover the equipment and 

conditions used should also be taken into consideration.  

Based on these different findings several stability studies should be performed regarding TCS 

to establish the correct information about its stability. If degradation is confirmed during 

heating and sonication, but still is the preferred method, a decision can be to decrease the 

sonication time (see table 4.3 and section 4.2.1) to 5 min instead of 60 min and still 

accomplish the same TCS solubility/saturation.  
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4.2 Alginate studies 

4.2.1 Alginate stability 

Due to knowledge about thermal instability of alginate it was important to reduce the 

sonication time to a minimum that still ensures saturated aqueous solutions of TCS (see 

section 3.3.1). The decrease in sonication time from 60 min to 15, 10 and 5 min did not affect 

the solubilising ability (table 4.3). This is a favourable result considering that alginate 

depolymerizes when treated at elevated temperatures. 

Table 4.3: Concentration of TCS solubilised in 10% (w/v) HPβCD after different sonication times.    

Minutes of sonication, 60° C Concentration of TCS  (mg/ml) 

5 3.1±0.2 

10 3.04±0.03 

15 3.10±0.08 

60 3.06±0.03 

 

Table 4.4: Viscosity measurements of a 1% (w/v) alginate solution before and after heat- and sonication 

treatment.  

 Heat bath 40°C±2°, 3 h Sonicator 40°C±9°, 3 h 

pH 7 5 7 5 

Before (cP)  325.0-328.5  326.5-330.0  325.1-328.5  315.0-318.0  

After (cP) 306.5-309.0  297.0-299.5  220.5-224.0  49.0-52.2  

Difference in 
viscosity (%) 

↓ 5.94% ↓ 9.24% ↓ 31.8% ↓ 83.5% 

 

Viscosity measurements of a 1% (w/v) alginate solution indicate a decrease in viscosity after 

heating and sonication and even to at larger extent at acidic pH (table 4.4). After sonication at 

pH 5 a decrease in the viscosity of almost 84% was observed. It should be mentioned that the 

temperature of the ultrasonic bath fluctuated a lot, up to 49°C, and this could influence the 
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result. Clearly it can be seen that sonication has a great influence on the degradation of 

alginate, which indicates instability under influence of ultra sound. Sonication could affect the 

alginate chains and lead to degradation.   

Holme et al. [50] and Smidsrød et al. [51] both showed that alginate is thermally unstable 

(section 2.5.4) as is also shown in this project. The higher degree of degradation under acidic 

pH corresponds to the findings reported by Holme et al. [50], which states that acidic 

hydrolysis is one of the mechanisms responsible for the thermal degradation of alginate. It 

was also seen that there is a large increase in degradation when the pH was changed from 6.6 

to 4.3. However, there was no difference in the degradation when the alginate concentration 

was increased from 1% to 5% [50].  

Regarding degradation due to sonication Andersen [56] meant that sonication would have 

little degrading effect on alginate except of the heat that would evolve during the treatment. A 

study done by Wasikiewicz et al. [74] supported this, where alginate solutions (0.25, 0.5 and 

1% w/v) were exposed to ultra sound from 20 to 180 min [74]. The degradation was evaluated 

by looking at the Mw before and after sonication. The solutions of 0.5 and 1% alginate did not 

show any apparent degradation. However, the solution with 0.25% alginate, approximately 

73% of the alginate was degraded after 40 min of sonication and thereafter no further 

degradation was seen. The authors explained the degradation as concentration dependent, 

because more concentrated solutions had a higher density of molecules which makes it more 

difficult for cavitation bubbles to form. Additionally, the velocity gradients around the 

collapsing bubbles will decrease as well as the stress in the polymer chain [74]. Compared to 

the 1% alginate solution in the study by Wasikiewicz et al., which did not mention the pH 

value in the solutions, the 1% (w/v) solution in the current work showed degradation both in 

neutral and acidic pH. The ultrasonic bath used in the study by Wasikiewicz et al. was of 

another type than applied in the current work. They used a frequency of 28 kHz [74] while in 

this project a frequency of 42 kHz was used.  

In the current work alginate is one of the main components in the formulation, therefore it is 

important to take extra care when deciding the method being used during the formulation 

process, and make sure that conditions leading to degradation are kept at a minimum level. 

Sonication was used as a step for preparing oversaturated solutions of TCS in aqueous CD- 

solutions, but the use of sonication was avoidable when testing the alginates solubilising 

properties (see section 4.2.2) 
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4.2.2 The solubilising properties of alginate 

It was desirable to see if alginate had a solubilising effect on TCS, an advantage possible to 

utilize to decrease the content of CD and thus lower the bulk volume of the formulation. 

When comparing the amount of TCS dissolved an intrinsic solubility of 5.9 µg/ml 

(determined in the current work) was used.  

Table 4.5: Amount of triclosan dissolved by the different alginates types (0.25% w/v).  

 [TCS] mg/ml Increase in 
solubility by factor  

% of synergism 

Protanal 10/60    

TCS /CD 4.69±0.13 ≈ 79 500  

TCS/alginate 0.04±0.02 ≈ 680  

TCS/CD/alginate 5.07±0.17 ≈ 86 000 7.2  

Protanal 120    

TCS /CD 4.91±0.10 ≈ 83 220  

TCS/alginate 0.04±0.01 ≈ 680  

TCS/CD/alginate 4.07±0.79 ≈ 69 000 0 (decrease) 

Protanal 200    

TCS /CD 3.659±0.129 ≈ 62 000  

TCS/alginate 0.022±0.008 ≈ 370  

TCS/CD/alginate 4.032±0.685 ≈ 68 340 9.5  

  

Table 4.5 reports how three of the alginate qualities affect the solubility of TCS. Because of 

trouble with alginate precipitation in the HPLC column it was not possible to obtain values for 

Keltone and PE. As reported in table 4.5 the solubility of TCS decreased when Protanal 120 

was added compared to HPβCD’s solubilising effect. With Protanal 10/60 and Protanal 200 

the solubility of TCS increased more than the solubilising effect of just HPβCD and alginate 

alone, suggesting synergism by the combination of alginate and HPβCD. The increase in 

solubility effect for Protanal 10/60 and Protanal 200 of 7.2% and 9.5% respectively, can be 

ascribed to the synergistic effect.  
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In formulations where alginate has been used together with curcumin, alginate has shown a 

good solubilising effect of curcumin compared to plain buffer. The solubility increased with a 

factor of ≥ 104 [75]. Unpublished results have also observed synergistic solubilising effects of 

alginate with CDs [76], supporting the findings in this project. However, as seen in this 

project not all of the alginate-types showed this effect and different alginate-types should be 

considered before any conclusion about synergistic effects can be made.  

During these experiments it was severe trouble with the HPLC-measurements, because of 

alginate precipitation in the column. The tube attached to the column jumped out because of 

high pressure and the sequence stopped because the detected pressure from the column was 

below the lower limit. Different methods of dissolving the precipitate were performed, and the 

pressure in the column before and after intervention was used as a measure for evaluating the 

rinsing process. The first attempt to solve this problem was to use a solution with a low pH, 

although not lower than 2 because of the risk of cleaving the functional groups in the column 

[63]. Moreover, it is desirable to stay above pH 3 since below this limit standard alginate 

types could form a gel or precipitate [75]. Since alginate is susceptible of degradation in 

acidic environment [50, 51] a solution of H3PO4 and H2O (pH 4.1) was prepared to wash the 

column. This attempt did not work out well, so effort was made to remove the alginate from 

the samples prior to TCS quantification by HPLC (section 3.3.6.) 

 Of all the organic solvents tested for alginate precipitation, ACN gave the best result. When 

trying to precipitate alginate with ACN from a solution containing alginate, HPβCD and TCS, 

some of the TCS was “captured” in the cluster of the alginate precipitate. When dissolving 0.2 

mg/ml of TCS in the solution almost half the concentration (0.122±0.002 mg/ml was the 

detected concentration in the HPLC) was filtrated away with the cluster. Because of loss of 

active ingredient this method of removing the alginate had to be modified. 

Filtration and sonication were performed as additional steps to remove the alginate, but 

unfortunately this was also a failure and the problems with high pressure in the column 

continued. To remove the alginate present in the column, the column was washed as described 

in section 3.3.7. The selected washing method showed high efficacy expressed in a 

considerable back pressure decrease (see appendix A1).  

Because of all the problems with alginate precipitation it was not possible to obtain data for 

Keltone and PE regarding their solubilising properties. Effort of removing alginate from the 

samples before HPLC measurements has not been easy, confer previous page. A solution of 
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the problem can be to extensively wash the precipitate containing the active drug or the 

analytical method chosen can be UV-spectrometry instead of HPLC [76]. 

   

4.2.3 Reference gel 

Before experiments of making the gel started it was desirable to have a reference gel to 

compare the appearance of the product. On request at the local pharmacy attempts was made 

to obtain a topical gel, preferably containing alginate. Unfortunately, this was not possible and 

therefore effort was made of making a reference gel. After several attempts with gels 

containing too little or too much liquid, a gel containing 1.8% (w/v) alginate and 32 mM 

CaCl2 (Protanal 10/60) was approved as a reference gel based on the appearance. The idea 

was to make the reference gel before each experiment so a comparison could be done.  But 

this failed because of lack of reproducibility of the gel. The consistency of the gel was also 

different when different initial solutions were being used even though the final alginate- and 

CaCl2 concentration in the gel was equal. The lack of reproducibility can be due to different 

stock solutions since the amount of alginate solutions used in the gel making rarely exceeded 

5 ml (due to difficulties with extracting the gel from volumetric flasks larger than 5 ml). 

During the gel preparation a hypothetic “perfect” gel was proposed for topical use and 

preferentially as a part of a wound dressing. A perfect gel in terms of topical application 

should have ideal rheological properties.  

 

4.2.4 Preparation of the gel 

While making the gels all of the five alginate types in table 2.5 were tested and in all cases a 

gel with a volume of 1 ml were made. The main goal in this part of the project was to find the 

concentrations of alginate and CaCl2 for each alginate type resulting in a good gel and 

thereafter compare the diffusion profile of TCS from the gels containing different alginate 

types. However, this aim was changed during the gel preparation because of difficulties of 

making a gel with a good appearance.  

Several attempts were made to optimise the gels in terms of the alginate- and CaCl2 

concentration. To save HPβCD/TCS- solution water was used as the solvent during the first 

attempts of making a gel with the right ratio between alginate and CaCl2. Because of different 

viscosity and different G/M-content from one alginate type to another, the trial-and-error 
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method was used to find the optimal conditions for a gel. An example of how this is done is 

shown in table 4.6.  

 Table 4.6: The trial-and-error method of making an alginate gel 

 Alginate  

% (w/v) 

[CaCl2] 
(mM) 

Appearance Changes  

1 2.5 200 Hard/stiff gel, all water absorbed  

2 2.5 40 Not as hard/stiff as no. 1, all water 
absorbed 

5 times less 
CaCl2 than no. 1 

3 2.5 20 Not as hard/stiff as no. 1 and 2. Excess 
amount of liquid, thus not all of the 
CaCl2 or alginate solution was a part of 
the gel. 

10 times less 
CaCl2 than no. 1 

4 2 32 Quite good, all of the liquid was 
absorbed and the gel was much more 
flexible than no. 2.  

20 % less of both 
alginate and 
CaCl2 than no. 2. 

 

Table 4.6 also gives an example on how to proceed when a result was not satisfactory. Gel no. 

2 was better than the first gel and therefore improvements were done on the basis of gel no. 2. 

Since this gel was a little too hard it was desirable to decrease the alginate- and CaCl2 

concentration, a decrease of 20% was tried. Gel no. 4 was good and instead of water as 

solvent in the alginate solution, the gel was prepared as described in section 3.4.2. When 

making the gel (2% alginate and 32 mM CaCl2) with HPβCD/TCS-solution the result was not 

the same as previously achieved (table 4.6). The vial with the gel contained excess amount of 

liquid and because of this the development process was continued.  

A lot of effort was made to find the best gel based on the different alginate types. It started 

with Protanal 10/60, but because of the first failing attempts, effort was made to see if it was 

possible to find the ideal ratio between the positive divalent charge in calcium ions and the 

negative charge in alginate. Since the Mw of polymers is reported in a range the mean was 

used as the starting point (appendix A2). However, after several attempts of creating a good 

gel it turned out that this ratio was not important and less emphasis was made of following 

this ratio. This is not unexpected when the Mw is reported as a range and it is most uncertain 
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what the real Mw is. Therefore the calculated ratio between alginate and calcium can be far 

away from what would be the real ideal ratio, if this is possible to calculate at all.     

Table 4.7: Number of gels tested with different alginate- and CaCl2 concentrations. 

 Alginate CaCl2 

Alginate type Number 
of gels 
tested 

Concentration 
range % (w/v) 
tested 

No. of 
different 
conc. tested 

Concentration 
range (mM) 
tested 

No. of 
different 
conc. tested 

Protanal 10/60  20 1.2-2.0 7 20-46 7 

Protanal 120 24 0.54-1.90 10 16-80 11 

Protanal 200 19 0.9-1.8 5 16-80 11 

Keltone 6 1.44-1.80 3 20-32 4 

Protanal Ester 
SD LB 

6 1.8 1 16-32 6 

 

Table 4.7 gives an overview of the work done when preparing gels with different alginate 

types and the concentration range tested for alginate and CaCl2. For detailed information 

about each concentration tested and the result see appendix A3. 

 

4.2.5 The final gels 

Of all the concentrations tested, the combination giving the best gels are summarized in table 

4.8 and minor differences, e.g., 24 mM instead of 20 mM CaCl2, gave the same appearance of 

the gel in some cases. During the gel preparation it was difficult to highlight certain 

tendencies when increasing or decreasing alginate- or CaCl2 concentration. However, with 

increasing CaCl2 concentration it looked like less of the liquid was included in the gel. This 

was seen with Protanal 120 and 200. With decreasing alginate concentration the gel was less 

stiff/hard and more of the liquid was lying next to the gel. This was observed several times, 

but also the contrary, therefore clear tendencies regarding the gel preparation were not found.  
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Table 4.8: Alginate- and CaCl2 concentrations giving the best gel. 

Alginate type Alginate % (w/v) CaCl2 (mM) 

Protanal 10/60 1.80 32 

Protanal 120 1.35 22.4  

Protanal 200 1.80 20 

Keltone 1.80 20 

Protanal Ester SD-LB 1.80 20 

 

Even though these concentrations are the best of the tested concentrations, it does not mean 

that they are good enough for our purpose. Unfortunately, common to all the alginate types 

except PE, the gels created were not suitable for topical application and not as a part of a 

wound dressing. The gel formed looked like one big lump or small beads (grain). Sometimes 

not all of the liquid was incorporated to the “gel” and would lie separately next to the gel 

lump. This liquid could be viscous (as would have been left over from the alginate solution) 

or quite fluid. None of the gels looked homogenous, which is a necessity for having the active 

ingredient evenly distributed in the formulation.  The gel formed should to some extent be 

elastic, so it is possible to apply it on a wound dressing, therefore a gel lump and gel beads are 

unsuitable. Despite many efforts of finding a good gel, the results were not good enough for 

our purpose regarding the four first alginate types in table 2.5.  

Regarding PE, this type showed a different behaviour compared to the other alginate types 

when CaCl2 was added and the gel formed. Only six different concentrations were tested for 

PE and all of them gave a good result compared to the other alginate types, giving a gel 

possible to use in a topical formulation. None of the tested concentrations resulted in one gel 

lump or gel beads and there was no liquid (either viscous or fluid) in excess (figure 4.6). From 

table 2.6 it can be seen that PE has 10.2% free carboxyl groups, which is much less than the 

other alginate types. It is only the free carboxyl groups that can interact with the calcium ions 

and make a gel, since the rest of the carboxyl groups are covalently esterified. This is why the 

gels with PE are better than the other alginate gels because the easily soluble CaCl2 has fewer 

negative charges to react with. The other alginate types contain a higher percentage of free 

negative charges and the CaCl2 will constantly interact with the first free negative charges met 

in the solution. This leads to a fast reaction, on the surface of the gel lump (see section 4.2.6). 
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Figure 4.6: Picture of gels with 1.6 % and 2.7 % PE concentration, both containing 80 mM CaCl2.  

 

4.2.6 CaCl2 as a cross-linking agent    

CaCl2 is a readily water soluble salt which immediately will interact with the negative charges 

on the alginate chain forming a gel. The gel formation occurs at the interface between alginate 

and calcium and since CaCl2 is readily soluble in water the gel forms spontaneously. The gel 

formed will be an obstacle for the further gelling process, as the CaCl2 migration through the 

gel will be slow [77], creating an inhomogenous gel. CaCl2 is commonly used when preparing 

gel beads and particulates [78-80].  

As mentioned in section 2.5.6 the best way of preparing homogenous alginate gels is by using 

poorly soluble calcium salts, like CaCO3 and CaHPO4 [81]. Since the salts are poorly soluble 

they will not react immediately with the alginate and therefore have time to disperse through 

the alginate solution. To internally liberate the calcium ions, the pH of the solution should be 

lowered making the calcium salts more soluble, e.g., by using GDL [54, 82]. In the industry, 

calcium in complex with EDTA is used together with GDL. The gelling process starts after 

addition of GDL, which lower the pH and releases calcium from the complex. However, a 

drawback of this method is the low pH required to dissolve the complex [54]. CaSO4 has also 

been used in alginate solutions, adding complexing phosphates, to obtain a slow release and 

steady supply of calcium ions into the solution [82]. Draget et al. [82] wanted to combine the 

ideas and used CaCO3 as a source of calcium ions and proton acceptor and GDL for lowering 

the pH to produce soluble Ca(HCO3)2. They showed in their study that this method would 
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only give the non-toxic end products CO2 and gluconic acid. In this process CaCO3 is mixed 

within the alginate solution, thereafter freshly prepared GDL is added, which slowly will 

hydrolyze and release H+ so that CaCO3 will dissolve. This makes the Ca2+ available for 

interactions with the negative charge on the alginate chains [53, 54, 82]. This method is 

slower, and dependent on the amount of GDL added, the gelling process takes place within 15 

min to 24 hours [82], in contrast to the current work where the gels formed immediately.  

From the discussion above it is clearly seen that CaCl2 is not the proper salt for creating 

homogenous alginate gels as was tried in this project. By using the wrong salt, it was 

impossible to obtain suitable gels to compare the diffusion of TCS from different alginate gels 

and thereby making any conclusion about the influence of G/M ratio on the diffusion. 

However, due to reasons discussed above PE formed gels of good consistency and was used 

in the further studies. 
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4.3 Diffusion studies 

4.3.1 Pilot study 

Two pilot studies were performed to see at which time intervals it was necessary to do the 

measurements, one study with gel and the other one with the bulk substance of TCS in the 

DC. Regarding the gel, different concentrations of alginate and CaCl2 were tested and all gels 

showed a release large enough in the steady state region (data not shown).  It was therefore 

decided that measurements should be taken every hour in a period of six hours. As to the bulk 

substance (figure 4.7), a pilot study was done to decide the amount of water the DC should 

contain before the LG was added (see section 3.5.2.3). The bulk substance in the DC 

containing liquid was completely rehydrated after 10 min, followed by the DCs without any 

H2O 30 min later.   

 

Figure 4.7: A pilot study of the amount of TCS released from the DC containing 0 µl (▪), 500 µl (•) and 1000 µl 

(○) water.    

Despite slower rehydration it is seen from figure 4.7 that the highest release is from the DC 

without any water. However, this is reasonable considering the fact that RP containing 

RMβCD will migrate through the pores of the membrane and start the dissolution of the bulk 

substance. Since the DC did not contain any liquid from the start the dissolved powder will be 

more concentrated than the powder in the DC containing water, and the release rate will be 

higher since the flux is driven by the concentration gradient [61], as explained in section 

2.1.1. The volume shift in the Franz cells was larger in the cells without any water in the DC 
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and maybe this also could influence the release rate. However, no tendency was seen when 

the volume shift of the RP was compared to the slope (describes the velocity of the TCS 

release) generated from 0 µl, 500 µl and 1000 µl of water. Since this was a pilot study there 

was just one sample and no parallels, and this prevented us from calculating the error, which 

could have revealed a possible tendency.  

 

4.3.2 The diffusion profile of TCS from gel, rehydrated gel and lyophilized gel  

 

 

Figure 4.8: TCS flux from gel containing 1.6% (▪) and 2.7% (•) alginate (PE).  

4.3.2.1 Diffusion of TCS from gel 

As seen in figure 4.8 the flux of TCS from alginate gels is higher the lower the content of 

alginate is. However, the difference is not large and concerning 16 mM CaCl2 the error bars 

will overlap so it is not possible to say if the flux is lower with higher alginate concentration. 

A difference can be detected at 80 mM CaCl2, but the difference between gels with different 

alginate concentration can range from 3 µg/h·cm2 to 30 µg/h·cm2 between the two extremities 

of the error bars. Different CaCl2 concentrations will not influence the diffusion within the 

same alginate concentration (figure 4.8).  

Some of the gels contained bubbles, most of them with a higher alginate concentration. The 

bubbles will not entrap the TCS, therefore they are no hinder for the release. But as soon as 

the bubbles are in contact with the surface of the membrane this could reduce the amount of 
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TCS released during the study. Attempts were made to remove the bubbles with a needle or 

under vacuum but the ideas were discarded because of practical difficulties. The bubbles 

looked to be evenly dispersed throughout the gel and not gathered at one place, therefore the 

different gels were treated as equally. Ideally the gels should not contain any bubbles and if 

the bubbles would interfere with the diffusion this would be a source of error when 

calculating the flux.  

4.3.2.2 Factors influencing the diffusion rate of TCS 
The drug release from inhomogeneous alginate gels is determined by the nature of the 

diffusing molecule, the gel composition and the release medium [83]. Molecules with a Mw 

less than 20 kDa seem to be little restricted [84], and different release rates among substrates 

below 20 kDa will be due to the release medium. The diffusion of drugs having a positive 

charge can be retarded because of interactions with negative charges on alginate, but as TCS 

is a slightly acidic drug this is not a problem. The type of alginate used in the gel will also 

influence the diffusion as alginate rich in guluronic acid interacts more strongly with the 

calcium ions and is more resistant against erosion. Holte et al. [83] studied the diffusion of 

quinine sulphate (324.4 g/mol) through homogenous CA gels and observed that the diffusion 

was faster with alginate rich in guluronic acid, a low concentration of alginate and a high 

concentration of calcium ions. Further, the study demonstrated that the excess amount of 

alginate not participating in the gel formation would influence the diffusion. Therefore a high 

calcium concentration would decrease the amount of free alginate in the pores in the cross-

linked gel matrix, leading to a faster diffusion of the drug molecule. Increasing temperatures 

were also seen to increase the diffusion, because the molecules became more mobile and the 

flexibility of the alginate chains increased. This resulted in a decreased  viscosity of the gel 

and therefore a poorer diffusion barrier. Quinine sulphate was compared to high molecular 

dextran and the experiments showed that the two molecules followed different diffusion 

mechanisms, where quinine sulphate would diffuse rather freely through the pores in the gel 

[83].  

Diffusion mechanisms from alginate gels were not studied in the current project, but as TCS 

has a low Mw (289.54 g/mol) it is reasonable to believe that it mainly will follow the same 

way as quinine sulphate, through the pores of the gel network. Moreover, TCS is neutral at the 

current experimental conditions, excluding any repelling forces/ ionic interaction with the free 

negative charges on alginate. However, it was of interest to see if either CaCl2 or alginate 

would influence the release of TCS from the gel. A solution with CaCl2 and a solution of PE 
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was prepared, both using a stock solution of  HPβCD/TCS as the solvent, see figure 4.9 and 

4.10. The hypothesis was that alginate was the main component affecting the flux from the gel 

and not the CaCl2.  

  

Figure 4.9: TCS flux from CaCl2-solution at different CaCl2 concentrations. 

The concentration of CaCl2 will apparently not influence the diffusion of TCS from the gel. 

Almost all of the error bars lies within the same limits and therefore it is not possible to detect 

a difference between the different CaCl2 concentrations. 

 

Figure 4.10: TCS flux from PE-solution at different alginate concentrations.  
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The diffusion of TCS is influenced by the alginate concentration above 2% (w/v) (figure 4.10) 

implying a decrease of the diffusion of TCS with increasing viscosity. Viscosity 

measurements of PE in the current work (figure 4.11) show an exponential relation between 

viscosity and increasing concentrations of PE. According to this, it is probable that the 

diffusion of TCS will be affected by the viscosity as soon as the concentration is above 2%, 

because of a pronounced increase in the viscosity. Below this concentration it looks like the 

diffusion is independent of viscosity, maybe just following the diffusion of water. 

 
Figure 4.11: Change in viscosity with increasing PE concentration.  

4.3.2.3 Lyophilized gel 

Particle size distribution was determined by different mesh sizes in the sieve, but effort was 

made to use the microscope to characterize the particle size more thoroughly. Unfortunately 

this failed because of caking of the LG due to its hygroscopicity, making it difficult to see the 

real particle size (figure 4.12). 
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Figure 4.12: LG seen through a microscope after grinding and sieving to a particle size < 212 µm. 

The different particle sizes were studied to see if this was a factor influencing the diffusion 

rate. A pilot study was performed (section 4.3.1) and the highest release was obtained from 

the DC not containing water. Therefore no water was added in the DC before the diffusion 

studies. Regarding the LG with a particle size distribution of 710-1000 µm the grinding was 

left out, to avoid too small particles (i.e., below 710 µm), and sieving was performed directly. 

A small particle size distribution made the subsequent sieving easier due to the grinding, 

therefore it was more difficult to “produce” powder with a larger particle size distribution. 

After 6 hours most of the LG, regardless of particle size, was rehydrated, but some had white 

spots, indicating non-rehydrated LG. For example, within the particle size of 710-1000 µm 

the samples with the lowest alginate and calcium concentration looked more rehydrated. But 

considering the different particles sizes altogether no tendency regarding rehydration rate was 

seen. As expected the appearance of the LG was similar to the rehydrated gel and not the gel 

after 6 hours of diffusion study (figure 4.13).   
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Figure 4.13: Appearance of LG from DC right after a 6 hours diffusion study. The product is still present on the 

surface of the diffusion membrane.  

 

  

Figure 4.14: TCS flux from LG (2.7% w/v) with particle size distribution < 212 µm (▪), 212 -355 µm (□), 355-

710 µm (•) and 710-1000 µm (○). 
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Figure 4.15: TCS flux from LG (1.6% w/v) with particle distribution < 212 µm (▪), 212-355 µm (□), 355-710 

µm (•) and 710-1000 µm (○). 

Figure 4.14 and 4.15 show that the flux of TCS from LG of different particle size distribution 

will not differ, at least not within the measured particle size range. For most of the powders 

the error bars will overlap, and no difference between the flux with an alginate content of 

2.7% or 1.6% (w/v) is detected. However, a higher flux was observed for LG with a particle 

size distribution of 710-1000 µm and 355-710 µm with 1.6% PE compared to 2.7% (w/v) PE 

when 16 mM CaCl2 was used (not shown in the graph).  

4.3.2.4 Rehydrated gel: 

When comparing the flux of TCS from rehydrated gel with the corresponding flux from gel 

and LG, rehydrated gel had the lowest flux of them all, as seen in figure 4.16. This was seen 

for both 1.6% and 2.7% (w/v) of PE. Compared to gel the flux was about 30% less. Because 

of lack of equipment it was not possible to measure the viscosity of the two formulations to 

see if this parameter could explain the difference. Basically the two formulations should 

contain the same components, but as some of the LG was lost during grinding and sieving the 

final amount was gathered as explained in section 3.5.2.3. Therefore it could have happened 

that the powder obtained for the rehydrated gel was of a slightly different composition than 

the gel. The rehydrated gel is less continuous compared to the gel and because of this some of 

the gel remained on the glass wall when transferring the gel from the vial to the DC. This 

could lead to a decreased amount of rehydrated gel compared to the gel which is more 

continuous, and easier to transfer from the vial to DC.   
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Figure 4.16: Comparison of the flux from gel (▪), LG (•) and rehydrated gel (○), all containing 1.6% (w/v) 

alginate. Both the LG and the rehydrated gel had a particle size < 212 µm. 

4.3.2.5 Lyophilized gel for further diffusion studies 

An optimal wound dressing containing antibiotics should immediately after application 

release a sufficient amount of the antibacterial agent to kill the bacteria or inhibit the growth 

and thereafter maintain a sustained drug release, preventing any growth of new bacteria. With 

regard to the fast release maybe the best choice of formulation would be the gel, according to 

figure 4.16. However, regarding sustained release maybe LG or rehydrated gel would be the 

best option. For further experiments LG was chosen for application to the wound dressing, 

because of better stability (of the formulation) of a dry powder compared to the gel. Since 

there was no change in the flux with a change in PE and CaCl2 concentration, 1.6% (w/v) 

alginate and 16 mM CaCl2 were chosen. This will require less amount of raw materials for 

each dressing, making it possible to decrease the cost for the consumer.  

It was desirable to compare the diffusion between LG, lyophilized HPβCD/TCS solution and 

TCS bulk substance (figure 4.17), as described in section 3.5.3. Before the experiment it was 

thought that the LG would give the fastest release and pure TCS the lowest. But it seems like 

the release is as good from pure TCS as it is from the LG and HPβCD/TCS solution.  
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Figure 4.17: Diffusion of TCS from LG (•), lyophilized HPβCD/TCS solution (□) and TCS powder (▪) 

corresponding to 1 mL of gel (1.6% w/v PE and 16 mM CaCl2).   

This could be explained by the fact that the bulk volume of formulation is different. CDs are 

known to increase the bulk volume of the formulation and the amount of powder was much 

more compared to pure TCS, therefore more powder must rehydrate compared to the small 

amount of TCS.  

The Stoke Einstein equation (equation 4.2) explains the relationship between viscosity (η) of 

the diffusion medium and the diffusion coefficient (D), where R is the molar gas constant, T 

is the absolute temperature, r is the radius of the permeating drug molecule and N is 

Avogadro’s number [60].  

 

< =
=∙>

?∏∙A∙3∙B
         (Equation 4.2) 

 

Viscosity will have a lot to say and the diffusion coefficient will decrease when viscosity 

increases as it will in the following order when the different formulations are rehydrated: TCS 

< HPβCD/TCS < gel. Loftsson et al. [60] saw a doubling in the viscosity when 20% (w/v) 

HPβCD was added to an aqueous hydrocortisone solution. The radius of the permeating 

molecule will increase as TCS diffuses as a part of a CD complex or aggregate, influencing 

the diffusion coefficient in a negative way. It shall also be mentioned that the volume shift 
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(because of migrating RP) and the RP containing RMβCD can influence the release rate. As 

this experiment had many uncertainties, i.e., change in volume, composition of RP and 

viscosity respectively, it was decided to change the RP and deposit the formulation, i.e., LG, 

lyophilized HPβCD and lyophilized TCS suspension (section 3.5.4), on the cloth of a wound 

dressing which is introduced to the DC.  

 

4.3.3 The diffusion profile of TCS from wound dressings. 

Only 10 min after 3 ml PBS was added to the DC the LG started to dissolve and detach from 

the piece of cloth on the dressing. 35 min later all of the gel was detached and was floating in 

the DC. Maybe the volume of PBS (3 ml) is a lot when compared to a real exuding wound 

(this is of course dependent on the size of the wound and what kind of wound), but it was 

necessary to cover the whole piece of cloth that was standing in the DC. When the diffusion 

study was done the appearance in the DC was the same for the gel and HPβCD/TCS, looking 

like a solution, while for the TCS the piece of lyophilized TCS was floating in the PBS.  

 

Figure 4.18: TCS flux from TCS-powder (▪), lyophilized HPbCD/TCS solution (•) and LG (○) applied to a 

wound dressing.  

Figure 4.18 displays the diffusion of TCS from one of the parallels in the diffusion study with 

wound dressings. Because of a low reproducibility among the three parallels only one of the 

parallels was used and therefore there is no error bars in the figure. As expected the 

lyophilized TCS suspension has a low release rate, while lyophilized HPβCD/TCS and the LG 
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have a higher one. However the release from the LG was lower compared to the lyophilized 

HPβCD/TCS solution, possibly because of the viscosity difference as mentioned in section 

4.3.2.5.  

Even though lyophilized HPβCD/TCS had the highest release the LG formulation was chosen 

as our final product. As HPβCD/TCS immediately will dissolve when interacting with wound 

exudate (PBS) it is possible for the solution to drain outside the wound. However, with 

alginate as a part of the formulation, this will ensure that none of the components of the LG 

will drain outside the wound. The slower release from the LG will be utilized for sustained 

release to maintain the MIC for a prolonged time.   

 

4.3.4 The final product 

During this project several experiments have been performed to optimise the formulation 

intended as a part of a wound dressing for dermal application. The final result was a LG, 

containing alginate, HPβCD and TCS as the main components. The LG was chosen because 

of faster release than a rehydrated gel and because of the better stability of the formulation 

than a gel. As the lipophilic antibacterial agent TCS was used as a model drug HPβCD was 

chosen because of its superior solubilising effect among the CDs tested. This can decrease the 

amount of CD needed for solubilising the desired TCS amount, which also will decrease the 

bulk volume of the formulation. As alginate shows synergistic solubilising effects in 

combination with HPβCD, alginate will also contribute to decrease the amount of CD needed. 

However, it is seen that this synergism depends on the alginate type, and further experiments 

should be performed. Alginate is primarily included in the formulation for its gelling 

properties which is a necessity when applied to an exuding wound to avoid any drainage of 

the ingredients. 
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4.4 Suitability of the wound dressing 

The first part of drug development starts with preformulation studies. Among these are 

stability studies, characterisation of physicochemical properties if the ingredients are 

unknown and further studies leading to a formulation of current interest. By using the 

lipophilic drug TCS, this project has studied the solubilising effect of different CDs and 

thereafter combined this with alginate to form a gel, intended for dermal application. 

However, what is important to keep in mind even during the preformulation work is the 

suitability of the product (i.e., patient compliance). In this case the dressing is intended for a 

wound and a sterile product should be obtained. Since alginate is of natural origin, the batch 

to batch variation is of great importance and also the stability of the product. The latter will 

decide the time period the dressing could be applied, and how it should be packed and stored.  

 

4.4.1 Sterilization 

The preformulation of the wound dressing in this project is supposed to be applied on injured 

skin, as is natural when a wound arises. A wound will reveal the underlying tissue, how far 

depends on the injury, making it more susceptible for infections. As a wound dressing 

containing antibiotic is supposed reduce the possibility of getting an infection or prevent the 

further development of an infection, it is of great importance that the formulation itself is 

sterile, which is in accordance with Ph. Eur [41].  

4.4.1.1 Triclosan  

TCS, HPβCD and alginate are the main components in the formulation and to sterilize the 

formulation the components have to be stable during the treatment, i.e., any possible 

degradation should be less than 1%. In the solid state TCS is reported to have a good thermal 

stability (see table 2.1). As part of aqueous CD solutions TCS has also shown to be stable 

under influence of sonication (70°C) [1, 2] and autoclave treatment [1, 67]. However, in the 

current work a TCS degradation of approximately 10% was observed in aqueous CD solutions 

under autoclaving and heat/sonication treatment (section 4.1.4). As to the TCS degradation 

because of heat and sonication, it was suggested that impurities in the TCS or presence of CD 

could be the reason of why a recrystallisation of TCS did not occur. Regarding sterilization by 

γ-irradiation a study concluded that solid TCS was sensitive to this treatment and that this 

sterilization method on consumer products containing TCS should be reconsidered [85].    
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4.4.1.2 2-hydroxypropyl-β-cyclodextrin 

HPβCD in aqueous solutions are stable and there are no problems with sterilisation of a 

HPβCD solution; no precipitation is observed when heating is applied [25]. This is 

demonstrated by solutions of carbamazepine with 20, 40 and 60% (w/v) HPβCD. The 

complexation between HPβCD and carbamazepine provided highly water-soluble 

formulations which were stable under autoclaving treatment (123°C, 35 min) [25]. The 

stability of HPβCD is also supported by the reported use of HPβCD together with TCS under 

autoclave treatment [1, 67]. From the patent application by Loftsson [86], temperatures up to 

150°C has been used to enhance HPβCD complexation. Examples of active ingredients are 

hydrocortisone (mouthwash) and acetazolamide (eye drop formulation).  Further amphiphilic 

βCDs have been used as excipient in drug delivery systems in the form of nanoparticles. 

Because of too large particle size the particles could not be filtrated and γ-irradiation was the 

sterilization method used [87]. Both loaded and un-loaded CD particles were irradiated with 

γ-radiation when injectable formulations were prepared. The study does not mention anything 

about degradation of the CD, but reports that this sterilization method does not affect the 

particle size, drug loading or the drug-release properties [87].  

4.4.1.3 Protanal Ester alginate 

The loss of viscosity after sonication and heating of alginate solutions as presented in table 

4.4 is a well know property of alginate. This makes the sterilization process difficult without 

causing depolymerization, loss of viscosity and possible reduced gel strength [46]. 

Sterilization methods as autoclaving, ethylene oxide treatment and γ-irradiation have all 

shown degradation of the alginate chain as reported by Leo et al. [88] (table 4.9.). 
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Table 4.9: Effects of different sterilisation treatments on the viscosity of alginate solutions. 

Treatment Result Reference 

Autoclave (121°C, 20 min)  

- 1% alginate solution 
- 3% alginate solution 

Reduction in viscosity: 

- 78% 
- 86%  

[88] 

Heat treatment (20-121°C, 15 min) 

- < 80°C 
- > 80°C 

Change in viscosity: 

- no change 
- reduction 

Ethylene oxide (560 mg/l, 57°C, 7 h) 

- Tested on dry alginate. Solutions were made 
of treated and untreated alginate powder.  

Reduction in viscosity: 

- 60% 

γ-irradiation (Co60, 23.15 kGy, 14.4 kGy/h) 

- Tested on dry alginate. Solutions were made 
of treated and untreated alginate powder. 

Reduction in viscosity: 

- 96%  

 

The results from the heat treatment in table 4.9 is opposite of the findings reported in the 

current work, where a decrease of 6 % is observed under heat treatment of 40°C (table 4.4). 

However time, temperature and pH will influence the degradation rate, so if 15 min had been 

used instead of 3 hours as in this work, then the decrease in viscosity most likely would have 

been smaller. The study carried out by Leo et al. [88] does not report the pH of the samples.  

The depolymerization due to autoclaving is supported by Andersen [56] which further reports 

that autoclaving is used when it is desirable to decrease the viscosity of alginate solutions. 

Unpublished results from Andersen [56] showed a decrease in viscosity of 43%, 96%, 98% 

and 95% of a 1% (w/v) solution containing different alginate types after autoclaving (121°C, 

20 min).  

The depolymerization of alginate due to γ-irradiation is supported by several studies [47, 89, 

90]. Nagasawa et al. [90] observed a decrease in the alginate Mw both in the solid state and in 

a solution. However, the irradiation dose needed to obtain the same decrease in Mw is twenty 

times higher for the solid state than for the solution. An irradiation dose of 50 kGy gave the 

same Mw for a 4% (w/v) solution as when a 1% (w/v) solution was radiated with 20 kGy. The 

same was observed in a study of Wasikiewicz et al. [74], but then only 10 kGy was needed to 

degrade the 1% solution to the same level as the 4% solution. They also observed that the 

degradation rate of alginate solutions increased with decreasing polymer concentration.  
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The degradation of alginate caused by γ-irradiation is probably due to chain-scission [89]. In 

the solid state it is generally believed that OH˙ will develop because of the interaction 

between the oxygen present in the sample/formulation and the γ-rays [47]. This also happens 

in aqueous solutions, where H˙ and OH˙ will react with the alginate and lead to a rapid 

degradation of the polymer [90]. Nagasawa et al. [90] pointed out that alginate degradation 

depends on the dose of irradiation, presence of water and whether the formulation is in a 

solution or not [90]. 

4.4.1.4 Sterilization possibilities 

From the discussion of possible sterilization methods it is clear that this is a big challenge 

with the main components in the gel of this project. The stability tests of TCS in the current 

work and the findings in the literature are contradictory regarding TCS thermal stability in a 

solution. HPβCD are stable under autoclaving (121°C, 20 min) which is not the case for 

alginate. Regarding γ-sterilization alginate and TCS are not stable but HPβCD have been used 

in formulations where γ-irradiation has been the sterilisation method preferred. All of the 

above mentioned sterilization processes, i.e., autoclave, ethylene oxide and γ-irradiation are 

not suitable for the formulation in this project, since always one of the component are 

unstable depending on the method used. It is of great importance to obtain a sterile product 

when the product is intended for injured skin, therefore other methods have to be explored.  

 Draget et al. [47] have recommended sterile filtration of the alginate solution instead of 

autoclaving to reduce polymer breakdown when alginate was used for immobilization 

purposes. Further, they highlighted acid catalysed hydrolysis, β-alkoxy-elimination and ORD 

reaction as the main degradation pathways in correspondence to section 2.5.4. These 

depolymerization reactions will increase with temperature, supporting the unsuitability of 

autoclave as a sterilisation method for alginate solutions [47].  

Draget et al. [47] have reduced the exposure to γ-irradiation by using an electron accelerator 

instead of a traditional 60Co-source. Unfortunately, polymer breakdown was still observed, 

but the gelling capacity was preserved unlike what is reported by Leo et al. [88]. Draget et al. 

[47] ment that the difference in results could be explained by the shorter exposure time to γ-

rays needed with the electron accelerator (1 min) compared to traditional 60Co source (1.5 

hours). 

Another possibility of obtaining a sterile wound dressing is the addition of polyhydric 

alcohols, e.g., propylene glycol or hexylene glycol [91]. With concentrations between 20-35% 
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(w/v), these additives have shown that alginate based wound dressings with or without an 

active ingredient can be sterilised, preferably in an autoclave, without a decrease in viscosity. 

However, from the examples presented, it is seen that the viscosity will increase after 

sterilization, depending on the alginate- and propylene-/hexylene glycol concentration used.  

The addition of a polyhydric alcohol would be a possibility in the current work since this 

could make the alginate withstand the influence of the heat sterilization method. Polyhydric 

alcohols are also good cosolvents, which could contribute to improve TCS low aqueous 

solubility. But as soon as other excipients are added new considerations have to be taken. For 

example will there be any problems with interactions between HPβCD and the alcohol? How 

will the alcohol influence the bulk of the formulation? Which polyhydric alcohol is the best? 

Propylene glycol is a known penetration enhancer [3], can this influence the skin or 

underlying tissue? To what extent will the affinity TCS has for the HPβCD cavity be 

affected? As soon as the environment outside the CD-cavity is less hydrophilic the 

equilibrium equation of the free drug/free CD and the complex (equation 2.2) will shift to the 

left and lower the affinity between TCS and HPβCD. Moreover, if the addition of a 

polyhydric alcohol will increase the viscosity, how will this influence the release from the 

alginate gel and how can you control the texture of your gel? By using an electron accelerator 

instead of traditional γ-irradiation, is it okay to accept a decrease in the viscosity as long as 

the gel strength is intact? A lot of new questions have to be considered and perhaps the safest 

solution would be sterile filtration. As the gel is too viscous to be filtrated, all of the solutions 

being used in the gel should be filtrated prior to the gel making and the work of creating the 

final product should be carried out under aseptic conditions.  

 

4.4.2 Reproducibility 

During the production of a drug formulation it is important to obtain a “similar” final product 

every time the production is performed. This relies on standardized production procedure and 

the raw materials.  

CDs are produced by cyclodextrin glucosyltranseferase enzymes which give highly purified 

CDs [24]. HPβCD is obtained by treating an alkaline solubilised solution of βCD with 

propylene oxide. There could be some difference regarding the substitution of the glucose 

unit, but the reactivity of the different hydroxyl groups are slightly different, meaning that the 

substitution is not totally random. The alkalinity of the aqueous reaction media could 
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influence the substitution and can also explain a slightly different complexing ability of 

identical CD-derivatives from different suppliers and sometimes from one batch to another 

from the same supplier [27, 92]. However, the best way to obtain HPβCD with the same 

physicochemical properties is to use the same supplier with a production procedure known to 

give pure HPβCD and the same degree of substitution. 

Alginates are of natural origin and obtained from seaweed. As section 2.5.2 describes, the 

alginate type will differ in the G- and M content depending on the plant and the time of the 

year it is harvested. This will affect the properties of the alginate and is important when 

making a gel, as the property of the gel also will rely on the G- and M content. Due to 

difficulties in preparing the gel in the current project the influence of G- and M content was 

not studied. What is important is that the alginate type used in the preformulation work, has to 

be the same during the manufacturing (e.g., upscaling) of the product, i.e., the quality of the 

alginate should not differ regarding the G- and M content. The reproducibility from batch to 

batch shall be good enough to give the same product. This also applies to the Mw, which 

influences the rheological properties of the alginate preparation.   

Different impurities can be present in alginate. The presence of phenolic compounds can vary 

from one alginate type to another and is also dependent on the alginate source and how the 

alginate is extracted from the source [46]. As phenolic compounds can lead to degradation of 

the alginate it is important to make sure that the alginate type used is of highly purified 

material. Pronova Biopolymer A/S has developed an advanced purification process giving  

ultrapure alginate qualities [47].  

Regarding the active ingredient, TCS, it is easier to control the purity/reproducibility because 

of its synthetic origin. TCS is a synthetic compound (see section 2.2) and the influence of 

natural origin is not present.  

 

4.4.3 Other factors concerning the final product 

4.4.3.1 Tonicity  

Formulation intended for parenteral use and eye drops has to be isotonic, but this is also 

desirable with formulations intended for sensitive mucous membranes in the ear and nose. 

Besides the possibility of swelling or shrinkage of the cells, non-isotonic solutions can cause 

irritation to sensitive tissue and pain, depending on the degree of deviation from isotonicity 
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[93]. Depending on the severity of the wound, the dressing made in the current work will to a 

certain extent get in contact with the underlying tissues of the skin, like muscles and vessels. 

Another important aspect of the dressing is that the formulation consists of a powder and 

tonicity is not that relevant as if a solution was to be applied. However, even though a powder 

ended up being the final product, a lot of the work consisted of making a gel and if this was to 

be the final product the tonicity of the formulation should have been measured. The gels had a 

final concentration of 18.6 and 18.8% (w/v) HPβCD (see table 3.2) and if these 

concentrations would have been in a solution they would be hypotonic, as a 23% (w/v) 

HPβCD solution is isotonic. But as the gels contain several ingredients this would have to be 

accounted for to obtain an approximate isotonic formulation.        

4.4.3.2 Stability  

Stability of the final product is of importance, not at least to decide the shelf life of the 

product. As described in section 3.4.3 the stability of the gels was tested. Regardless of 

temperature the gels that were not covered with parafilm were completely dehydrated and 

crispy. The dehydration was seen just 6-8 hours after the preparation of the gel, implying the 

need of a sealed wound dressing to withstand dehydration. 

 

Figure 4.19: Picture of gels which has been standing in the fridge (2-4°C) for three weeks. The different gels 

contain 2.7% (w/v) PE/80 mM (1), 2.7% (w/v) PE/16 mM (2), 1.6% (w/v) PE/80 mM (3) and 1.6% (w/v) PE/16 

mM (4)  
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Figure 4.20: Picture of gels which has been standing in room temperature (22-23°C) for three weeks. The 

different gels contain 2.7% (w/v) PE/80 mM (1), 2.7% (w/v) PE/16 mM (2), 1.6% (w/v) PE/80 mM (3) and 1.6% 

(w/v) PE/16 mM (4)  

The gels covered with parafilm (figure 4.19 and 4.20) were quite similar in appearance as 

when they were prepared, but had a dryer/harder consistency. The gels standing in room 

temperature had less amount of liquid around the gels compared to the gels in the fridge, but 

this could be due to higher evaporation because of temperature. In both cases it looked like 

gel no. 1 (figure 4.19 and 4.20) had the best capacity of retaining the liquid, which can be 

understandable due to the highest alginate concentration.  

From the stability test it is clear that three weeks are too long for the gels to retain the liquid 

present. To get a better knowledge of the stability, several stability tests have to be performed 

within a shorter period of time and with temperatures more similar of a wound. None the less 

should in vivo studies be performed where true wound exudate could influence the result. 

Different wounds should also be tested to see the suitability of the dressing.  
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4.5 Other products on the marked 

Alginate wound dressings are intended for heavily exuding and infected wounds. Other 

products for the same application area as alginate dressings are hydrofibre dressings, e.g., 

Aquacel® [94]. Table 4.10 display some of the commercial wound dressings on the marked 

today containing alginate. 

Table 4.10: Overview of wound dressings containing alginate [94, 95].  

Commercial 
products 

Content Presentation Reference 

Algosteril® CA Flat non-woven dressing and as a 
rope. 

[96] 

Comfeel 
seasorb® 

CA and sodium 
alginate 

The formulation has been freeze 
dried giving a sheet with a porous 
amorphous structure (fiber free). A 
nylon mesh net is placed in the 
centre of the dressing to give the 
product strength and hold it together 
when wet.  

[97, 98] 

Comfeel 
Plus® 

Sodium carboxy-
methylcellulose 
(SCMC) and CA 

Semipermeabel polyurethane film 
coated with a flexible, cross-linked 
adhesive mass of SCMC and CA 

[99] 

Kaltostat® Sodium alginate 
and CA (80:20) 

Flat non-woven pad. [100] 

SeaSorb 
Soft® 

CA and 
carboxymethylcell
ulose (CMC) 
(85:15).  

Dressing and rope. It also exists a 
SeaSorb dressing with silver to 
prevent growth of bacteria, SeaSorb® 
Ag. 

 

[101, 102] 

Sorbsan® CA Textile fibre, presented as a loose 
rope for cavities, a ribbon for narrow 
wounds and flat non- woven pad for 
larger open wounds.  

[103] 

Tegaderm 
Alginate® 

Sodium and CA A flat pad [104] 

 

All of the products in table 4.10, except Comfeel Plus®, are intended for use on moderate to 

heavily exuding wounds. Typical wounds can be; leg ulcers, pressure sores, donor sites, post 

surgical wounds, bleeding wounds and infected wounds. Comfeel Plus® can be used in the 
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management of low to moderate exuding wounds and superficial burns. All the dressings are 

sterile and some of the sterilization methods used are ethylene oxide, γ- and β-irridation. The 

dressings need a secondary dressing to keep it in place, and depending on the condition of the 

wound an absorbent dressing pad, semipermeabel film or plastic film can be chosen. This 

does not apply to Comfeel SeaSorb® which has an adhesive layer that will make sure the 

dressing sticks to the skin.  

Most of the alginate dressings in table 4.10 consist of CA formed in textile fibres, except 

Comfeel Plus® which is a fibre-free mass of CA because of the freeze drying process [98]. 

Some of the dressings also have sodium alginate present and others have an additional 

polymer like carboxymethylcellulose. The product information about the different dressings 

do not mention the M- and G content, but Sorbsan® consists of CA rich in mannuronic acid, 

while Kaltostat® and Comfeel SeaSorb® consist of alginate rich in guluronic acid [98].  

Ågren [105] performed a study where Kaltostat®, Sorbsan®, Algosteril® and Comfeel 

Seasorb® were compared with respect to wound fluid retaining ability, adherence, dressing 

residues, epithelialisation and inflammatory cell infiltration using a standardised partial-

thickness wound model in domestic pigs. Sorbsan® was almost completely dissolved in the 

wound and showed the highest wound fluid spreading, 40% more than the other dressings, 

respectively (after 24 h). This could indicate an increased risk of skin maceration. The thought 

was that the M- and G content and the fiber structure of Sorbsan® could be the reason of the 

high wound fluid spreading from the dressing. Algosteril® adhered to a greater extent than 

Comfeel Seasorb® and required more force to be removed from the wounds. Comfeel 

Seasorb® is not made of alginate fibres and the non-fibrous property facilitated the removal of 

the dressing in one piece. Kaltostat® left more dressing residues on the wound surface at 

dressing removal than the Comfeel Seasorb® dressing. Regarding the effect on 

epithelialisation or dermal inflammation the study saw no statistically significant difference at 

significance level 5% among the four alginate dressings [105]. 

Commercial products have different properties, which can be explained in terms of different 

M- and G content, different percentage of calcium- and sodium alginate, the presence of other 

polymers and the type of formulation. From table 4.10 the dressings differ in composition and 

it was of interest to compare the formulation from this project to the products already on the 

marked:  
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- The use of CA. All of the dressings in table 4.10 have CA as the main ingredient, 

some also sodium alginate to ease the solubility of alginate in the dressing, or facilitate 

rapid gelling. In the current work PE was the alginate type used. Due to the 

substitution of propylene glycol less calcium interacts and the final formulation has 

less calcium that will exchange with sodium from the wound exudate, which could 

decrease the gel rate formation.   

- Most of the commercial dressings are not lyophilized and sublimated as in this project. 

However, Comfeel SeaSorb® is freeze dried. 

- The type of formulation is different. It is uncertain exactly what kind of formulation or 

how the dressings are produced because of the patent protection, but most of the 

products consist of fibers that develop to a gel in contact with wound exudate. Because 

of this, the appearances of the dressings are totally different from the LG in the current 

work (figure 4.21). The commercial products are flat pads or ropes, in different sizes, 

which can be adjusted to the appropriate size of a wound, which will be of difficulty 

with the wound dressing made in the current work. However, the final product in this 

project is just a product of a preformulation work and several experiments and 

decisions regarding the appearance of a product ready for the marked remains.  

- Figure 4.21 shows an adhesive layer around the piece of cloth on the dressing in this 

project, but several of the commercial dressing need a secondary dressing to avoid 

dehydration and to make sure the dressing is kept in place.  

- Opposite of the LG gel containing TCS, the dressings do not contain an antibacterial 

agent. However, other types of the same brand contain silver, like Sorbsan Silver® and 

SeaSorb Ag®. 

- All of the commercial products are sterile. Even though it is well known that γ-

irradiation and ethylene oxide will give a depolymerization of the alginate (section 

4.4.1.3) these are the sterilizations methods used. Maybe the manufacturer allows 

some extent of degradation of the final product. However, as mentioned before, 

sterilization of the formulation is of great importance when applied to injured skin.    
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Figure 4.21: Picture of the wound dressing used in this project (left) and Sorbsan® (right) [106]. 

 

4.5.1 Important considerations when improving the LG 

From the discussion above it is clear that several aspects regarding the wound dressing in this 

project has to be considered prior to a final product: 

- The absorbing capacity and the ability of the dressing to retain the absorbed liquid. 

This will influence the period of time the dressing can be applied. However, this also 

depends on the amount of wound exudate produced.  

- The need of a secondary dressing if the formulation will be more like the commercial 

dressings presented in table 4.10. 

- Adhesive properties of the wound dressing. 

- Packing material.  

- Occlusive properties. Is it desirable to keep the moisture and air inside the wound 

dressing? Reduce the possibility of contamination.   

- Sterilization methods. 
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5 – CONCLUSION 

 
In the phase-solubility studies of TCS, HPβCD was the CD showing the best solubilising 

effect. The phase-solubility plot gave an AP-type, indicating a 1:1 complex and aggregate 

formation of the CD molecules and the complex, which further solubilised the TCS. Results 

showed that when adding alginate to a solution of HPβCD/TCS, the alginate types Protanal 

10/60 and Protanal 200 had synergistic effects with HPβCD regarding the solubility of TCS. 

This was not seen for Protanal 120, and due to precipitation of alginate in the HPLC column 

is was not possible to obtain data for Keltone and PE.  

The preparation of gels was unfortunately not successful. The use of CaCl2 as the cross-

linking agent created a large gel lump or gel beads. This was seen for all the alginate types 

except PE. PE has fewer negative charges due to its modification with propylene glycol. The 

reaction between the calcium and the free negative charges will therefore be slower compared 

to the other alginate types, creating gels without beads.  

Gel, rehydrated gel and LG were the formulations tested during the diffusion studies. The flux 

was lowest from the rehydrated gel and highest from the gel. However, due to better stability 

of the formulation and the possibility of sustained release, LG was chosen for application to a 

wound dressing.  

Compared to commercial products the formulation made in this project have a long way to go 

and need to be improved before it can enter the marked. Some of the considerations need to 

be accounted for are homogeneity, sterilization processes, reproducibility, stability, absorbing 

capacity and adhesive properties.  
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5.1 Further studies 
 

This project had a limited amount of time, therefore it was not possible to carry out all of the 

improvements and other interesting aspects of the project: 

- The use of heavily soluble salt like CaCO3 and CaHPO4 together with GDL, to obtain 

a slow release and steady supply of calcium ions into the alginate solution. This will 

create gels without one big gel lump or gel beads and makes it possible to compare 

flux from gels made from different alginate types.  

- Obtain data for the solubilising effect of Keltone and PE together with HPβCD by 

using UV-spectrometry. 

- Optimise the product in terms of homogeneity of the product and the content of TCS, 

stability and sterilization methods. The content of TCS should be evaluated in terms of 

MIC and thereafter decide the appropriate amount of CD and alginate needed to 

dissolve TCS. It would also be interesting to see if the release from the formulation 

will change if other excipients are added to the formulation, e.g.,  plasticizers.  

- Eventually when all the in vitro testing is done and the formulation is optimised, in 

vivo studies should be performed before the product can enter the marked.   
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APPENDIX 
 

A.1 - Column washing  
 

With a flow of 1 ml/min the pressure before washing the column was approximately 140-160 

bar. Table A1 shows the change in pressure during the washing procedure (this was done with 

a reversed column and without the guard column). Table A2 shows the pressure in the column 

after a washing procedure, with and without a guard column.  

Table A1: Pressure in column during the washing procedure. 

Solvent Flow time (min) Initial pressure (bar) Final pressure (bar) 

Water 10 19 27 

Isopropanol 50 30 45 

Dichloromethane 50 44 17 

Isopropanol 50 16 43 

Methanol 50 41 24 

Methanol:water 
(50:50) 

10  24 44 

Water 50 43 25 

 

Table A2: Comparison of the pressure with and without guard column after a washing procedure. 

Flow (ml/min) Pressure without guard column 
(bar) 

Pressure with guard column 
(bar) 

0.3 15 22-25 

0.5 26-32 41 

0.7 45-50 60 

0.8 56 72 

0.9 65 85 

1.0 75 95-97 
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If the pressure was a lot higher with the guard column than without it, the cartridge in the 

guard column was changed. However, there was no tendency towards this when the column 

was washed.  The column was washed several times and when a pressure of 70-80 bar was 

obtained at a flow of 1 ml/min the results were regarded satisfactory and the column was 

again ready for use.  
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A.2 - Calculation of the ideal ratio between calcium ions 
and alginate charges  
 

It was desirable to calculate the ideal ratio between calcium ions with a divalent charge and 

the alginate charges to see if this would influence the appearance of the gel. As an example 

Protanal 10/60 was used.  

 

Protanal 10/60 with a Mw 130 000-220 000 g/mol → 175 000 g/mol 

Mannuronate/guluronate with a Mw 193.13 g/mol 

 

175 000 g·mol-1 /193.13 g·mol-1 ≈ 906 sugar units on one alginate chain. 

Take an arbitrary alginate concentration, e.g., 2.5% (w/v) = 25 g·l-1.  

25 g·l-1 / 175 000 g·mol-1 = 1.43·10-4 M. This is the molar concentration of alginate in the gel. 

1.43·10-4 M · 906 = 0.129 M is the concentration of negative charges.  

0.129 M / 2 = 0.065 M is the concentration needed of calcium, since each calcium ion has two 
positive charges.  

0.065 M / 1.43·10-4 M ≈ 453 is the ration between alginate and calcium ions (Alg:Ca2+, 1:450)  

 

By using 0.5 ml 1% (w/v) alginate solution in a gel the amount of alginate will be:  

10 g·l-1/ 175 000 g·mol-1 · 0.0005 l = 2.86·10-8 mol 

To get the “correct” amount of calcium: 2.86·10-8 mol · 450 = 1.29·10-5 mol should be 
enough.  

 

To calculate the ratio tested in a gel, start with the alginate concentration: 

2.5% (w/v) = 25 g·l-1.      

25 g·l-1 / 175000 g·mol-1 = 1.43·10-4 M 

If 0.2 M CaCl2 has been used in this gel, then 0.2 M / 1.43·10-4 M = 1400 is the 
alginate/calcium ratio.  
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A.3 - Preparation of the gels 
 

A.3.1 Protanal 10/60 

The best ratio for Protanal 10/60 was 1:453 (A:Ca2+) 

Table A3: Preparation of gels containing the alginate type Protanal 10/60 

 Final 
concentration 

Ratio 
A:Ca2+ 

Appearance Comment/change 

1 2% (w/v) 
alginate (A) 

32 mM CaCl2 

1:280 Gel seemed homogenous, but 
excess amount of liquid. 

 

2 1.8% (w/v) A 

28.8 mM CaCl2 

1:280 Looks like a big gel lump, with 
fluid gel around.  

Decreased both 
components with 10% 
compared to no. 1 

3 1.8% (w/v) A 

32 mM CaCl2 

1:311 All the water is absorbed, looks 
like one big lump, not 
homogenous.  

Reduced alginate with 
10% compared to no. 1 

4 2% (w/v) A 

28.8 mM CaCl2 

1:252 One gel lump and the liquid 
around are more viscous than 
no. 2 

Reduced CaCl2 with 
10% compared to no. 1 

5 1.9% (w/v) A 

32 mM CaCl2 

1:295 Excess amount of liquid and 
one big gel lump. This liquid is 
quite fluid. It is also more 
liquid remaining here than it 
was in no. 3 

5 % less alginate 
compared to no. 1.  

6 1.85% (w/v) A 

32 mM CaCl2 

1:302 Big gel lump, but still some 
liquid surrounding the lump. 
This liquid is quite fluid. The 
gel lump is really hard. 

7.5% less alginate 
compared to no.1 

7 1.84% (w/v) A 

32 mM CaCl2 

1:304 Most of the liquid is absorbed 
but not 100%. The rest of it is 
one gel lump, not homogenous 
and quite hard some places. 

8% less alginate 
compared to  no.1 

8  1.8% (w/v) A 

32 mM CaCl2 

1:311 Looks a lot like no. 7, excess of 
liquid. * 

Since the difference 
between 10-5% less 
alginate is small, 10% 
alginate was again 
tested. Equal to no. 3 
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*It was unexpected that no. 3 and no. 8 was far apart in the appearance, when they contained 

the same concentrations of alginate and CaCl2. The difference was the alginate solution used 

during the gel making, however, the concentration of the different solutions was the same. It 

was speculated that one of the alginate solutions was not homogenous because it was not 

mixed long enough or the fact that some alginate powder remained on the bottle neck while 

preparing the solution, giving a wrong concentration.  When preparing the alginate solutions it 

is of great importance that extra care is taken to make sure that none of the alginate powder 

remains at the bottle neck.  

A new alginate solution was made where extra care was taken to not get any alginate on the 

bottleneck. 

Table A4: Preparation of gels containing the alginate type Protanal 10/60 

 Final 
concentration 

Ratio 
A:Ca2+ 

Appearance Comment 

9 1.8% (w/v) A 

32 mM CaCl2 

1:311 Some liquid, not much. One 
heterogeneous gel lump.  

 

10 1.8% (w/v) A 

28.8 mM CaCl2 

1:280 The gel lump is smaller than 
no. 9, the liquid around is 
viscous. 

10% less CaCl2 
compared to no. 9 

11 1.9% (w/v) A 

32 mM CaCl2 

1:295 Looks like a lump with some 
thin liquid around.  

5% less alginate 
compared to no. 9 

So far the best result was an alginate concentration of 1.8% (w/v) and 32 mM CaCl2. This had 

a ratio of 1:311 and it was desirable to see if the optimal ratio of 450 would have some 

influence of the appearance of the gel.  
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Table A5: Preparation of gels containing the alginate type Protanal 10/60 

 Final 
concentration 

Ratio A:Ca2+ Appearance Comment 

1 1.2% (w/v) A 

32 mM CaCl2 

1:467 Quite much liquid left in the 
vials, more (not much) in no. 1 
than in no. 2. Both of the liquids 
are thin/fluid. The gel lumps are 
not homogenous and quite hard. 

 

2 1.3% (w/v) A 

32 mM CaCl2 

1:430  

3 1.8% (w/v) A 

32 mM CaCl2 

1:311 Most of the liquid is absorbed. 
Just a tiny amount of liquid that 
is not absorbed. It looks like the 
gel is softer, not just this gel 
lump.  

Made the so far 
most “optimal” 
gel again, to 
compare with the 
other gels. No. 3 
and 4 had 
different initial 
concentration in 
the alginate 
solutions, 4% 
and 2% 
respectively.  

4 1.8% (w/v) A 

32 mM CaCl2 

1:311 This is one lump and not much 
soft gel around. The gel lump is 
heterogeneous. Also here is all 
the liquid absorbed. The gel 
lump was not as hard as no. 1 
and 2. 

5 1.8% (w/v) A 

46 mM CaCl2 

1:447 Less liquid than in no. 1 and 2, 
but still some liquid. Compared 
to no. 3, this one contains less 
liquid, even though the CaCl2 
concentration is higher.  

Since excess 
amount of fluid 
in no. 1 and 2, 
the amount of 
CaCl2 was 
changed instead 
of alginate.  

6 1.8% (w/v) A 

40 mM CaCl2 

1:389 Looks like this vial have the 
same amount of liquid as no. 5.  

 

7 1.8% (w/v) A 

30 mM CaCl2 

1:292 Right after stirring there is no 
liquid draining from the gel. It is 
a bigger and softer gel lump 
compared to no.3 In no.3 there 
were more soft gel around the 
lump. After standing a little bit 
on the bench it looks like there is 
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some liquid draining, as if the gel 
cannot contain the water over 
longer time. More liquid here 
compared to no. 8. Maybe 
because it has been standing 
longer. 

8 1.8% (w/v) A 

24 mM CaCl2 

1:233 All liquid absorbed. Looks more 
like one gel lump, without the 
softer gel on the side. This is 
quite similar as no. 7, but it looks 
like no. 7 has more liquid, but 
this has also been standing longer 
on the bench.  Seems like the 
lump in no. 3 are harder than no. 
8. After standing a little bit on 
the bench it looks like there are 
some liquid. As if the gel cannot 
contain the water over longer 
time.  

 

9 1.8% (w/v) A 

20 mM CaCl2 

1:195 Not all of the liquid is absorbed 
but this liquid is viscous. But 
quite much that is not in the gel 
lump. Has too much liquid 
around. 

 

 

Of all the different concentrations tested in the gel making using Protanal 10/60, a final 

concentration of 1.8% (w/v) alginate and 32 mM CaCl2 gave the best appearance of the gel.  
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A.3.2 Protanal 120   

Protanal 10/60 had the lowest reported viscosity and therefore the best gel concentration was 
used as a maximum for gel making with the other more viscous alginate types.   

The best ratio for Protanal 120 was 1:1010 (A:Ca2+) 

Table A6: Preparation of gels containing the alginate type Protanal 120 

 Final 
concentration 

Ratio 
A:Ca2+ 

Appearance Comment 

1 1.8% (w/v) A 

32 mM CaCl2 

1:693 Looks like a big gel lump 
with some liquid that 
drains down the wall.   

The gel lump is harder than 
the reference.  

2 0.9% (w/v) A 

16 mM CaCl2 

1:693 One gel lump and viscous 
liquid around the lump.  

The 2% alginate solution was 
very viscous so it was diluted 
to 1% solution, which is why 
the alginate concentration 
was decreased 50%. 

3 0.9% (w/v) A 

17.6 mM CaCl2 

1:763 Still liquid remaining but 
the liquid is not viscous. 
The gel lump is large, 
quite soft and seems 
homogenous.  

10 % more CaCl2 than no. 2 
since no. 1 was too hard and 
half of it contained too much 
liquid. Could not increase the 
alginate solution because of 
the initial concentration of 
1% 

4 0.9% (w/v) A 

19.2 mM CaCl2 

1:832 A lot of liquid, both 
viscous and non-viscous. 
The gel lump is not 
homogenous 

20% more CaCl2 compared 
to no. 2.  

5 0.9% (w/v) A 

40 mM CaCl2 

1:1733 Excess amount of liquid, 
very fluid. Quite hard to 
touch and a lot of liquid 
leaks out after time passes 
by.  

 

6 0.9% (w/v) A 

80 mM CaCl2 

1:3467 Quite much non-viscous 
liquid outside the gel 
lump. Have a small gel 
lump. 

 

From these gels it looks like the more CaCl2 added the more liquid outside the gel and the 

more leakage from the gel. No. 1 was the best but it was desirable to change the alginate 

concentration and new alginate solutions with initial concentration of 1.8% and 2%.  
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Table A7: Preparation of gels containing the alginate type Protanal 120 

 Final 
concentration 

Ratio 
A:Ca2+ 

Appearance Comment 

1 1.62% (w/v) A 

32 mM CaCl2 

1:770 All liquid is absorbed, just a little bit 
excess amount of liquid. Several small 
gel lumps together.  

 

2 1.53% (w/v) A 

32 mM CaCl2 

1:816 Little of the liquid is not absorbed. 
More liquid here compared to no. 1. 
This looks totally different from no. 1, 
here it looks like one gel lump. It is not 
so hard. 

 

3 1.44% (w/v) A 

32 mM CaCl2 

1:867 Also here it looks like there is some 
liquid remaining and more than the 
reference.  

 

4 0.54% (w/v) A 

32 mM CaCl2 

1:2311 Way to much liquid in excess Was just a small 
amount of 
alginate solution 
left, giving the 
low 
concentration of 
algnate.   

The lower the alginate concentration the more liquid will be in excess of the sample. 

Table A7 continues: Preparation of gels containing the alginate type Protanal 120 

5 1.8% (w/v) A 

32 mM CaCl2 

1:693 The appearance of gel no. 5 and 6 are 
much of the same. Both of them 
contain some liquid that is not 
absorbed into the gel lump. The lump 
is quite hard.  

 

6 1.9% (w/v) A 

32 mM CaCl2 

1:657 All the gels with 
alginate 
concentrations 
from 0.54-1.9% 
(w/v) contained to 
much liquid, 
therefore it was 
desirable to change 
the CaCl2 
concentration. A 
2% alginate 
solution was 
difficult to work 
with because of the 
high viscosity so 
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1.8% (w/v) is the 
initial 
concentration.  

7 1.71% (w/v) A 

32 mM CaCl2 

1:730 Much of the liquid is absorbed, just a 
little bit on the surface of the gel. 
The gel lump is not homogenous. 
One big lump, nothing gel-like 
around. 

Had to use 
vortexer to mix the 
component, 
because the stirrer 
was not strong 
enough.  

8 1.71% (w/v) A 

40 mM CaCl2 

1:912 Some liquid, but not much. But it 
will drain down the wall. Both hard 
and soft places in the gel lump. 
Looks like it is approximately the 
same amount of liquid her and in no. 
7 

 

9 1.62% (w/v) A 

35.2 mM CaCl2 

1:847 Still water outside the gel. The gel 
lump is not very hard, but 
heterogeneous.  

10% more CaCl2 
than no. 1 

10 1.62% (w/v) A 

40 mM CaCl2 

1:962 Still liquid left outside the gel lump. 
The gel lump is hard. More liquid 
here compared to no. 9 

Increased 
concentration of 
CaCl2 tends to give 
too much liquid.  

11 1.62% (w/v) A 

32 mM CaCl2 

1:770 Some liquid in excess, but the gel is 
softer. It seems like there is more 
liquid here than in no. 1.  

Will try with the 
starting point. 

12 1.62% (w/v) A 

64 mM CaCl2  

1:1541 Also here are there to much liquid, 
but less than the others. After 
standing on the bench it is a lot of 
liquid. 

 

13 1.62% (w/v) A 

80 mM CaCl2 

1: 
1926 

Same amount of liquid here as 
compared to no. 12. The gel lump is 
hard. 

 

14  1.8% (w/v) A 

40 mM CaCl2 

1:866 Too much liquid. The lump is softer.  

Even though it is liquid, this is the 
best gel so far today, because of the 
smallest amount of liquid. Compared 
to the reference, this one contains 
less water.  Moreover it looks like it 
holds on to the amount of water.  

 

But this contains 
less excess of 
water compared to 
the other samples. 
But compared to 
no. 9 which has the 
most similar ratio, 
no. 9 contains a lot 
of liquid. But after 
standing for a 
while it is more 
similar. 
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15 1.35% (w/v) A 

32 mM CaCl2 

1:924 Formation of the gel did not happen 
immediately, therefore the vortexer 
was used. It is not one big hard lump, 
but softer. Also liquid that was not 
absorbed and this amount is more 
compared to no. 14. But after 
standing it looks like the same 
amount of liquid. 

15 and 16 looks 
similar. 

16 1.35% (w/v) A 

28.8 mM CaCl2 

1:832 There is liquid and it is a little bit 
smaller amount than in no. 15. The 
gel lump is hard and soft.  

10 % less CaCl2 

compared to no. 15 

17 1.35% (w/v) A 

25.6 mM CaCl2 

1:740 There is liquid, but maybe a bit 
smaller than no. 16. But difficult to 
see. It looks like the gel cannot retain 
the liquid.  

20 % less CaCl2 

compared to no. 15 

18 1.35% (w/v) A 

22.4 mM CaCl2 

1:647 There is a gel lump, but it seems like 
some of the solution is just alginate 
solution that has not interacted with 
any calcium ions. There are some 
liquid, but not much. Compared to 
17 it is less liquid here even after 
standing on the bench. And 
compared to the reference it has a 
smaller amount of liquid. 

30 % less CaCl2 
compared to no. 
15.  
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A.3.3 Protanal 200 

The best ratio for Protanal 200 was 1:815 (A:Ca2+) 

Table A8: Preparation of gels containing the alginate type Protanal 200 

1 1.8% (w/v) A 

32 mM CaCl2 

1:560 All of the liquid is absorbed, but 
the gel lump is very hard. Some 
of the gel remained on the wall 
of the vial.  

 

2 0.9% (w/v) A 

16 mM CaCl2 

 

1:560 

 

One gel lump and viscous liquid 
around the lump. 

The 2% alginate 
solution was very 
viscous so it was 
diluted to 1% solution, 
which is why the 
alginate concentration 
was decreased woth 
50%. 

3 

 

 

 

0.9% (w/v) A 

17.6 M CaCl2 

 

1:616 

 

Gel lump with viscous liquid 
around.  

10 % more CaCl2 than 
no. 2 since no. 1 was 
too hard and half of it 
contained too much 
liquid. Could not 
increase the alginate 
concentration because 
of the initial 
concentration of 1 % 

4 

 

 

0.9% (w/v) A 

19.2 mM CaCl2 

 

1:672 

 

A lot of liquid, more fluid than 
viscous. 

 

20% more CaCl2 
compared to no. 2. 

5 

 

 

0.9% (w/v) A 

40 mM CaCl2 

 

1:1400 Excess amount of liquid, very 
fluid. Quite hard to touch and a 
lot of liquid leaks out after time 
passes by.  
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6 0.9% (w/v) A 

80 mM CaCl2 

 

1: 2800 

 

Very heterogeneous with liquid 
surrounding the lump. It seems 
like, despite the higher CaCl2 
concentration, it retain more of 
the liquid.  

 

 

Table A9: Preparation of gels containing the alginate type Protanal 200 

 Final 
concentration 

Ratio 
A:Ca2+ 

Appearance Comment 

1 1.8% (w/v) A 

32 mM CaCl2 

1:560 Liquid in excess, but not very 
much. Compared to yesterdays 
vials it is a smaller amount with 
liquid in this vial. The gel lump 
is not very hard. 

After standing it looks 
like the water is 
incorporated, and the 
gel lump is now hard.  

2 1.8% (w/v) A 

40 mM CaCl2 

1:700 Looks like a disc. There was 
excess amount of liquid. This 
gel was harder than no. 1. Looks 
like no. 1 has less liquid than 
this.  

25% more CaCl2 than 
no. 1. Had to use the 
vortexer because the 
magnet was not strong 
enough to mix the 
solutions. 

3 1.8% (w/v) A 

41.6 mM CaCl2 

1:728 Gel which is not that hard and 
just a little amount of liquid in 
excess. Less than 2. It looks like 
no. 2 has the largest amount of 
liquid.  

Changed initial 
solution/concentration 
of CaCl2. That is why 
no. 2 and 4 have the 
same concentrations so 
comparison with the 
same initial 
concentration can be 
used.   

4 1.8% (w/v) A 

40 mM CaCl2 

1:700 Looks like no. 2 but less water 
outside the gel, but not much. 
Both of the lumps are hard. It 
looks like no. 3 has more liquid 
than no. 4. 

 

5 1.8% (w/v) A 1:1400 A lump of gel, not more liquid 
compared to 4. 
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80 mM CaCl2 

6 1.8% (w/v) A 

28 mM CaCl2 

1:490 There is liquid remaining outside 
the lump. Compared to no. 1 this 
have more liquid. So far, no. 1 is 
best. The gel lump is not as hard 
as no. 1 

 

7 1.8% (w/v) A 

24 mM CaCl2 

1:420 Immediately it looks like all the 
liquid is absorbed, but some 
viscous solution was left. The 
gel lump is hard 

  

8 1.8% (w/v) A 

20 mM CaCl2 

1:350 Also here there was a viscous 
solution and the gel lump was 
not that hard. The gel was hard 
some places and softer other 
places. 

 

9 1.8% (w/v) A 

16 mM CaCl2 

1:280 Looks like there was no viscous 
solution outside this soft gel. A 
thin layer of liquid around the 
gel lump.  

 

10 1.6% (w/v) A 

28 mM CaCl2 

1:551 Some liquid in the vial, but very 
little. The gel looks like gel no. 
9, but maybe this have a small 
amount of liquid compared to 9. 
After a while there is more 
liquid in this vial, so no. 9 and 8 
is better. But it seems like this 
little amount of liquid is mixing 
with viscous solution. It is not 
that bad actually.  

Reduced both A and  

CaCl2 with 12.5%. 

11 1.5% (w/v) A 

28 mM CaCl2 

1:588 A small amount of liquid. The 
gel is hard but not as hard as 1 
and 7. 

 

12 1.6% (w/v) A 

18 mM CaCl2 

1:354 Looks like there is some viscous 
solution outside the gel. Unsure 
if this is a part of the gel or just 
the alginate solution that has not 
interacted with Ca2+. The gel 
lump is hard some places and 

Compared to no. 13  

the gel lump is softer.  
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soft other places.  

13 1.4% (w/v) A 

20 mM CaCl2 

1:450 Here it is a viscous solution but 
also a tiny amount of fluid 
liquid. The gel lump is hard 
some places but also soft other 
places.  
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A.3.4 Keltone 

The best ratio for Keltone was 1:906 (A:Ca2+) 

Table A10: Preparation of gels containing the alginate type Keltone 

 Final 
concentration 

Ratio A:Ca2+ Appearance Comment 

1 1.8% (w/v) A 

32 mM CaCl2 

1:613 Looks like an erythrocyte, but 
this is perhaps because of the 
magnet bar. Immediately after 
stirring it contains fluid liquid. 
The lump is not too hard, but 
neither soft.  

The solution of 
alginate was too 
viscous for the 
bar to have 
effect, and the 
vortex was used 

2 1.8% (w/v) A 

28 mM CaCl2 

1:536 Almost exactly the same as no. 1 
but less liquid here. Both of the 
gel lumps look like they contain 
a lot of liquid.  

Reduced the 
concentration of 
CaCl2 since 
previously 
finding suggests 
that increased 
CaCl2 increases 
the liquid outside 
the gel.  

3 1.8% (w/v) A 

24 mM CaCl2 

1: 460 Too much liquid. Does not look 
like there is less liquid here 
compared to the two others. 
Looks like two lumps sticking 
together.   

 

4 1.8% (w/v) A 

20 mM CaCl2 

1:383 Less liquid here compared to the 
others. The lump is soft. 

 

5 1.62% (w/v) A 

20 mM CaCl2 

1:426 All liquid is absorbed. The gel is 
not softer than no. 4 but maybe it 
is more fragile than no. 4. It 
seems like no. 4 is more whole.  

Reduced the 
alginate amount 
since no. 4 was 
good but a little 
too hard.  

6 1.44% (w/v) A 

20 mM CaCl2 

1:480 There was some liquid in excess. 
Not much, but no. 4 and 5 are 
better. The lump is mostly soft 
but has some places which are 
harder.  
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A.3.5 Protanal Ester SD-LB 

Since the Mw of this alginate types was not available it was not possible to calculate the 

“ideal” ratio between alginate and calcium.  

Table A11: Preparation of gels containing the alginate type Protanal Ester SD-LB 

 Final 
concentration 

Ratio 
A:Ca2+ 

Appearance Comment 

1 1.8% (w/v) A  

32 mM CaCl2 

NA The gel is very fluid, but the gel looks 
homogeneous. It looks like an Ibux gel. 
No liquid (neither fluid nor viscous) 
outside the gel.  

 

2 1.8% (w/v) A 

28 mM CaCl2 

NA Looks exactly the same as no. 1, no 
lumps, but it feels softer than no. 1.  
Previously experiments say that the less 
CaCl2 the less liquid will “develop” in 
the vial. Both 1 and 2 is quite good. 

 

3 1.8% (w/v) A 

24 mM CaCl2 

NA Seems like that the lower CaCl2 
concentration, the more fluid the gel 
will be. But also here no lump and no 
liquid outside the gel (neither fluid nor 
viscous) 

 

4 1.8% (w/v) A 

20 mM CaCl2 

NA No liquid in the vial. This one is also 
homogeneous and good. Not a lump but 
all of it is one whole gel.  

This is the best candidate so far.  

 

5 1.8% (w/v) A 

18 mM CaCl2 

NA It feels a little bit harder than no. 4.   

6 1.8% (w/v) A 

16 mM CaCl2 

NA No liquid. Immediately after 
preparation it doesn’t seem harder than 
no. 5.  

 

All of the gels with Protanal Ester had no liquid outside the gel. They looked more 

homogeneous and are quite good compared to the other alginate types.  

 


