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Abstract

Binding & Release of Biomolecules from Hyaluronic
Acid Macrogels with Cetylpyridinium Chloride as a
Model Surfactant
Sara Sandell

The purpose of this master thesis project was to investigate the penetration of
biomolecules into hyaluronic acid (HA) macrogels. The investigations were performed
both in the presence and in the absence of the non-biodegradable surfactant
cetylpyridinium chloride (CPC), which earlier has proved to form a micelle-rich shell
at the gel surface. In this work investigations were performed to see if properties of
the biomolecules used, such as size and charge, had any impact on the binding to the
HA gels both with and without CPC. The biomolecules used were the proteins
cytochrome c, lysozyme, hemoglobin and myoglobin and the polysaccharide dextran
of different molecular weights and labeled with fluorescein isothiocyanate.
Cetylpyridinium chloride was used as a non-biodegradable model surfactant for a
biodegradable betaine ester surfactant. The cetylpyridinium chloride was therefore
serving well when performing control studies for the biodegradable betaine ester,
because the two possesses similar properties. Investigations involving the betaine
ester surfactant was not included in this master thesis project. Also release studies
involving the labeled dextran and some of the proteins were performed in the
presence and absence of cetylpyridinium chloride. 
 
The binding of CPC to HA was investigated briefly as well as the microstructure of
HA gels saturated with CPC by means of small-angle X-ray scattering, SAXS, at
different salt concentrations. The microstructure-investigations indicated that at 10
mM NaCl a cubic ordered phase with space group Pm3n was achieved. When the salt
concentration was increased to 40 mM the microstructure was altered to a clear
face-centered cubic (FCC) structure. When increasing the NaCl concentration
further, to 150 mM, indication of an unordered micellar phase could be seen.  

Cytochrome c and lysozyme transport into HA gels, to which CPC had bound in an
earlier step, could be registered using UV-VIS spectrophotometry. Indications showed
that CPC and cytochrome c was distributed to different parts of the gel from
microscope pictures taken of the cross-section of gel samples at different time. 

From release experiments performed with fluorescein isothiocyanate-dextran no
conclusions could be drawn on how the different molecular weights of dextran
affected the rate and extent of the amount substance released. Neither could the
influence of CPC be elucidated. This since the extent of released amounts exceeded
100 % for many samples and the duplicate samples investigated showed different
behavior. 
   
The transport of cytochrome c, myoglobin and hemoglobin into HA gels with and
without beforehand treatment with CPC was evaluated qualitatively. The transport
into gels treated with CPC was successful and complete with cytochrome c and
myoglobin at lower degree of binding but was limited for the bigger protein
hemoglobin. When investigating the release of cytochrome c, myoglobin and
hemoglobin from HA gels the extent of released substance was lower with CPC
present in the solution compared without CPC present. Also some indications
showed that the bigger size of hemoglobin affected the rate of release from the gel.  
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1. Aim 

In this master thesis project the penetration of biomolecules into hyaluronic acid macrogels were to 

be investigated. The investigation was to be done both in the presence and in the absence of the 

non-biodegradable surfactant cetylpyridinium chloride which earlier has proved to form a shell 

surrounding the hyaluronic acid gel core. This was done to see if the biomolecules used were able to 

penetrate the shell of cetylpyridinium chloride. The cetylpyridinium chloride was used as a non-

biodegradable model surfactant for a biodegradable betaine ester surfactant. The cetylpyridinium 

chloride was chosen for being non-biodegradable why it serves for control studies for the 

biodegradable betaine ester, since the two have similar properties. The aim with the biodegradable 

betaine ester surfactant was to achieve encapsulation, controlled and triggered release of 

biomolecules from the hyaluronic acid gels.  Investigations involving the biodegradable surfactant 

was not included in this master thesis project.  The biomolecules used in the project were the 

proteins cytochrome c, lysozyme, hemoglobin and myoglobin and the polysaccharide dextran of 

different molecular weights and labeled with fluorescein isothiocyanate. The substances was chosen 

for the aim to investigate if properties of them, such as size and charge, had any impact on the 

release and binding to the gels both with and without cetylpyridinium chloride present in the gel or 

the surrounding solution.  

2. Introduction 

 

In this work the interactions between hyaluronic acid macrogels and different biomolecules, proteins 

of different kinds, a labeled polysaccharide, and the surfactant cetylpyridinium chloride have been 

investigated. The work involves method development for measuring the changes in concentration of 

the proteins and surfactant in contact with hyaluronic acid gels over time. It also involves the 

penetration of proteins into a hyaluronic acid macrogel from the outside, with and without CPC 

acting as a shell, as well as the other way around, release of the proteins from the inside of the 

macrogels into the surrounding medium.   

The interests of using hydrogels as drug carriers in pharmaceutical formulations have developed over 

the past decades. These drug delivery systems provide many benefits such as achieving desirable rate 

of release of a drug as well as delivering the drug to a specific target and at the same time evading 

release at places where the desired effect is not achieved, cause an adverse side effect or is a subject 

to metabolizing enzymes. Responsive gels can be used in such formulations when regulating the 

release of drugs. When altering the environmentally properties, such as temperature, pH and salt 

concentration the mesh size of the gel network are varied either enhancing or reducing the release 

of a drug that can be a protein or a peptide for example. Because of advances in the medical field 

new ways for treating many diseases have been developed often due to the availability of high 

molecular weight protein- and peptide-based drugs.  Proteins and peptides are especially interesting 

since delivering these to a specific target involves, among other things, avoiding denaturation when 

exposed to certain pH and enzymes. In the case with protein- and peptide-drugs hydrogels have 

proved to be used for effective and convenient administration of these compounds1.      
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2.1. Hylauronan 

 

Sodium hyaluronate (hyaluronan or hyaluronic acid) (abbreviated HA further on in the text) is a 

member of the glycosaminoglycans family. It is an unbranched polymer and is made up from D-

glucuronic acid and N-acetylglucosamine linked together with alternating β-1,4 and β-1,3 glycosidic 

bonds, as can be seen below in Figure 1. HA has a high molecular weight (105-107 Da) and is widely 

distributed in mammalian extracellular matrix as well as in some bacteria2. The structure of the 

molecule is similar and conserved between mammals of different species3.     

HA is easily soluble in water and a gel with hygroscopic and homeostatic properties is generated in 

water. The high solubility in water can be a problematic property for some applications such as tissue 

engineering where high stability is preferred though in some applications this property has proven to 

be beneficial such as in orthopedic surgery3.  HA shows viscoelastic behavior in its hydrated state, 

which means that neither the viscosity nor the elasticity is constant but they vary. Rapid movement is 

an example which reduces the viscosity at the same time as elasticity is increased and energy is 

stored and permits recovery from deformation4, 5. The length of the polymer chains, the degree of 

entanglement among the chains, cross-linking, pH, concentration and chemical modification are also 

physicochemical factors influencing the viscosity and elasticity of the gel3, 5. In solution the chains of 

the HA polymer shows a random coil structure and the size of this is influenced by the same 

physicochemical properties mentioned recently affecting the viscosity. The limited movement 

around the bindings in the HA polymer because of the rigidity of the disaccharide units creates some 

stiffness in the polymer chain6. Also separation of charged residues of the polymer chain due to 

repulsive forces and stabilizing of hydrogen bonds along the chain axis is factors influencing the 

stiffness of the polysaccharide4, 5. The strong anionic character of HA is one factor thought to be 

responsible for its high capacity to retain water that can be as high as 1000 times the weight of the 

gel4. HA is not stable in the body and the degradation and the turn-over rate of it is of interest when 

developing useful medical applications. The half-life of HA vary in different tissues and for different 

species, the half-life in the vitreous body can be up to 70 days for rabbit, and in joints 0.5 – 1 day for 

rabbit and horse and 2-4 days in the skin for rabbit and rat7. For man the half-life can vary between 

half a day up to 3 days for various tissues5.       

The biological functions of HA are various and one of the most important is its major contribution as 

an enhancer of the structure in the extracellular matrix. Example of areas where this enhancement 

takes place is the synovial fluid, the renal medulla, parts of the gut and other soft tissues5. The 

viscoelastic behavior that HA shows is why it also serves as a biological lubricant, especially during a 

rapid movement when it acts to reduce work. HA is especially present to do this in the fluid of 

synovial joints, tendon sheaths and bursae to mention a few5. HA is also involved in the body for 

maintenance of water homeostasis, though not serving this purpose alone but rather in complex 

interaction with other components. The water homeostasis ability of HA is contributed to its high 

resistance against water flow and therefore it builds an obstacle for sudden changes in water 

amounts in tissues. HA also show a nonlinear behavior in osmotic pressure, instead an exponentially 

behavior is exhibited, which also regulates the water levels in tissues where HA is present. With 

regard to this HA has a role as a neutral space filler in the body6.         

http://en.wikipedia.org/wiki/D-glucuronic_acid
http://en.wikipedia.org/wiki/D-glucuronic_acid
http://en.wikipedia.org/wiki/D-N-acetylglucosamine
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In a solution of neutral, physiological pH HA is negatively charged at the alternating carbohydrate 

units that make up the polymer; this is because all the glucuronic acid residues are fully dissociated8.     

The structure of the disaccharide unit building up the polymer is shown in Figure 1 both with and 

without the dissociated carboxylic acid residue of the D-glucuronic acid.  

 

   

Figure 1. One disaccharide unit building up the high molecular weight polymer of HA from D-glucuronic acid and N-

acetylglucosamine here linked together with a β-1,3 glycosidic bond (left). The abbreviation n represents the number of 

repeating disaccharide units in the polymer. At neutral pH the carboxylic acid residues of glucuronic acid are fully 

dissociated resulting in a negative charge at each repeating monomer unit (right).     

Due to the fact that HA is biodegradable, biocompatible, non-toxic, non-immunogenic and non-

inflammatory it has been used for a variety of applications in the medical field since it was first 

described 1934 by Karl Meyer2,3,9,10. At this point the polysaccharide was extracted from vitreous 

humor of cattle eye in the absence of strong hydrolytic agents10. It is a natural occurring polymer in 

most mammals; where it is mostly found in the skin, lung and intestine. As much as up to 50 % of the 

HA present in the body can be found in the recently mentioned places. Other places where HA can be 

found are the synovial fluid, the umbilical cord and the blood. Different routes of extraction and 

synthesis have been used for commercial products containing HA, for example extraction from 

animal tissues such as the cock’s comb and from microbial fermentation to mention a few9.   

The many applications of HA is not far from infinitive and the literature regarding it is extensive and a 

full review is not given in this report, though a brief overview is given below.  Example of addressed 

areas where HA is used is in tissue engineering with wound healing, inserted into cavities where it is 

to make a functional change as in joint pathologies for treatment of some forms of osteoarthritic 

joints and rheumatoid arthritis. Also it is used in ophthalmic surgery to avoid desiccation of the 

cornea and topically for prevention of dry eyes and to prolong the effect of antibiotics in the eye 

which would more readily be washed away with the tear fluid without HA present as a drug carrier. 

HA has also been used in other drug delivery applications for example target specific intracellular 

delivery of nucleotide therapeutics and long acting therapeutics of peptides and proteins and as 

extended release formulations of protein therapeutics . Recently HA has also reached an important 

role in the cosmetic industry where it is used as an injectable filler of wrinkles and contouring of 

different body parts3, 9.  
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2.2. Surfactant and proteins used  

 

2.2.1. Cetylpyridinium Chloride (CPC) 

 

Cetylpyridinium chloride (referred to as CPC further in the text) was used as a model surfactant in 

this work. The molecular structure is shown in Figure 2 and as can been seen it is a cationic 

surfactant with one positive charge per molecule. CPC is a quaternary ammonium compound and has 

proved to be antiseptic against a variety of bacteria and fungi under a range of conditions but it has 

also showed toxic behavior in many animal studies11, 12. Because of its antiseptic ability it has been 

used in many different products such as toothpastes, mouthwashes and lozenges. CPC has also 

proved to prevent dental plaque and is therefore sometimes used in orthodontic applications as an 

antiplaque agent13. Cetylpyridinium chloride is a toxic agent and due to this it is not appropriate using 

it in a pharmaceutical formulation. In this work it was used as a non-biodegradable model surfactant 

for control studies for a biodegradable non-toxic, biodegradable betaine ester surfactant.  

The surfactant was chosen in this work for its similar properties with the biodegradable betaine ester 

surfactant. This contributes to the possibility of using CPC when performing control studies and 

during method development. The ability of detecting CPC using UV-VIS spectrophotometry is 

beneficial for the methods used in this work. CPC had also been used as a model surfactant in recent 

work performed at the Department of Pharmacy at Uppsala Universitet involving  hydrogels and 

therefore it is well characterized and its properties have been investigated, which is another benefit 

using CPC in this work8, 14. 

The critical micelle concentration (abbreviated cmc), the concentration at which micelles 

spontaneously are formed in a system of surfactants, for CPC in 10 mM salt concentration (which was 

the salt concentration used throughout the work) is 0.23 mM15. The critical aggregation 

concentration (abbreviated cac) for CPC in 10 mM salt concentration in contact with a HA gel has 

been determined to 0.032 mM earlier14. The critical aggregation concentration is the concentration 

at which aggregates are formed of the surfactant and a charged polymer when they are in contact. 

The cac-value is often lower than the cmc-value for the surfactant. When ionic surfactants are in 

contact with a charged polymer the two will associate, creating a complex while the charges of the 

surfactant and the polymer are neutralized. This interaction is more favorable than separation of the 

species. This is because the interaction between the surfactant and the polymer enables the 

surfactant to form micelles which in turn are stabilized by the charges of the polymer. The formation 

of micelles is energetically favorable since entropy is increased in the system. At the same time as the 

formation of micelles takes place and these form complexes with the charged polymer, counterions 

bound to the polymer is released which is also contributing to the increase in entropy and gain in 

free energy for the system.  This explains the lower value of cac compared to cmc8.    

 

Figure 2. The structure of cetylpyridinium chloride (CPC) used as the model surfactant. 
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Several surfactants have proved to interact with globular proteins, and some ionic surfactants even 

possess denaturizing powers. A biological active protein is folded in a specific way adopting a special 

conformation known as the native state. Chemical compounds, such as some surfactants, have the 

ability to interact with proteins causing unfolding and therefore the protein is denatured and loses 

the biological activity. For example Sahihi et al., (2010) investigated the thermodynamic denaturation 

of β-lactoglobulin with CPC16. Also CPC has the ability to denature both human and bovine 

hemoglobin, a protein used in this work. Mitjans et al., (2008) showed a decrease in the absorption 

peak and changes in the maximal absorbance for both human and bovine hemoglobin indicating 

denaturing after treating them both with CPC, though human hemoglobin was more affected than 

the bovine form17. Since hemoglobin is in contact with CPC during some studies performed in this 

work the denaturing factor is not unimportant.    

2.2.2. Cytochrome c  

 

Cytochrome c was in this work used as a model protein and it was extracted from horse heart and 

had an average molecular weight of 13 kDa. The shape of cytochrome c is a sphere with a diameter, 

given in the literature, of 30 Å18. The hydrodynamic radius of horse heart cytochrome c in the native 

state is given in the literature as 17.8 Å and under strongly denaturing conditions at pH 2 as 32.6 Å, 

both values determined using pulse field gradient NMR methods19.  

Cytochrome c is present in the body where it acts as an electron carrier in the mitochondria in the 

process of making energy in the cell. Apoptosis is another process where cytochrome c is thought to 

be involved in mammalian cells20. In some bacteria the protein is involved in a variety of biochemical 

processes, respiration is an example of this20.    

Cytochrome c was not chosen for its potential as a protein drug or because of its natural functions in 

the body, it was chosen as a protein model because of its properties. Cytochrome c is a relatively 

small protein, it is also one of the most extensively investigated proteins and therefore well 

characterized20.  It is known for its thermodynamic stability. The structural stability is one of the most 

prominent reasons why cytochrome c is often used as a model protein. Also the globular shape of 

the protein is contributing to its popularity. The red color of it is beneficial due to the simplicity of its 

detection using UV-VIS spectrophotometry. Because of the protein having a high helical content and 

a heme cofactor present in the structure it can be detected using several other spectroscopic 

techniques as well.  Another advantage of cytochrome c is its high solubility in water20.  

A drawback using cytochrome c in small amounts, as for the case when preparing dilute solutions, is 

the difficulty of weighing in the powder due to it electrostatic behavior affecting the accuracy. 

Though this was my own reflection and seemed to be a problem with all proteins used in this work, 

not only cytochrome c. This problem could be minimized to some extent by preparing more 

concentrated stock solutions which could be diluted to desirable lower concentrations.   

The protein consists of about 100 amino acids, 13 carboxylic groups, negatively charged and 23 

amine groups, positively charged, this together with a high isoelectric point (pI) of 10.3 makes the 

protein positively charged over a large pH interval. This implies that since pI > 7 cytochrome c is 

positively charged at neutral pH21. At neutral pH cytochrome c has a net charge of +7 and therefore 

due to electrostatic interaction it can interact with the dissociated negatively charged HA gel21.  
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2.2.3. Lysozyme  

 

Lysozyme used in this work was extracted from chicken egg white and had an average molecular 

weight of 14.3 kDa. The lysozyme molecule can be seen as an ellipsoid with dimensions of the two 

diameters approximated to 35 Å and 45 Å respectively18. The hydrodynamic radius of hen lysozyme 

with 129 amino acid residues, given in the literature, is 20.5 Å in the native folded state and 34.6 Å 

under strongly denaturing conditions, at pH 2 and 8 M urea19. Both these literature data values were 

determined using pulse field gradient NMR techniques19.  

The protein is part of a family of enzymes present in every animal in egg white, as used in this work, 

but also in saliva, tears, mucus and human milk. The natural function of lysozyme is damage of 

certain bacterial cell walls by catalysis of specific glycosidic bonds which makes it a part of the 

immune system22.  

Neither was the use of lysozyme, as was the case with cytochrome c, in this work due of its natural 

function as an enzyme, but because of its properties.  

The similarities between lysozyme and cytochrome c are the size, shape and net charge. Lysozyme 

has an isoelectric point of 1121. There are 129 amino acids in lysozyme and 18 of these have cationic 

residues and 12 of these have anionic residues23. The net charge for the protein at physiological pH in 

the literature is varying between 8 and 10. The value for the charge at physiological pH used in this 

work was 8.5 and this value was used throughout all calculations involving lysozyme, since the actual 

pH used in the experiments performed with lysozyme was 7.4.    

Differences have been observed for lysozyme and cytochrome c. Lysozyme molecules have short-

range attractive forces between them under many different conditions which make them have a 

higher tendency for self-aggregation than cytochrome c. For cytochrome c more often net repulsive 

forces are present between the molecules at least at lower salt concentrations and lower protein 

concentrations24, 25, 26, 27. Behavior such as the interaction between protein molecules can be 

determined using the second viral coefficient. As a result the pattern of protein-protein interactions 

of lysozyme are more complex than those shown by cytochrome c and this makes comparison 

between the two interesting24, 26. Ionic strength, pH, salt type, salt concentration and protein 

concentration are a few factors to be mentioned influencing the protein-protein interactions which 

can give rise to very complex situations and change as these factors are altered and varied in 

different ways 25, 27.        

2.2.4. Hemoglobin 

 

The hemoglobin used in this work was extracted from bovine blood and had an average molecular 

weight of 64.5 kDa. The shape and dimensions of hemoglobin found in the literature are somewhat 

varied, one reference claiming the molecule to be nearly spherical with a diameter of 55 Å while 

another older reference claiming it to be a slightly elongated spheroid with dimension of 65*55*50 

Å28, 29. The hydrodynamic radius of bovine hemoglobin in phosphate buffer at pH 7.1, ionic strength 

10 mM and protein concentration 5 mg/mL is approximately 31 Å according to literature data where 

the radius had been determined using static and dynamic light scattering30. This value is an 
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approximation of the hydrodynamic radius in this work. Though both a slightly higher pH of 7.4 in the 

same type of buffer solution and a lower pH of 5.2 in acetate buffer is used for the experiments in 

this work where hemoglobin is included and this is factors affecting the value of the radius and it 

should be kept in mind when using the approximation of 31 Å. Hemoglobin has a quaternary 

structure which consists of four polypeptide subunits, two α units and two β units.  

 

Hemoglobin is present in the red blood cells of vertebrates where it serves to carry oxygen from the 

lungs to regions in need of this, especially to the skeletal muscles where the need of oxygen is large. 

The ability of binding oxygen is due to the presence of the heme group which is also responsible for 

the typical red color of the protein. The heme group consists of an organic carbon frame made up of 

four pyrrole groups binding an iron atom in the middle and this is what gives the protein its color and 

its intensive absorbance peak around 410 nm31. The larger size of hemoglobin, compared to 

cytochrome c and lysozyme, and the possibility of detecting it using UV-VIS spectrophotometry was 

factors influencing the choice of using hemoglobin as a protein model in this work.The intention was 

to see what properties of a protein potentially influencing the binding and release to and from HA 

macrogels. One factor thought to be of importance was size, why a larger protein would be desirable. 

Since hemoglobin satisfied this claim it was chosen. As it also possessed UV-VIS spectrophotometric 

properties the developed method for binding and release of proteins to HA macrogels that had been 

tried out and developed in this work (this is described in the experimental section 3) for cytochrome 

c, lysozyme and also to a certain extend for fluorescein isothiocyanate- dextran, could be tried also 

for hemoglobin.  

The charge of the hemoglobin molecules at pH 5.2 was approximated to 10 and at physiological pH 

7.4; hemoglobin is almost uncharged. These were assumptions made throughout the work based on 

values found in the literature of the charge and isoelectric point (pI=7.13) of hemoglobin32, 33. All 

values used for calculations in the work can be seen in Table 1 in section 2.3.2.      

2.2.5. Myoglobin 

 

The myoglobin used in this work was extracted from equine skeletal muscle and had an average 

molecular weight of 17 kDa. Myoglobin is mostly found in muscle tissue of vertebrates. It is found in 

large amount in skeletal muscles where it serves as storage of oxygen. Myoglobin lack quaternary 

structure in contrast to hemoglobin, described in section 2.2.4, but the oxygen carrying capacity is 

present for myoglobin as for hemoglobin. The heme group is also present in myoglobin giving the 

protein its characteristic red color and, because of this, an intensive absorbance peak around 410 nm 

just as in the case for hemoglobin31. Myoglobin is a single chain globular protein consisting of eight 

helices which is making its secondary structure somewhat unusual due to the high percentage (up to 

75 %) of helical structure23, 31. Crystallographic studies have revealed the three-dimensional structure 

of the single chained polypeptide which showed that the protein was folded into a compact structure 

with no free space on the inside and dimensions of approximately 45*35*25 Å31. The hydrodynamic 

radius of horse myoglobin given in the literature, determined using pulse field gradient NMR 

methods, for the folded protein is 21.2 Å in its native state19.      

The isoelectric point of myoglobin given in the literature is around 7.323. At physiological pH 

myoglobin is approximated in this work to be uncharged because of the isoelectric point given above. 

Myoglobin was used in this work as a protein model in studying both the binding and release to HA 
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macrogels in the absence and presence of CPC, the experimental setup for these experiments are 

described in detail in section 3.7. All values used for calculations in the work can be seen in Table 1 in 

section 2.3.2.      

2.2.6. Fluorescein isothiocyanate-dextran  

 

The labeled dextran used in this work was of different molecular weights and release of these from 

HA macrogels were investigated. The different molecular weights of the labeled dextran were 10 

kDa, 40 kDa and 70 kDa. The aim of this investigation was to see if the size of the substance 

incorporated in the HA gel would be an influencing factor for the rate and extent of release from the 

gel, the detailed experimental setup can be studied in section 3.6.  

Dextran is a branched polysaccharide made up from a varying number of glucose molecules, while 

fluorescein isothiocyanate is a derivate of fluorescein functionalized with an isothiocyanate group. 

The fluorescein isothiocyanate is conjugated to the glucose monomer units of the dextran enabling 

studies of dextran using UV-VIS spectrophotometry among other techniques. This is beneficial for the 

methods used in this work. The extent of labeling of the dextran polymers with fluorescein 

isothiocyanate is the same for all different molecular weights used in the work and in the range  

0.003 – 0.020 mol per mol glucose, according to the provider Sigma-Aldrich. The labeled molecule is 

conjugated to the dextran randomly at any free hydroxyl group according to the provider. The 

approximated Stokes’ radius, a type of hydrodynamic radius, for the labeled dextran is 23 Å for the 

10 kDa dextran, 45 Å for the 40 kDa dextran and 60 Å for the 70 kDa dextran which is data provided 

by the manufacturer Sigma-Aldrich. The polydispersity for the different labeled dextran molecules 

were not available from the provider Sigma-Aldrich. From the literature the polydispersity index (PDI) 

for fluorescein isothiocyanate-dextran of molecular weight 40 kDa provided by Sigma-Aldrich had 

been determined to 1.3 using size-exclusion chromatography at the same time as the average 

molecular weight of the product substance was determined to 31 kDa34. The determination of the 

polydispersity of the labeled dextran products of average molecular weight 10 kDa and 70 kDa, used 

in this work, was not given by the provider neither was determined values found in the literature. 

Though the polydispersity for a range of fluorescein isothiocyanate-dextran with weight-averaged 

molecular mass of 4.4-2000 kDa is given in the literature to be between 1.25 and 1.5 from products 

provided by Sigma35. Since the PDI was 1.3 for the product with molecular weight 40 kDa the values 

for the PDI of the products with molecular weights of 10 kDa and 70 kDa respectively should no vary 

too much from the value determined for the 40 kDa product and they probably are in the range 1.25 

to 1.5.      

2.3. Theory 

 

When mixing a polyelectrolyte and surfactant of opposite charge, they often show a behavior of 

phase separation. Only a small amount of surfactant to a polyelectrolyte solution is needed for the 

separation to happen and for them to form a new dense phase36.  

It has been shown earlier that when a polyelectrolyte gel, such as hyaluronic acid, comes in contact 

with an oppositely charged surfactant, in this case CPC, the surfactant will diffuse into the gel where 

micelles are formed. The formation of micelles starts at the critical aggregation concentration, cac, 
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which is lower than the critical micelle concentration, cmc. A local collapse of the network, starting at 

the surface of the gel, is the result of the micelles being formed37. The consequence is creation of a 

dense phase at the surface, called skin or shell, which is rich in micelles and surrounds a swollen 

micelle-free core. As the amount of surfactant increases the skin will develop further at the same 

time as the core is more compressed, this is done until the whole gel is collapsed37.     

It has also been shown that cytochrome c uptake from an aqueous solution to a sodium polyacrylate 

microgel, weakly cross-linked, distributes evenly in the gel, forming swollen complexes, a result 

which has also been confirmed for macrogel uptake of the same protein21, 38.  The interaction 

between HA and cytochrome c have been investigated in earlier master thesis projects. One example 

of a master thesis recently performed at the Department of Pharmacy, Pharmaceutical physical 

chemistry at Uppsala Universitet and Q-Med AB the interaction between hyaluronic acid gels and 

cytochrome c and CPC was investigated separately as a protein model and a surfactant model. It 

showed that cytochrome c strongly interacted with the gel at low salt concentrations and formed a 

homogenous phase with the gel. Also the interaction between CPC and hyaluronic acid proved to be 

strong, though not forming a homogenous phase; instead a separate outer phase together with a 

swollen gel core was the result14.  Another example is a master thesis project where the release of 

cytochrome c from NASHA® gels was investigated. This study indicated that salt influenced the 

volume change of the gels as well as the release kinetics39. 

Also the uptake of the other similar protein, lysozyme, to polyacrylate microgels has been studied 

and confirmed40.  Although the distribution for lysozyme, in the oppositely charged microgel, was 

nonuniformly. Here the concentration of lysozyme proved to be higher in the shell, which was 

created during the interaction, compared to the core of the gel. The uptake of the protein was 

proved to take place in two different stages, first the shell was formed and no lysozyme diffused into 

the core meanwhile rapid deswelling took place which was followed by lysozyme diffusion into the 

core and negligible deswelling40.  

Also the proteins that are to be used in this master thesis project, cytochrome c and lysozyme have 

proved to interact with sodium polyacrylate gels, lightly crosslinked. Due to the positive charge of 

these proteins, absorption to the polyacrylate gels was demonstrated at different pH values and ionic 

strengths21. 

The same people have also showed that what drive sorption of charged proteins from water 

solutions to polyionic fragments in a gel network of opposite charge is electrostatic interactions 

which results in strong binding. When a charged protein is absorbed by the polyelectrolyte hydrogel 

a charge-equivalent number of counterions are released, initially neutralizing the protein molecules 

and the hydrogel network. This process makes the system gain free energy since the entropy is 

increased when the counterions are released and therefore the formation of a complex between the 

protein and the hydrogel network is favored18. The degree of binding can be differed increasing the 

salt concentration or changing the pH for example.  For cytochrome c adding a low molecular weight 

salt or changing the pH can cause a controlled release of the protein from a polyelectrolyte gel of 

opposite charge41.     
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2.3.1. Microstructure 

 

Small-Angle X-ray Scattering, SAXS was used in this work for investigation of HA gels to which the 

surfactant CPC have been bound, the HA gels were then placed in solutions of different salt 

concentrations to investigate if any change in the structure were observed and if ordered phases 

could be acquired. SAXS is a useful technique when determining the microstructure in colloidal 

systems. In the method, X-rays of wavelength 1-5 Å are passing through the sample while interacting 

with electrons. Depending on the electron density distribution in the sample, the intensity of the 

scattered light at different angles are altered and this in turns are dependent on the molecular 

distribution in the sample, which in turn can be determined using this technique. Size and shape of 

particles and aggregates can be determined using the method for colloidal systems as well as 

structures in fluids and ordered phases.  An ordered phase system therefore gives rise to spectra 

with distinct peaks at specific angles. The scattering are observed because of destructive or 

constructive interference at certain angles equal to the distances between aggregates in the 

structure.   

2.3.2. Equations and constants  

 

The degree of binding or the charge ratio abbreviated β is calculated throughout the work from 

equation ( 1 )  and equation ( 2 )  below.   

            
[        ]   

[        ]   

 
                

                      

 

  

    
        

  

                
         

  ( 1 ) 

 

            
[        ]   

[        ]   

 
                  

                      

 

  

    
          

  

                
         

  ( 2 ) 

 

Where [        ]    is the concentration of charges from the protein in the HA gel,           is the 

number of moles of the protein bound to the gel,          is the number of  positive charges per 

mole of the protein,    and      are the mass and molecular weight of the bound protein 

respectively.  

[        ]    is the concentration of charges from the surfactant in the HA gel,           is the 

number of moles of the surfactant bound to the gel,           is the number of positive charges per 

mole of the surfactant,    and      are the mass and molecular weight of the bound surfactant 

respectively. 

 [        ]    is the concentration of charges from the HA gel sample and               the 

number of moles disaccharide units in the sample and          is the number of  negative charges 

per disaccharide unit (equal to 1 at physiological pH) and    is the dry mass of each HA gel sample 

and                  is the molecular weight of one disaccharide unit (equal to 401,1 
 

   
).  
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The only surfactant used in the work was cetylpyridinium chloride (CPC) as can be seen in section 

2.2.1 and the values used in equation ( 2 ) for calculations regarding the degree of binding were the 

following;   

              
 

   
 

            

There were a number of proteins used in the work and they are specified in sections 2.2.2, 2.2.3, 

2.2.4 and 2.2.5 and the values used in equation ( 1 ) for calculations regarding the degree of binding 

were set to values according to Table 1 below.   

Table 1. The values used for calculations of the degree of binding, β, for the different proteins used during the work.  

Protein 

     

(
 

   
) 

        

at pH 7.4 

        

at pH 5.2 

Cytochrome c  13 000 7 7 

Lysozyme  14 300 8.5 
Not needed for 

experiments 

Myoglobin 17 000  ≈ 0 ≈10 

Hemoglobin 64 500  ≈ 0 ≈10 

 

The Lambert-Beer Law is shown below in equation ( 3 ).  

          ( 3 ) 

 

Where A is the absorbance, b is the path length for the light through the cuvette in centimeters, c the 

molar concentration and ε is the molar absorption coefficient. 

The Lambert-Beer law, equation ( 3 ), was in this work used for determination of the molar 

absorption coefficient for the surfactant and  the different proteins in either water or buffer solution 

used during the work. The values of the established molar absorption coefficients are shown in the 

section for Results and discussion.  In all cases the determination was done in the same way; 

solutions of known concentrations were prepared and the absorbance were measured at the 

wavelength were the protein or the surfactant was known to show absorbance. The range for the 

concentrations was adjusted so that the corresponding absorbance values would be in the range for 

which the spectrophotometer shows best accuracy and the Lambert-Beer Law is linear (according to 

manual 0.1-0.9 Absorbance units). The absorbance was then plotted against the molar-concentration 

and by using linear regression the molar absorption coefficient could be determined since the 

Lambert-Beer Law states linear relationship between absorbance and concentration with the molar 

absorption coefficient as a constant. The plotted standard curves for the proteins and the surfactant 

are shown in Appendix II. The only protein where no determination of the molar absorption 
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coefficient was made was for lysozyme where the value was taken from the literature and the value 

at wavelength 281 nm was set to                       21.   

When analyzing the results from SAXS data for determination of the microstructure for saturated HA 

macrogels with CPC Bragg’s law was used. Bragg’s law describes the angles for coherent and 

incoherent scattering from a crystal lattice, the angle between the scattered and the incident beam, 

  , can be related to the scattering vector, q, and the lattice spacing, d, as shown in equation ( 4 ) 

below.   

     
  

 
 

 

 
     

 

 
 ( 4 ) 

In equation ( 4 )   is the wavelength of the radiation used and the abbreviation h, k and l are the so 

called Miller indices that specifies what planes in the structure that is causing the scattering . As an 

example, in a cubic phase the ordered structure is in three dimensions and the Miller indices can 

assume values of positive integers as well as zero.   

For cubic phases the Miller indices h,k and l and the lattice spacing, d, for a set of h, k and l are 

related to the length of the cubic unit cell, a, as shown in the expression in equation ( 5 ) below.  

     
 

√        
 ( 5 ) 

  

3. Experimental  

3.1. Chemicals  

 

Hyaluronic acid sodium salt (HA) from Streptococcus equi sp. (protein ≤1%) was from Fluka 

Analytical. Cytochrome c from horse heart (≥ 95 % (HPCE)) was from Fluka. Lysozyme, from chicken 

egg white (≥90%, lyophilized powder) was from Sigma-Aldrich. Hemoglobin from bovine blood 

(lyophilized powder) was from Sigma-Aldrich. Myoglobin from equine skeletal muscle (95-100 %, 

lyophilized powder) was from Sigma-Aldrich. Fluorescein isothiocyanate-dextran of average 

molecular weights 10 kDa, 40 kDa and 70 kDa respectively were all three from Sigma-Aldrich. 

Cetylpyridinium chloride monohydrate (CPC) (98 %) was from Aldrich. Divinylsulfone (DVS) (97%) was 

from Aldrich. Sodium hydroxide (NaOH) (reagent grade, ≥98%, pellets (anhydrous)) was from Sigma-

Aldrich. Sodium chloride (NaCl) (puriss. p.a. ≥99.5 % (AT)) was from Sigma-Aldrich. Sodium acetate 

(puriss. p.a., ACS reagent, anhydrous ≥99.0% (NT)) was from Fluka Chemie AG. Sodium phosphate 

monobasic monohydrate (ACS reagent, 98-102 %) was from Sigma-Aldrich. Sodium phosphate dibasic 

(ReagentPlus®, ≥ 99 %) was from Sigma. Paraffin oil was from Brenntag. Silicone oils of density 1.06 

and 1.09 respectively, manufacturer and provider unknown. All chemicals listed above were used as 

received and without further purification. Purified Milli-Q water was used throughout the work. 
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3.2. Synthesis of HA macrogels  

 

The HA gels used in all experiments were synthesized from a powder of hyaluronic acid sodium salt 

which was poured into a solution of 0.4 M NaOH, which gave approximately 16 mL solution. The 

solution of HA and NaOH was removed to a disposable syringe where divinyl sulfone (DVS) was 

added, which acted as a cross-linking agent. The structure of divinyl sulfone is shown in Appendix I in 

section 8.1.1 in Figure 27. The amount DVS solution was approximately 13 µL per 0.05 g HA, which 

was equivalent to around 1 mL solution of HA (the total volume of the HA solution was approximated 

in the disposable syringe using the graduated marks for volume).  The DVS was added under heavy 

stirring and the disposable syringe was used to mold the gels to spheres of as equal size and shape as 

possible. This was done in a plastic box containing a mixture of two different silicone oils and paraffin 

oil, all three with different densities. The lid of the plastic box had holes of a few millimeters in 

diameter in which the reaction mixture was poured creating sphere-shaped gels. The experimental 

setup is shown below in Figure 3, in a schematic sketch.   

 

Figure 3. The experimental setup for synthesis of HA macrogels. 

After removing the gels from the oil they were neutralized in a solution of HCl, to prevent the 

degradation of the gels caused by the earlier added NaOH. After neutralizing the gels they were left 

in a large volume of acetate buffer of pH 5.2 and ionic strength 10 mM. This step was repeated two 

times. The gels were then dried in room temperature and room humidity. How time-consuming the 

drying was depended on the size of the gels, but can be estimated to a few weeks. The gels from the 

different batches were then weighed and sorted according to their weight and batchnumber. The 

sorting was done to facilitate the upcoming experiments where gels of as equal size as possible and 

from the same batch should be used in as high extent as possible. In order to determine the true dry 

weight of the gels, a few gel samples from the lower size range and a few from the higher size range, 

were chosen and dried further in an oven over night at 105 °C. The mean values of the dry weight 

were calculated as well as the standard deviation in these, this was done also to see if the water 

content prior to drying was different for those gels in the lower size range compared to those in the 

higher size range.     

A notation is that at the end of the project new gels were synthesized using the same experimental 

setup just described above with the adjustment of the amount DVS added to the reaction mixture of 

HA and NaOH. The amount of DVS for these gels were adjusted to 10 µL per 0.05 g HA, this 

adjustment was done because of results from prior experiments indicating that the earlier 

synthesized gels were somewhat inhomogeneous and contained a high amount of DVS which 

affected the outcome of the experiments. This is discussed further in the section for Results and 

discussion for each experiment performed.     
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The degree of cross-linking in all the HA gels synthesized throughout the work was not investigated. 

This can be seen as a drawback. The degree of cross-linking in the gels would be of importance when 

evaluating some of the results in the work. 

3.3. CPC/HA binding 

 

3.3.1. Binding investigation  

 

The binding of CPC to HA in water as well as in phosphate buffer, pH 7.4 and ionic strength 10 mM, 

was investigated. 

Gels dried at room temperature and room humidity were swelled and equilibrated in phosphate 

buffer of pH 7.4 and ionic strength 10 mM. The amount of buffer was adjusted to the size of the gel 

(approximately 80 mL buffer per gram gel), due to the difference in size of the gels. The gels were 

chosen to be as equal in size as possible.  The gels were swelled and equilibrated for 24 hours 

minimum, or in most cases longer time. Solutions of CPC in the phosphate buffer and solutions of 

CPC in water were prepared in quartz cuvettes. The CPC concentration was such that the      

surfactant/polymer charge ratio (           ), calculated using equation ( 2 ) from section 2.3.2,  for 

each individual gel was 0.4 maximum. The surfactant/polymer charge ratio of 0.4 was chosen based 

on prestudies made for the system of HA and CPC. This value was chosen since the volume change of 

the HA gel would not be extensive. A large volume change of the gel was not desirable since this 

might would affect the binding and release studies performed throughout this project.   

A baby magnet was also placed in each quartz cuvette for stirring the solution. The swelled and 

equilibrated gels were placed in wire baskets which in turn were placed and lowered into the CPC 

solutions of the quartz cuvettes. The experimental setup is shown in Figure 4 below. The absorbance 

of the solutions were measured at regular time-intervals at wavelength 260 nm using a Spectronic® 

Genesys 5™ spectrophotometer . While measuring absorbance, the wire baskets with the gel samples 

placed in them were removed from the solutions.   

 

Figure 4. The experimental setup for studying the CPC/HA binding. 

The absorbance values were converted to CPC concentration values using the Lambert-Beer Law, 

equation ( 3 ), were the molar absorption coefficient, ε, was determined by constructing standard 

curves for both CPC dissolved in phosphate buffer, with pH 7.4 and ionic strength 10 mM, as well as 

CPC dissolved in water. The calculated values, the standard deviation and the relative standard 

deviation are shown in section 4.1.1 in Table 2. Three standard curves were constructed at three 
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different occasions for CPC dissolved in phosphate buffer and water respectively. The derived molar 

absorption coefficients were derived as an average value from the three standard curves constructed 

for each medium.  

Digital photos were taken of whole HA-gel samples after CPC binding had occurred and after slicing 

the gels. Also photos were taken using a light microscope equipped with a UV-lamp.   

3.3.2. Microstructure of CPC/HA macrogels at different salt concentrations  

 

The microstructure of HA-gels prepared in CPC solutions, such that the surfactant/polymer charge 

ratio              ), calculated using equation ( 2 ) from section 2.3.2, was investigated using 

SAXS. Four different samples were investigated,  the first one was placed in phosphate buffer 

solution, pH 7.4 and ionic strength 10 mM, and the three following samples were placed in solutions 

of NaCl of different concentration, the concentrations being as follows; 10 mM, 40 mM and 150 mM. 

This was done in order to see if ordered phases of CPC could be acquired in the buffer solution or in 

any of the concerned salt concentrations. The HA gels used were bigger in size than the samples used 

during the binding investigation, being in the size range 0.04 g to 0.05 g. As for the rest, the gels were 

prepared in an equal way as described for the binding investigation. They were swelled and 

equilibrated in phosphate buffer, pH 7.4 and ionic strength 10 mM (the approximate amount being 

80 mL buffer per gram gel), and then placed in CPC solutions of individually adjusted concentrations 

corresponding to               . The gels were left in the CPC solution for 13 days and in the salt 

solutions for about a week before they were analyzed. The analysis was performed at the 

synchrotron facility in Grenoble, France, by Cedric Gommes.     

        

3.4. Binding of cytochrome c in HA/CPC  

 

The penetration of cytochrome c into a HA macrogel with a beforehand created shell of CPC was 

studied. The gels used were prepared as described in section 3.2. Dry gels were equilibrated in 

phosphate buffer, pH 7.4 and ionic strength 10 mM (80 mL buffer per gram gel), and lowered down 

in a wire basket in a solution of CPC and water. The CPC concentration was suited and such as it 

would make             maximal 0.4, calculated using equation ( 2 ) from section 2.3.2. 

An absorption spectrum for cytochrome c in water was determined in the range of 200-700 nm and 

cytochrome c appeared to have maximum absorption at 408 nm.  

Solutions of cytochrome c dissolved in water were prepared in plastic cuvettes. The concentration of 

cytochrome c was adjusted with water so it would correspond to a protein/polymer charge ratio 

(           ) of 0.01, calculated using equation ( 1 ) from section 2.3.2. The HA gels were placed in 

wire baskets and lowered down in the solutions of cytochrome c in the same way as shown in Figure 

4. The penetration of cytochrome c through the CPC shell and into the HA gel was followed by 

measuring the decrease of concentration of cytochrome c in the surrounding solution at regular 

intervals at wavelength 408 nm. While measuring the wire basket with the gel was removed from the 

solution.  
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One sample was also made when a HA-gel was placed in a mixture of CPC and cytochrome c in a 

water solution. The concentration of CPC was corresponding to                , and the 

concentration of cytochrome c was corresponding to                 , as was the case described 

above though a beforehand created shell of CPC was not present. The gel sample was photographed 

after 1 day in the solution using both digital camera and the light microscope equipped with the UV-

lamp. No spectrophotometrical measurements were made for the described sample.  

The molar absorption coefficient, ε, of cytochrome c in water solution at wavelength 408 nm was 

determined. The calculated value, the standard deviation and the relative standard deviation is 

shown in section 4.2.1 in Table 3. Three different standard curves were constructed at different 

occasions and the molar absorption coefficient was derived as an average value of the three curves.        

 

3.5. Binding of lysozyme in HA with and without CPC 

 

The binding of lysozyme to HA macrogels were studied. The experiments performed involved HA gels 

with a beforehand created CPC shell and without CPC present to see if any difference between the 

cases could be distinguished.  

The gels with CPC shells were prepared as described in section 3.3, equilibrated in phosphate buffer 

and lowered down in a solution of CPC and water.  The CPC concentration was adjusted so the 

surfactant/polymer charge ratio (           ) was 0.4 maximum, calculated using equation ( 2 ) from 

section 2.3.2. 

An absorption spectrum for lysozyme in water was determined in the range of 200-700 nm and 

lysozyme appeared to have maximum absorption at 281 nm.  

Solutions of lysozyme were prepared in quartz cuvettes. The concentration of lysozyme was set to 

correspond to a maximum protein/polymer charge ratio (           ) of 0.02, which was calculated 

using equation ( 1 ) from section 2.3.2. The same experimental setup, with wire baskets containing 

the gels in the cuvettes, shown in Figure 4 was used during the experiments with lysozyme as for 

studying the HA/CPC kinetics and the binding of cytochrome c to HA. The binding of lysozyme to HA 

and penetration of the CPC shells were followed by measuring spectrophotometrical the decrease in 

lysozyme concentration in the solution at regular time intervals at wavelength 281 nm. While 

measuring the absorbance of the solution, the wire basket and the gel was removed from the 

cuvette to prevent them from influencing the measured absorbance values.     

The experiments were also repeated using both the same and a higher concentration of lysozyme 

which corresponded to a maximum protein/polymer charge ratio (           ) of 0.02 and 0.1 

respectively. In the repeated experiments reference samples were prepared, which were HA gels 

without a beforehand created CPC shell. The reference samples were compared to samples of  HA 

gels with a beforehand created CPC shell prepared as described in section 3.3 where the 

surfactant/polymer charge ratios (           ) were, as in the previous tests performed, 0.4. The 

reference samples had been equilibrated in phosphate buffer, pH 7.4 and ionic strength 10 mM (80 

mL buffer per gram gel), before put in the wire baskets and lowered down in the lysozyme and water 
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solutions in the same way as in Figure 4. Spectrophotometrical measurements were made at regular 

time intervals at wavelength 281 nm. 

The gels were documented using a digital camera, both the whole gels and the cross sections after 

slicing the gels. Pictures were also taken of the sliced samples using the digital camera and the UV 

lamp of the light microscope to enhance the resolution. In addition the documentation of the HA gel 

sample, described in section 3.3 when studying the CPC/HA binding, was used to facilitate and 

complement the analysis of the pictures gained when involving both lysozyme and CPC as well as 

lysozyme alone.    

 

3.6. Release & binding of Fluorescein isothiocyanate–dextran  

 

The binding of fluorescein isothiocyanate-dextran, abbreviated FITD, with different molecular 

weights to HA macrogels with and without CPC shells were studied. This was done to see if the rate 

of release depended on molecular weight of the substances incorporated in the gel samples.  Dry 

gels of as equal weights as possible were fed with highly concentrated solutions of FITD with 

molecular weight 10 kDa, 40 kDa and 70 kDa respectively. The amount of added FITD solution was 

optimized to 7.5 mL per gram HA gel. Bigger amounts of the solution fed to the gel were also tested 

in some experiments but were found to not be optimal due to the fact that a large amount was not 

absorbed in the gel, resulting in that the gel did not contain the amount of FITD needed for 

spectrophotometrical measurements in the upcoming release studies. The gels fed with FITD were 

left to equilibrate in eppendorf tubes of 2 mL, in order for most of the FITD solution to be absorbed 

by the gel, and distributed uniformly in the gel. The gels were left to equilibrate for a few days, but as 

short as 1 day were also tested, in the absence of light. This was done since there was a possibility 

that degradation of FITD would take place which in turn could affect the results in the upcoming 

experiments.    

Solutions were prepared in plastic cuvettes with phosphate buffer, pH 7.4 and ionic strength 10 mM, 

both with and without CPC added.  In the solutions where CPC was present the concentration was 

such that the surfactant/polymer ratio (           ) maximal could reach a value of 0.4, calculated 

using equation ( 2 )from section 2.3.2. Duplicates were made of each sample, so in each set of 

experiments 4 gels of each molecular weight were included, 2 of which were placed in a solution of 

CPC and 2 without CPC. The equilibrated gels were then placed in wire baskets and lowered down in 

the plastic cuvettes, either with or without CPC in phosphate buffer.  The cuvettes were then placed 

in vials with tightly fitting lids to avoid vaporization to as high extent as possible. The vials in turn 

were placed on the magnet stirrer in the absence of light. The experimental setup is shown in Figure 

5.   
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Figure 5. The experimental setup for experiments with release of FITD with molecular weights 10 kDa, 40 kDa and 70 kDa 

respectively.   

Measurements of the release of FITD from the HA gels were then made at 481 nm. Before measuring 

the absorbance the gels were removed from the cuvettes and the solutions were filtrated with single 

use sterile filters 0.20 µm in order to remove a turbidity that had arisen with time, of the samples. 

After measuring, new solutions of the same volumes as before were prepared and the gels were 

again lowered down in these in their wire baskets and put in the same vials to prevent vaporization. 

So the experiments were made at sink condition. For those samples without CPC, only phosphate 

buffer was added in the new solutions, but for those samples with CPC, the concentration of CPC was 

adjusted to 0.032 mM, representing the critical aggregation concentration of CPC at ionic strength 10 

mM14. This was done to avoid degradation of the already created CPC shell with a maximum 0.4 

           -value.  The first measurements for the samples containing CPC were made after 24 hours 

minimum so that the CPC shells were thought to have been fully created. The time for this step was 

taken from the results of the experiments described in section 3.3. Though the procedure just 

described were not implemented in the first set of experiments when the solutions were not filtrated 

between each measurement neither was the solutions exchanged between each measurement.   

Then measurements were made in the same procedure as described above at regular time intervals 

for all samples, both those containing CPC and those not containing it. This was done until no further 

release of substance was recorded for any of the samples. The release experiments with FITD of 

different molecular weights were repeated and the last time the amount of fluid that had been 

vaporized between the measurements was approximated. This was done since the possible decrease 

in volume could result in an overestimation of the value of the amount of FITD released from the HA 

gels.    

The amounts of FITD not absorbed by the gels were estimated prior to the onset of the release study. 

When the gels were removed from the eppendorf tubes, potentially containing leftover FITD solution 

that was not absorbed by the gels, 2 mL of water was added to each tube. The absorbance of the 

solution was then measured at 481 nm. The absorbance value was used to determine the amount of 

FITD not absorbed by the gel. By knowing the amount added FITD solution for equilibration, the 

amount lost FITD and the amount FITD in the beginning of the release studies could be calculated.     

In the same way as for the other substances used, standard curves were made with FITD 10 kDa, 40 

kDa and 70 kDa in order to establish their absorption coefficient, ε. The determination was, as 

described in section 2.3.2, done using equation ( 3 ) only in this case the molar concentrations were 

exchanged for the concentrations in gram per liter. This was done since tests showed that the extent 

of labeling with fluorescein isothiocyanate per mole glucose on the dextran polymers differed 
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between the molecular weights used. The determined values are shown in section 4.4.1 and in Table 

4. For FITD of each molecular weight one standard curve was constructed. Therefore no standard 

deviation or validation of the derived values of the absorption coefficients is included.    

3.7. Binding & release of cytochrome c, myoglobin & hemoglobin 

 

Both the binding and the release of cytochrome c, myoglobin and hemoglobin from HA macrogels 

were studied. The studies were performed both with and without CPC to see if the binding and 

release were affected by the presence of CPC.    

3.7.1. Binding of proteins to HA gels  

 

In the case of binding of these proteins to HA gels, the results were analyzed qualitatively and not 

quantitatively. The experiment of this kind was performed in acetate buffer with pH 5.2 and ionic 

strength 10 mM. The acetate buffer of lower pH than the phosphate buffer, with pH 7.4 used in most 

experiments earlier, were used so that all the proteins used would have a net positive charge 

resulting in an attractive force for binding to the negatively charged HA network. Both myoglobin and 

hemoglobin having  isoelectric points around pH 7.4 would not have positive net charges in the 

phosphate buffer which could have an impact for them penetrating the CPC shells and the transport 

into the HA gel.    

In these experiments solutions of each protein in acetate buffer were prepared in plastic cuvettes, 

were the concentrations of cytochrome c was set so that the degree of binding (           ) could 

reach a maximum of 0.01, calculated using equation ( 1 ) from section 2.3.2. The concentration of the 

solutions of myoglobin was then set to an equal value as for cytochrome c due to their similarity in 

size, as can be seen in Table 1. The concentration of the solutions of hemoglobin was set to three 

times less than for cytochrome c and myoglobin due to it being a lot bigger than the former two 

proteins, as can be seen in Table 1. This was done since better correlation between the results was 

thought to be achieved. The protein solutions were filtrated using a single use sterile filter 0.2 µm to 

avoid contamination.  Both surfactant /polymer ratio (           ) of 1 and 0.2 were tested for the 

HA samples with a beforehand created CPC shell. As references HA macrogels without CPC shells 

were used to see if the protein-transport into these gels were any different. The gels without CPC 

shells had been equilibrated and swelled in phosphate buffer, pH 7.4 and ionic strength 10 mM, 

before put in the protein solution and the acetate buffer for the penetration experiment. The 

experimental setup was equal as shown in Figure 4 for the CPC/HA  with the HA gel samples placed in 

wire baskets lowered down in plastic cuvettes containing the protein solution and the acetate buffer 

and a baby magnet to achieve stirring.  

3.7.2.  Release of proteins from HA gels  

 

The release study of cytochrome c, myoglobin and hemoglobin was performed in phosphate buffer, 

pH 7.4 and ionic strength 10 mM. The amount of added solution to the dry gels had already been 

optimized to 7.5 mL per gram HA gel so this was the starting-point when designing the experiment. 

Dry HA gels were fed with highly concentrated solutions of each protein. The concentration for each 
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protein solution was adjusted so that the absorbance, if the whole amount of protein was released 

from the gel, could reach a maximal degree of 0.9 – 1, where good accuracy in the measured 

absorbance is achieved. The solution of hemoglobin was three times more dilute than the solutions 

prepared of cytochrome c and myoglobin. The HA gels fed with protein were left to equilibrate for a 

few days in eppendorf tubes of 2 mL, in order for the gels to absorb the solution and for the protein 

to distribute uniformly in the gels.  

Solutions were prepared in plastic cuvettes using phosphate buffer, pH 7.4 and ionic strength 10 mM, 

both with and without CPC added. In the solutions where CPC was present the concentration was 

such that the surfactant/polymer ratio (           ) could reach 0.4 at maximum, calculated using 

equation ( 2 ) from section 2.3.2. Six solutions were prepared for the study, 1 for each protein in a 

solution without CPC and 1 for each protein with CPC present.  

Before the solutions were prepared the cuvettes and the magnets, for stirring, were weighed. This 

was done so that before each measurement the amount of fluid vaporized could be determined. This 

procedure was done since the possible decrease in volume caused by the vaporization could affect 

the later calculated value for the amount of protein released from the HA gel.   

The experimental setup for this study was the same as when studying the release of FITD of different 

molecular weights from HA gels, so the setup can be seen in Figure 5.  

Measurements of the release of proteins from the HA gels were then made at 408 nm. Before 

measuring the absorbance the wire baskets with the gel samples in were removed from the cuvettes. 

The cuvettes together with the solution and magnet in it where weighed in order to determine the 

extent of vaporization. Then the solutions were filtrated with single use sterile filters 0.20 µm in 

order to remove a possible turbidity of the samples. After measuring, new solutions were prepared 

and the gels were again lowered down in these in their wire baskets and put in the same vials to 

prevent vaporization yet again. So the experiments were made at sink condition. For those samples 

without CPC, only phosphate buffer was added in the new solutions, but for those samples with CPC, 

the concentration of CPC was adjusted to cac 0.032 mM as described for release of FITD in section 

3.6. The first measurements were made after 24 hours so that the CPC shells were thought to have 

been fully created. The time for this step was taken from the results of the experiments described in 

section 3.3. Then measurements were made in the same procedure as described above every 24 

hours for all samples.  

The amounts of protein not absorbed by the gels were estimated prior to the onset of the release 

study in the same way as described for FITD in section 3.6 adding water and measuring the 

absorbance and thereafter calculating the amount of lost protein.      

As with other substances used during the work, standard curves were made with cytochrome c, 

myoglobin and hemoglobin in order to establish their molar absorption coefficient at 408 nm, ε, in 

phosphate buffer, pH 7.4 and ionic strength 10 mM. The determined values are shown in section 

4.5.1 in Table 5. For cytochrome c, myoglobin and hemoglobin respectively one standard curve was 

constructed for establishing the molar absorption coefficient for each protein. Therefore no standard 

deviation or validation of the derived values of the absorption coefficients is included.      
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4. Results and discussion 

4.1. HA/CPC binding 

4.1.1. Molar absorption coefficients for CPC in buffer & water  

 

Curves generated for determination of the molar absorption coefficient for CPC in phosphate buffer 

pH 7.4 and ionic strength 10 mM and water respectively are shown in Figure 28 in Appendix II in 

section 8.2.1. The values derived from the curves are shown in Table 2 together with the calculated 

values of the standard deviation and relative standard deviation for each medium. For each medium, 

phosphate buffer and water, three standard curves where constructed, all at separate occasions. The 

molar absorption coefficients were determined as an average of the three standard curves generated 

at the different occasions for phosphate buffer and water solution respectively. Also to get an idea of 

the deviancy of the average value the standard deviation and relative standard deviation was 

calculated for each medium.   

Table 2. The calculated average value, standard deviation and relative standard deviation of the molar absorption 

coefficient for CPC in phosphate buffer with pH 7.4, ionic strength 10 mM and water at 260 nm respectively. Values 

calculated and determined based on tests shown in Figure 28 where the absorption coefficient represents the slope of 

the inserted linear equations according to the Lambert-Beer Law, equation ( 3 ).    

 Average 

(M-1*cm-1) 

Standard deviation  

(M-1*cm-1) 

Relative standard deviation      

(%) 

In phosphate buffer  4038 42 1.0 

In Water  4009 77 1.9 

 

Also the absorbance as a function of the molar concentration for CPC in phosphate buffer solution 

with pH 7.4 and ionic strength 10 mM and water solution respectively was derived outside the range 

where the Lambert-Beer law, equation ( 3 ), is linear. These generated curves are shown in Figure 29 

in section 8.2.1 in Appendix II. The relationship between the molar concentration and the absorbance 

was investigated from absorbance units ≈1 to ≈3.2. In the results of the binding experiments for CPC 

presented below in section 4.1.2 where many of the measured absorbance units exceeded 1, the 

curves generated in the nonlinear region just described was used to extrapolate the corresponding 

molar concentrations values from the absorbance units, which was necessary for determining the 

degree of binding              at each point of time.  Where the absorbance units did not exceed 1 

the molar absorption coefficient from Table 2 was used to calculate the corresponding molar 

concentration.   

4.1.2. Binding of CPC dissolved in water and phosphate buffer respectively 

  

The study of the kinetics for CPC binding to HA macrogels started with two samples of HA gels in 

water solution. The result of this is shown in Figure 6, where both the measured absorbance as well 

as the degree of binding can be seen as a function of time. For another sample prepared in the same 

way in a water solution, with a degree of binding,                , the result was documented, 

both the whole gel sample and after slicing the gel, and these are shown in Figure 7.  
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Figure 6. Two samples of CPC in contact with a HA-gel in a water solution, measured at 260 nm where                 

at maximum. The absorbance shown as a function of time (left). The degree of binding shown as a function of time 

(right).  

 

Figure 7. Pictures of a sample of a HA-gel with CPC shell (               ) created in water solution for ≈ 27 h. Digital 

photo of the whole gel (left). Digital photo of the cross section of the gel after slicing it in half, with an approximation of 

6 mm for the diameter of the gel (1 square of the millimeter paper equals 1 mm) (middle). Photo of a slice of the same 

gel taken using the light microscope equipped with the UV-lamp (right). The initial weight of the gel sample was 0.0064 g. 

From Figure 6 the decrease in absorption over time and the increase in degree of binding over the 

same time can be recognized, indicating the binding of CPC to the HA gel. From Figure 6 the time for 

all the CPC to be bound to the HA with a                  can be estimated to ≈ 22 hours which 

was used in the upcoming experiments for determining when  CPC with the same degree of binding 

had been bound to the HA completely. The two samples from Figure 6 also correlate well with each 

other since the curves of the two samples are similar. From Figure 7, and especially from the 

microscope picture, a border can be seen between the gel core and the periphery of the sample. The 

outer phase spotted in the picture could be a created CPC shell. This conclusion is based on earlier 

studies where CPC has shown to form a dense phase at the surface of HA gels, called shell14, 36, 37. 

Though from the results presented in this report the parts of the HA gel where the binding of CPC 

takes place cannot be determined confidently. The pictures in Figure 7 show a border in the gel but 

the exact distribution of CPC in the gel cannot be established. CPC could be distributed also to other 

parts of the gel and a distinct part at the surface where all CPC is distributed is not obvious based on 

the analysis presented in this report.       

Comparisons were made between two samples where HA gels where lowered down in CPC solutions 

where the solvent were water or phosphate buffer pH 7.4, ionic strength 10 mM. The result of this 

test is shown in Figure 8, where both the measured absorbance and the degree of binding is shown 

as a function of time.     
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Figure 8. Comparison between HA gels in CPC solutions of water and phosphate buffer pH 7.4 and ionic strength 10 mM 

respectively, measured at 260 nm where                 in both samples. The absorbance shown as a function of time 

(left). The degree of binding as a function of time (right).  

From Figure 8 the difference in binding of CPC to the HA gel samples between phosphate buffer and 

water can be seen. The curves show similar behavior in some aspects, showing that the absorbance 

decrease, as the degree of binding increase, faster in the beginning while wearing off at the end with 

a slower rate of binding as a result. The binding of CPC in water from these experiments was a little 

bit faster than in phosphate buffer as can be seen from the two curves from Figure 8, though there is 

an unusual behavior for the sample in the buffer when in the beginning there is a rapid increase in 

degree of binding followed by a rapid decrease. One explanation for the sudden increase in degree of 

binding in the beginning could be that something was disturbing the measurement at this one point 

since there was only this point showing such low absorbance value and the measurements 

performed afterwards are more in accordance with the other samples where the same experiments 

were performed but in water solution. Also the absorbance values measured in the beginning of the 

experiments are high and out of the range where the spectrophotometer shows good accuracy 

something that also could explain the one point in the curve deviating from what was seen for the 

other samples in the same experiment.   
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4.1.3. Microstructure for CPC/HA at different salt concentrations  

 

Making assumptions about the structure from the CPC saturated HA gels in different NaCl solutions 

of different concentrations after SAXS had been employed is hard for some of the samples due to the 

quality of the data. Based on the received data and results for systems with CPC and HA investigated 

in the literature some conclusions are presented below. However it should be kept in mind that the 

conclusions are somewhat indeterminate due to the quality of the data for some samples presented 

in this report. The SAXS profiles obtained from the different gel samples in different salt 

concentrations are shown in Figure 9.  

    

                                  

Figure 9. The SAXS profiles obtained from samples of HA macrogels with a created CPC shell (             ). The 

spectrum from the sample incubated in no salt solution but in phosphate buffer solution of pH 7.4 and ionic strength 10 
mM (Upper profile to the left). The spectrum from the sample incubated in NaCl solution 10 mM (upper profile to the 
right). The spectrum from the sample incubated in NaCl solution 40 mM (lower profile to the left). The spectrum from 
the sample incubated in NaCl solution 150 mM (lower profile to the right). The initial weights of the gel samples were 

0.053 g, 0.051 g, 0.045 g and 0.041 g respectively in the order from the sample in the buffer solution and then increasing 
salt concentrations. 

A similar SAXS experiment was performed with HA gels saturated with CPC in a recent undergraduate 

thesis project by Iman Gritli. These test were made at 10 mM salt concentration where the  

            was varied between different samples. The results of the tests performed indicated that 

the data agreed with the primitive space group Pm3n, a frequently occurring cubic phase14. This 

highly ordered cubic phase is also occurring for other polyelectrolyte-surfactant complexes in the 

literature for example this structure was shown by Zhou et al., (1998) for the system of the 

polyelectrolyte polymethacrylic acid and the cationic surfactant TTAB42. In the structure of Pm3n the 
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peaks in a spectrum are expected to have a spacing ratio of √   √    √  where the peak of √   is the 

one most prominent and with the highest intensity.  

As can be seen in Figure 9 from the spectrum at 10 mM NaCl a very distinct peak can be seen. There 

are vague indications on either side of this prominent peak identified as two shoulders in the curve 

possibly indicating two other peaks. The prominent peak as well as the shoulders, are marked in the 

spectrum with vertical dashed lines in Figure 9. The distance between the first and the second mark 

can be fitted to the quotient 
  

  
 

     

     
      

√ 

√ 
 and the distance between the third and the 

second mark can be fitted to the quotient 
  

  
 

     

     
      

√ 

√ 
. From both Zhou et al. (1998) and 

Gritli (2006) the most prominent peak was √  , which is why an assumption is made here as well that 

the most prominent peak at NaCl 10 mM corresponds to √  . This is also coincide with the calculated 

quotients above derived from the q-values.  

From the spectrum with the gel sample that was not in any salt, but was put in phosphate buffer 

solution with ionic strength 10 mM and pH 7.4, the same distinct peak can be seen as for the sample 

in 10 mM NaCl. Also the peaks of these two samples are equally situated based on the q-values. 

Maybe there are some indications, though not obvious, in the spectrum of two peaks arising at either 

side of the distinct peak, and these are also marked with dashed lines. If the quality of the data was 

better, peaks on either side might have been identifiable, but a vague conclusion can be made about 

the distances between the marks in Figure 9. The distance between the first and the second mark can 

be fitted to the quotient 
  

  
 

     

     
      

√ 

√ 
 and the distance between the third and the second 

mark can be fitted to the quotient  
  

  
 

     

     
      

√ 

√ 
.  

Using Bragg’s law, equation ( 4 ) from section 2.3.2, the lattice spacing, d, can be calculated using the 

q-value of the most prominent peak at NaCl concentration 10 mM that was assigned √    as 

   
  

 
 

  

     
        . The side of the cubic unit cell, a, can be calculated after rearranging 

equation ( 5 ), given in section 2.3.2, to        √         where √         √  in this 

particular case, since this was the prominent peak used to calculate the lattice spacing. This gives a 

value of the side of the cubic cell as      √        √            which is a reasonable 

value if comparing it to literature data14, 42. For Pm3n there are 8 micelles present in the unit cell and 

since the side of the cubic cell, a, have been calculated the volume of the unit cell is approximated to 

                           . Since the concentration of CPC in the collapsed HA gel is not 

known the aggregation number cannot be derived. Though a surfactant chain of 16 carbons possess 

a maximal length of about 22 Å, which makes it possible to make an approximation that one micelle 

containing the surfactant molecules having a radius of maximal 22 Å. For a sphere shaped micelle this 

would result in a volume of, calculated using the expression for the volume of a sphere,        

         
          

 

 
 

      

 
           . Reasoning like this, the part of the volume of the unit 

cell occupied by CPC can be approximated by the expression      
                          

          
 

 {                                                                }  
         

         
       

          . To get an idea of the smallest distance and the narrowest passage between two micelles 

in the unit cell, in this case at 10 mM salt concentration, some estimation can be done according to 
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the structure of Pm3n. There are many distances between micelles in the Pm3n structure, at each 

corner there is one micelle and on each side there are two micelles as well as one in the center. The 

distance between two of the micelles of the same side of the cube is equal to half the side of the 

cubic unit cell, a, already estimated according to calculations above, and can be seen as the smallest 

distance. Since a was estimated above to 107.25 Å, half of this is equal to 53.6 Å. If two 16 carbon 

surfactant molecules are maximally stretched an approximation is that they occupy 44 Å of this 

distance which would make the estimation of the narrowest passage (53.6-44) Å=9.6 Å.  

Since the most prominent peak in the spectrum from the sample in the phosphate buffer was similar 

as for the sample at 10 mM NaCl according to their q-values, calculations involving the buffer sample 

would be similar which is why such calculations are not included here.  

As can be seen in Figure 9 for the SAXS data, different pattern of the peaks in the spectrum is 

obtained at 40 mM salt concentration compared to what was obtained at 10 mM NaCl and therefore 

the structure was altered from the Pm3n indicated here. The data obtained at 40 mM NaCl 

corresponds well with what can be seen for a face-centered cubic (FCC) structure. For a FCC structure 

the peaks in the spectrum are expected with a spacing ratio of √   √    √   √    √    , where the 

intensities of the peaks occurring at √  and √   are higher than the others and the former have the 

highest intensity. The peaks of √   √    √  can easily be spotted in the spectra at 40 mM NaCl while 

the peaks of √    √    are less obvious. The distance between the second and first mark can be 

fitted to the quotient  
  

  
 

     

     
      

√ 

√ 
 and the distance between the third and the second 

mark can be fitted to the quotient  
  

  
 

     

     
      

√ 

√ 
. When analyzing the raw-data a bit more 

some increase in intensity, though not extensive, could be spotted at q-values 0.239 and 0.255 which 

would correspond to the peaks at  √   and √    since the distances can be fitted to the quotients  
  

  
 

     

     
      

√  
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√  

√  
. The profile in the spectrum at 40 mM NaCl was 

also compared to literature data where Zhou et al. (1998) obtained a FCC structure for the system of 

complexes between poly (methacrylic acid /NIPAM) and the cationic surfactant  TTA42. As for NaCl 10 

mM the lattice spacing, d, can be calculated for the FCC structure at 40 mM NaCl using Bragg’s law,     

equation ( 4 ) from section 2.3.2 and the q-value for the peak assigned √   as                                    

   
  

 
 

  

     
        . The side of the cubic unit cell, a, can be derived rearranging equation ( 5 ) 

given in section 2.3.2 to        √         where √         √  in this particular case, 

since this was the corresponding peak used to calculate the lattice spacing. This gives a value of the 

side of the cubic unit cell as      √        √          . This is a reasonable value of the 

side of the cubic unit cell if comparing it to literature data from Zhou et al. (1998) as an example42.  

For FCC there are 4 micelles present in the unit cell and since the side of the cubic cell, a, have been 

calculated, the volume of the unit cell is approximated to                          . Since 

the concentration of CPC in the collapsed HA gel is not known, the aggregation number cannot be 

obtained. Applying the same reasoning with the 16 carbon surfactant chain possessing a maximal 

length of 22 Å and the approximation that one sphere shaped micelle having a radius of maximal 22 

Å results in a volume of the micelle of           (see calculations above). The part of the volume of 

the unit cell occupied by CPC can be approximated by the expression      
                          

          
 

 {                                                                }  
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        . In a FCC structure there is one micelle placed in each corner of the cube and one micelle 

in the middle of each side. An approximation can be done to get an idea of the least distance 

between the micelles. In a FCC structure the least distance is between the center of a micelle in the 

corner and the center of a micelle on one of the sides. This distance equals half the diagonal of one 

side of the cube. The diagonal in turn is the hypotenuse in a right-angle triangle and this distance can 

be expressed in terms of the side of the unit cell, a, as                                                                

          
 

√ 
 {         }  

     

√ 
       . Since a 16 carbon surfactant can be 

approximated to possess a maximal length of 22 Å, one micelle in the corner and one in the middle of 

one side of the cube would maximally occupy 44 Å of the least distance calculated above. The least 

pore in the structure at 40 mM salt concentration can therefore be approximated to (60.6-44) Å=       

= 16.6 Å.  

From the spectrum obtained at salt concentration 150 mM seen in Figure 9 one peak can be seen, 

though a notation is that the intensity of this peak is lower than for the other spectra shown in Figure 

9. Also this peak at 150 mM NaCl is wider than the peaks seen in the spectra from the gel samples at 

lower salt concentrations. The q-value of the peak at 150 mM NaCl, corresponding to the highest 

intensity for this sample, is approximated to 0.127. This q-value is marked with a vertical dashed line 

in the spectrum.  The lower intensity as well as the wideness obtained in the spectrum at 150 mM 

could be explained by a more unordered micellar phase is obtained.   

The results and conclusions made above and the order in which the structures occurred when going 

from lower to higher salt concentrations can be explained by the extent of close packing. When 

decreasing the charge density of anionic polyelectrolyte chains, phase structure transitions of the 

formed complexes between the polyelectrolyte and the surfactant of opposite charges can be 

induced in a certain order, which has been showed in the literature by example Zhou et al., (1998)42. 

Since Pm3n is a more close packed structure, and was indicated at the lowest salt concentration 

investigated here, the transition to the less close packed FCC structure, when increasing the salt 

concentration to 40 mM and by that decreasing the charge density of the polyelectrolyte, is 

consistent with the order obtained for Zhou et al., (1998)42. By increasing the salt concentration even 

further, as for the gel sample in 150 mM NaCl, the charge density is more decreased which could 

result in less ordered structures explaining the characteristics of the spectrum seen for the gel 

sample in 150 mM NaCl. The order at which the structures obtained for CPC and HA proposed here 

are therefore supported for what can be expected when increasing the salt concentrations.           

Though again it should be mentioned that the evaluation of the data presented above can be 

questioned since some of the conclusions are made on data of poor quality. For example in 10 mM 

NaCl there are only vague indications of peaks occurring at q-values corresponding to √  and √  

which are expected for the cubic space group Pm3n. 
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4.2. Binding of cytochrome c in HA/CPC  

 

4.2.1. Molar absorption coefficient for cytochrome c in water  

 

Curves generated for the determination of the molar absorption coefficient for cytochrome c in 

water are shown in Appendix II in section 8.2.2. The values derived from the curves are shown in 

Table 3 together with the calculated values of the standard deviation and the relative standard 

deviation. When determining the molar absorption coefficient three curves were constructed from 

experiments performed at three separate occasions. The molar absorption coefficient was calculated 

as an average of the three curves. Also the standard deviation as well as the relative standard 

deviation was derived based on the three separately constructed standard curves.  

Table 3. The calculated average value, standard deviation and relative standard deviation of the molar absorption 

coefficient for cytochrome c in water solution at 408 nm. Values calculated and determined based on experiments shown 

in Figure 30 where the absorption coefficient represents the slope of the inserted linear equations according to the 

Lambert-Beer Law, equation ( 3 ).    

 
Average 

(M-1*cm-1) 

Standard deviation 

(M-1*cm-1) 
Relative standard deviation (%) 

Cytochrome c in water 129000 2000 1.4 

 

4.2.2. Binding of cytochrome c  

 

The curves from the experiments performed with the binding and penetration of cytochrome c into 

HA macrogels in a water solution with CPC shells created in a previous step are shown in Figure 10, 

both the absorbance and the concentration are shown as a function of time respectively. Photos of 

cross section of such gel samples are shown in Figure 11, both 1 day and 9 days after the gel was put 

in the cytochrome c solutions. Photos were also taken 4 months and 18 days after the gel was put in 

the cytochrome c water solution and the result from this is shown in Figure 12.  

 

Figure 10. Change in absorbance of cytochrome c in contact with HA macrogel with shell of CPC, over time in water 

solution, Sample 4 and Sample 5 (left). Same samples but change in concentration of cytochrome c in contact with a HA 

macrogel with a shell of CPC, over time in water solution (right).    
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Figure 11. Digital photo of cross section of sliced HA-gel with an earlier created CPC shell (               ) that has 

been in cytochrome c water solution (                ) for ≈ 1 day (left). Digital photo of cross section of sliced HA-gel 

with an earlier created CPC shell (               ) that has been in cytochrome solution (                ) for ≈ 9 

days (right). The gels in the pictures are two different samples but has been prepared equally, the initial weight of the gel 

in the left picture was 0.0058 g and the gel in the right picture was 0.006 g.  

     

Figure 12. Digital photos of HA-gel with an earlier created CPC shell (               ) that has been in cytochrome c 

water solution (                ) for 4 months and 18 days (left and second from the left). Digital photo taken of 

cross section of sliced HA-gel (second from the right). Photos taken at the gel periphery using the light microscope 

equipped with the UV-lamp of cross section of the same gel sample (bottom). The initial weight of the gel in the sample 

was 0.0058 g.  

The binding of cytochrome c to the HA gel was studied and as can be seen in the curves in Figure 10 

the absorbance as well as the concentration decreased with time, indicating cytochrome c transport 

into the HA gel. All cytochrome c was absorbed by the gel since no absorbance was registered after 

about 100 hours. The time for the entire amount of protein to be bound to the gel cannot be 

determined solely from the curves in Figure 10, since no measurements were made between 7 and 

100 hours, but after 100 hours no cytochrome c could be registered in the solution.       

The photos taken and shown in Figure 11 indicates that the gel sample is more evenly colored after 1 

day, while the photo taken after 9 days shows a darker red color in the gel core and a brighter color 

in the gel periphery possibly indicating that cytochrome c is more concentrated in the gel core as 

time increases. A result that is even clearer from the pictures shown in Figure 12 taken after about 4 

and a half months after initiating the experiment. In the pictures from Figure 12 there is a very 

distinct distribution in the gel, with the cytochrome c concentrated to the gel core and the CPC 

further out in the periphery, the surface of the gel. The gel sample from this experiment had been in 

the same solution the whole time and when documenting the result shown in Figure 12 no 

cytochrome c leakage could be observed with the eye since the surrounding solution was still clear 

and uncolored. From the results obtained cytochrome c and CPC seemed to segregate in the HA gel.  

An explanation why cytochrome c is still incorporated  in the gel after 4 and a half months is that the 

initial protein concentration was so low that the distribution of cytochrome c at equilibrium is shifted 

entirely towards the HA gel resulting in the entire amount of cytochrome c being bound to the gel. 
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The degree of binding for the protein to the HA was such that it could maximally reach 0.01. The 

binding isotherm of cytochrome c at low salt concentration to HA, was achieved in a recent 

undergraduate thesis project of Iman Gritli (2006). At such low β-values as 0.01 the free 

concentration of the protein was very low as well which could explain cytochrome c being bound to 

the HA still after 4 months14. For the experiment performed in this project no salt was present since 

the experiments was made in a water solution, which is why comparisons are made at the lowest salt 

concentrations in the binding isotherm.       

When investigating the microstructure of CPC/HA systems at different salt concentrations, ordered 

phases of Pm3n were indicated at both 10 mM NaCl and phosphate buffer 10 mM and the smallest 

distance of the pores of CPC micelles at Pm3n was approximated in this report to 9.6 Å. One could 

compare this approximation of the smallest distance to the hydrodynamic radius of cytochrome c, 

which is 17.8 Å. The smaller approximation of the distances between the CPC micelles compared to 

the hydrodynamic radius of cytochrome c could explain why cytochrome c is still incorporated in the 

gel, simply because the pores in the CPC/HA complexes are too narrow for cytochrome c to go 

through. Though the possibly ordered CPC/HA complexes and the size of the pores are not likely 

explanations why cytochrome c was not diffusing into the surrounding medium because of the low 

initial concentration of cytochrome c and the reasoning given above with the equilibrium distribution 

being shifted towards the gel. Though there are many other distances between the CPC micelles in 

the shell not determined here which could explain why it was possible for cytochrome c to penetrate 

the possible CPC shell from the outside and diffuse into the gel as could be seen from the results in 

Figure 10.  

Also to complement the results discussed above, a reference sample of cytochrome c binding to a HA 

gel without CPC present would be of concern to see if any difference in distribution within the gel is 

achieved. Though experiments involving cytochrome c binding to HA gels without CPC present have 

already been performed in a recent undergraduate thesis project by Iman Gritli (2006), and was 

therefore not repeated here. For Iman Gritli (2006) the binding of cytochrome c to HA proved to be 

strong at low salt concentrations and in the same time scale as was achieved in this work when CPC 

was present14.  

The HA gel put in a mixture of CPC and cytochrome c, in the case where the CPC shell was not 

created beforehand, are shown in Figure 13 where both a photo showing the cross section of the gel 

after slicing it and photos taken using the light microscope can be studied.  

 

Figure 13. Digital photo of cross section of sliced HA-gel that was put in a mixture of CPC (               ) and 

cytochrome c (                ) in a water solution, photo taken after ≈ 1 day after the gel was put in the solution 

(left). Photos taken using the light microscope equipped with the UV-lamp of the same cross section of the same gel 

(middle and right). The initial weight of the gel was 0.0059 g.   
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The gel sample placed in a mixture of CPC and cytochrome c is shown in Figure 13 and the photos 

indicates that CPC and cytochrome c split up and are distributed to different parts of the gel, even 

after just 1 day. The photos taken using the light microscope in Figure 13 also display sorting of some 

kind with one inner phase in the gel core and one outer phase in the periphery of the gel. Solely from 

the pictures presented here the distribution of cytochrome c and CPC cannot be determined since 

the pictures cannot reveal where the whole amount of CPC is and the whole amount of cytochrome 

c. There is a possibility that a mixture of the two is what is seen or that CPC is not only distributed to 

the gel surface creating a shell. Therefore further analysis need to be made to be able to determine if 

the protein and the surfactant are separated in the gel and that a mixture of the two is not what is 

seen.    

4.3. Binding of lysozyme in HA with and without CPC 

 

The study involving binding and penetration of lysozyme to two samples of HA macrogels with 

beforehand created CPC shells (               ) is shown in Figure 14. One of the samples, the one 

abbreviated A, is also documented using the digital camera and the light microscope and the 

resulting pictures are shown in Figure 15.  

 

Figure 14. Change in concentration of lysozyme in contact with HA macrogel with a shell of CPC (               ) 

measured at wavelength 281 nm, over time in water solution, sample A and B, (                ).  

 

Figure 15. Sample A from Figure 14, HA-gel with CPC shell (               ) that has been in a lysozyme solution 

(                ) for ≈ 27 h. Digital photo of the cross section of the gel after slicing it in half (left). Photos taken 

using the light microscope equipped with the UV-lamp of a slice of the spherical gel are shown (middle and right). The 

initial weight of the gel, sample A was 0.0062 g.   

As can be seen from Figure 14 from both samples included in the experiment, the concentration of 

lysozyme is decreasing with time indicating binding of lysozyme to the HA gel with the CPC bound to 
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the gel in an earlier step.  All lysozyme in the solution has diffused into the gel after ≈ 27 hours. Also 

the behavior of the two different samples, A and B, are similar which is what one can expect since 

there was no difference between the preparations of the samples. From the photos taken using the 

light microscope in Figure 15 a distinct border is shown within the gel, possibly showing the CPC shell 

since a similar picture was taken and shown in Figure 7 when investigating CPC binding to HA.  

Two different tests were performed where one sample in each test had CPC bound to the gel in a 

earlier step where                 and the other gel sample was a reference with no CPC bound, 

this was performed to see if the binding of lysozyme to the HA gel differed in the presence and 

absence of CPC. In the two tests performed             were 0.1 in the first case and 0.02 in the 

second case. The result is shown in Figure 16. Documentation with the digital camera and the light 

microscope from samples abbreviated sample C, HA gel with CPC shell, and sample zero, HA gel for 

reference without CPC shell, is shown in Figure 17 and Figure 18 respectively. In Figure 19 the size of 

the same gel samples are compared.   

  

Figure 16. Change in concentration of lysozyme in contact with HA macrogel measured at wavelength 281 nm, over time 

in water solution, sample C with a shell of CPC,                , and sample zero as a reference without CPC acting as 

a shell, maximum                 (left). Change in concentration of lysozyme in contact with HA macrogel measured 

at wavelength 281 nm, over time in water solution, sample D with a shell of CPC,                , and sample zero, 

version 2 as a reference without CPC acting as a shell, maximum                  (right).  

 

Figure 17. Sample C from Figure 16, HA-gel with CPC shell (               ) that has been in a lysozyme solution 

(               ). Pictures are taken ≈4 days after the gel was placed in the lysozyme solution. Digital photo of the 

cross section (not a perfect cut was accomplished) of the gel after slicing it in half (left). Photos taken using the light 

microscope equipped with the UV-lamp of a slice of the spherical gel are shown (middle and right). The initial weight of 

the gel, sample C, was 0.0065 g.        
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Figure 18. Sample zero from Figure 16, HA reference gel without CPC present that has been in a lysozyme solution 

(               ). Pictures taken ≈4 days after the gel was placed in the lysozyme solution. Digital photo of the cross 

section of the gel after slicing it in half (left). Photos taken using the light microscope equipped with the UV-lamp of a 

slice of the spherical gel are shown (middle and right). The initial weight of the gel, sample zero, was 0.0059 g.       

 

Figure 19. Sample C from Figure 16, HA-gel with CPC shell that has been in lysozyme (≈4 days), diameter is approximated 

to 3 mm (left). Sample zero from Figure 16, HA-gel without CPC shell that has been in lysozyme (≈4 days), diameter 

approximated to 7 mm (right). The gels were lying on a millimeter paper, where 1 square equals 1 mm, while photos 

were taken. The initial weights of the gel were comparable; sample C 0.0065 g and sample zero 0.0059 g.    

From Figure 16 some conclusions can be drawn from the results obtained. For the case when 

                a little difference can be seen when comparing the curves of sample C  where CPC 

had been bound beforehand and sample zero where no CPC was present. In this case the binding of 

lysozyme to the HA is slower since the decrease in concentration is not as sharp for sample C in the 

beginning when compared to sample zero with a more fast decrease in concentration. This behavior 

is what one can expect since when CPC is present there is not only lysozyme binding to the HA but 

lysozyme also has to penetrate and finding a way through the CPC micelles forming a hinder. But for 

both samples the time for the concentration to reach zero is similar. In the case when less lysozyme 

was added to the solutions at start,                 , no difference can be seen between the 

samples where CPC was present or not. In this case more measurements need to be done in order to 

establish the time it took for the concentration to go down to zero and for all lysozyme to bind to the 

gel. The pictures shown in Figure 17 of sample C where both CPC and lysozyme is present in the gel 

can be compared to the pictures shown in Figure 18 of sample zero where only lysozyme is present in 

the gel. In both cases a border is seen in the periphery of the gel which was also seen in Figure 7 

when investigating CPC binding to HA. From the pictures alone no distinction can be made between 

CPC and lysozyme. From the pictures in Figure 17, one might think that the outer phase at the 

surface is CPC and the darker color in the gel core is lysozyme, but since the same border is present 

in Figure 18 where only lysozyme is present the analysis is not clear. Other analysis methods is 

needed to be able to establish the true distribution of lysozyme in the HA gel in the presence and 

absence of CPC. But since no or little difference were seen for the gel samples where CPC had been 

bound to the HA beforehand compared to when no CPC was present one might think that the 
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distribution of CPC in the gel might not be entirely as a shell. When using the term shell one might 

mean that the entire amount CPC is concentrated to one part of the gel, in this case at the surface, 

building a hindrance for the lysozyme to pass through. Maybe the amount of CPC in the gel is not 

entirely concentrated at the surface as a shell but rather the CPC is distributed in a larger part of the 

gel building up areas where lysozyme can pass through. 

From Figure 19 the extent of swelling of the two different samples from Figure 17 and Figure 18 can 

be seen and compared. The gel with CPC bound beforehand that was put in a lysozyme solution is 

less than half the size of the gel only put in lysozyme with no CPC present in the gel.    

 

4.4. Release & binding of Fluorescein isothiocyanate–dextran 

 

4.4.1. Molar absorption coefficients for FITD of different molecular weights 

 

Curves generated for determination of the molar absorption coefficients for FITD of different 

molecular weights in phosphate buffer pH 7.4 and ionic strength 10 mM and water for FITD with 

molecular weight 10 kDa respectively are shown in Appendix II in section 8.2.3. The values derived 

from the curves are shown in Table 4, where the molar absorption coefficients for FITD with 

molecular weight 10 kDa, 40 kDa and 70 kDa respectively are determined. For each molecular weight 

one standard curve was constructed and the absorption coefficients presented in Table 4 below were 

derived from one curve of each substance. Also the absorption coefficient for FITD of molecular 

weight 10 kDa in water was derived from one standard curve. Since only one standard curve was 

constructed for each molecular weight no standard deviation could be derived for the different 

values. Therefore no estimations of how the absorption coefficients vary or the validity of the 

individual values are included here.   

Table 4. The determined values of the absorption coefficients at 481 nm in phosphate buffer, pH 7.4 and ionic strength 

10 mM for fluorescein isothiocyantate-dextran of molecular weights 10, 40 and 70 kDa respectively and the absorption 

coefficient in water for fluorescein isothiocyantate-dextran of molecular weight 10 kDa. Values of the absorption 

coefficients are according to the Lambert-Beer Law, equation ( 3 ), the slope of the inserted linear equations from each 

molecular weight and type of solution shown in Figure 31.  

 
Absorption coefficient buffer  

(L*g-1*cm-1) 

Absorption coefficient water  

(L*g-1*cm-1) 

FITD mol wt 10 kDa 
2.99 

 

1.66 

 

FITD mol wt 40 kDa 
1.58 

 
Not determined 

FITD mol wt 70 kDa 
4.32 

 
Not determined 

 

 



 
 

35 
 

4.4.2. Binding & distribution of fluorescein isothiocyanate-dextran to HA   

 

A HA gel sample fed with a solution of FITD 10 kDa in phosphate buffer pH 7.4 and ionic strength 10 

mM was photographed and sliced in two halves and the cross section was also photographed both 

with the digital camera and using the light microscope, the results are shown in Figure 20. The 

pictures were taken ≈ 26 hours after the dry gels were fed with the FITD solution and it was done to 

get an idea of how the distribution of FITD was within the gel network.   

 

Figure 20. Digital photo of a reference sample while studying the binding of FITD with molecular weight 10 kDa during 

the equilibration step (left). Digital photo taken of the cross section of the gel after slicing it in half to see the distribution 

of FITD within the gel (middle). Photo taken using the light microscope equipped with the UV-lamp of a slice of the 

reference gel to see the distribution of FITD with improved resolution (right). All pictures were taken ≈26 h after feeding 

the gel the FITD solution. The initial weight of the gel was 0.01 g.        

As can be seen in Figure 20, FITD has been absorbed by the gel. When studying the cross section of 

the gel the FITD was not distributed evenly within the gel, but it was more accumulated at the gel 

periphery, the same can also be seen in the photo from the light microscope where a clear border 

can be seen. The results can also be explained by the fact that the result is achieved after only 26 

hours and that longer time is needed for the FITD to be evenly distributed within the gel sample and 

longer time is needed to achieve equilibrium. This result was also taken into account when 

investigating the release of FITD of different molecular weights, and the gel samples were left to 

equilibrate for a few days to be sure that as much FITD as possible was absorbed by the samples and 

that the amount absorbed was as evenly distributed within the gels as possible. One might also think 

that the FITD with higher molecular weights take longer time to be absorbed by the gel due to their 

bigger size, something that is also an argument for letting the samples equilibrate longer than 26 

hours. Though this is just speculations based on the result shown in Figure 20 and need to be 

investigated further to be confirmed.      

4.4.3. Release of fluorescein isothiocyanate-dextran of different molecular 

weights  

 

The first investigations of the release of FITD of different molecular weights are shown in Figure 21, 

where only FITD of 10 kDa and 40 kDa were included. The gel samples had been equilibrated in FITD 

solution only for 1 day before the release experiments were started. When investigating the amount 

FITD not absorbed by the gels, as described in the experimental section in 3.6, the result varied a lot, 

with the amount not absorbed being somewhere between 19 -73 % of the amount fed to the gel 

with an average of 48.4 % and a standard deviation of 21.3 % and a relative standard deviation of 

44.1 %. The amount added FITD solution per gram gel were 15 mL, which were lowered in the 
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consecutive release experiments, also the solutions of FITD were not sterile filtered between every 

measurement performed, nor was the possible volume change due to vaporization of solution taken 

into account in this first experiments. A notation is that the second sample of FITD 10 kDa where CPC 

was present is not included since the sample was lost.    

  

Figure 21. The results from the first experiments with the release of FITD of molecular weight 10 kDa and 40 kDa. The 

release of FITD from HA macrogels where CPC is present (               ) (left). The release of FITD from HA 

macrogels where no CPC is present (right). 

Looking at the results from Figure 21 no conclusions can be made when comparing the samples 

where CPC is present with the samples where no CPC is present. One can think that the release of 

FITD would be delayed when CPC is present acting as a shell and a hinder the transport of substance 

out of the gel, but this is not shown from the results in Figure 21. Looking at the samples where CPC 

is present and no CPC is present separately, the evaluation of the results is not clear either. No 

conclusion from the results obtained can be made regarding the different molecular weights of the 

FITD substances used. There are no indications from the results that the release of the higher 

molecular weight 40 kDa are delayed compared to the release of 10 kDa, as one might believe due to 

their difference in size which might slow down the release of the bigger substance more. This is 

because the duplicate samples of the two molecular weights differentiate in their results from Figure 

21. The release of FITD where no CPC was present was also exceeding 100 %. This could be explained 

by a decrease in volume due to vaporization which would result in an overestimation of the amount 

released FITD at each time. Another reason that could explain the amount protein released 

exceeding 100 % could be errors arisen from the uncertainty in added amount FITD solution fed to 

the gel samples as well as the uncertainty in the estimated amount solution absorbed by the gel 

samples. The small volumes of FITD solution fed to the gels were in the range 20-50 µL and if the 

relative error, when taking up these small volumes, is big the uncertainty becomes big as well. When 

then, in a consecutive step, estimating the amount solution absorbed by the gel by subtracting the 

amount not absorbed with the amount fed to the gels the uncertainty here could possibly be even 

bigger, and the uncertainty could therefore somewhat accumulate. Combining these errors could 

result in the amount released being over 100 % because of uncertainty in the amount FITD when 

initiating the release experiments. Other explanations might explaining the amount of FITD 

exceeding 100 %, which were not investigated due to limited time, could be that the FITD were 

modified in some way, resulting in a different absorption coefficient, or in a different substance also 

absorbing light at the same wavelength as the measurements were performed. One can also think 

that since the HA gels is degradable it has formed a complex with FITD which is also absorbing light at 
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the specific wavelength with a different absorption coefficient. Also the light sensitiveness of the 

labeled dextran was not investigated. The samples were placed in a dark environment but during the 

measurements the samples were exposed to light which possibly could modify the substance causing 

a different absorbance behavior than expected. Another possibility that would explain the released 

amount substance exceeding 100 % is that excess of the cross-linking agent divinyl sulfone, structure 

shown in Appendix I in section 8.1.1 in Figure 27, used when synthesizing the HA gels had not been 

entirely eliminated. The absorbance of DVS was not investigated but the structure contains elements, 

such as double bounds, which could be expected to absorb light. The possible presence of DVS, 

depending on the size of the absorption coefficient of the substance, could interfere with the results 

obtained. If time had permitted an absorption spectrum of DVS could have been determined and the 

possible excess of free DVS in the gels could have been investigated to conduct the possible 

involvement of DVS.       

In the second set of experiments, also only molecular weights of 10 kDa and 40 kDa were included. 

The amount of FITD solutions fed to the dry gels was halved to 7.5 mL/g gel and the samples were 

left to equilibrate for 6 days which was much longer to assure that all FITD had been absorbed by the 

gels and had been evenly distributed within the samples.  Also the solutions were sterile filtered 

before each measurement to eliminate a possible turbidity causing interference. The volume change 

due to vaporization was not taken into account. The results from these investigations are shown in 

Figure 22. When investigating the percentage of the amount of FITD not absorbed by the gels, the 

average was 13.1 %, the standard deviation was 21 % and the relative standard deviation was 161 %, 

which could be explained by the fact that two samples deviated a lot in the amount not absorbed (62 

%, (mol wt 10 KDa, sample 2, no CPC) and 21 % (mol wt 40 kDa, sample 2, no CPC), while for the 

other samples 0.8 – 8 % of the FITD added were not absorbed.      

 

Figure 22. The results from the second experiments with the release of FITD of molecular weight 10 kDa and 40 kDa. The 

release of FITD from HA macrogels where CPC is present (               ) (left). The release of FITD from HA 

macrogels where no CPC is present (right). 

From the results shown in Figure 22 again no conclusion can be drawn neither can a trend for the 

different molecular weights be seen. When removing the samples deviating in the amount of FITD 

absorbed from the figure where no CPC was present, the curves left indicate that the release of FITD 

40 kDa are somewhat more delayed than the release of FITD 10 kDa, but both reach the same 

plateau in the last measurements performed. Though the part released from the gels where no CPC 

was present still exceeds 100 %, when the curves from the gels with deviating amounts of FITD 
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absorbed are not taken into consideration, as was the case in the first set of experiments. No clear 

trend can be seen for the samples where CPC was present. A difference for this second set of 

experiments is that the experiments were performed at sink conditions where the surrounding 

solution was exchanged after each measurement which could force the release of the substance 

since the concentration gradient is always maximal though extent of release over 100 % makes the 

results questionable. Some of the absorbance values measured at each point obtained fell below 0.1 

absorbance units which is said to be the lower limit for accurate absorbance measurements, so when 

these were taken into account and converted to a concentration and an amount substance released, 

a potential error could be included in the results. Additional error could be built and accumulated in 

the results when several of the measured absorbance values fall below the lower limit, something 

that could lead to doubtful results.      

In the third and last set of experiments the molecular weights of the dextran included were 10 kDa, 

40 kDa and 70 kDa. The samples fed with FITD solution (7.5 mL/g gel) were left to equilibrate for 4 

days. The solutions were sterile filtered before each measurement to remove possible turbidity 

interfering the measurements and also the amount of solution vaporized was investigated to not 

overestimate the amount of FITD released from the concentrations obtained in the cuvettes. The 

results are shown in Figure 23. Also when investigating the percent of the amount of FITD solution 

not being absorbed by the gels the average was 43.8 % when all molecular weights were included in 

the calculation, where the sample absorbing the most solution did not absorb 1.4 % and the sample 

absorbing the least amount of solution did not absorb 73.3 %. The standard deviation was 23.1 % and 

the relative standard deviation was 52.7 % over all molecular weights. So yet again a lot of the added 

FITD solution was not absorbed by the gels, but the average amount FITD not being absorbed 

increased some, going from 10 kDa to 40 kDa and to 70 kDa (average amount not absorbed of the 

added FITD solution being 32.1 % (standard deviation 30 %), 40.1 % (standard deviation 5.9 %) and 

59.1 % (standard deviation 9.5 %) respectively).    
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Figure 23. Results from the third set of experiments of release of FITD with molecular weight 10 kDa, 40 kDa and 70 kDa. 

The results are divided in four plots to visualize the results better. The six samples, duplicate samples of each molecular 

weight, showing the release of FITD from HA macrogels where CPC is present (               ) (Upper left and right). 

The six samples, duplicate samples of each molecular weight, showing the release of FITD from HA macrogels where no 

CPC is present (Lower left and right). 

As can be seen from Figure 23, for some of the gel samples the part FITD released from the gels 

exceeded both 100 % and 200 % respectively after correcting the amounts of FITD in the gels by the 

amount of FITD not being absorbed by the gels. The reason why this result was obtained is unclear 

and need to be investigated further. Though the explanations given above for the previous set of 

experiments could be applicable here as well, the FITD could have been modified in some way, 

possibly because of its light sensitiveness that was not investigated, or complexes are formed 

between degraded HA fragments and FITD which is also absorbing light at the specific wavelength or 

excess of the cross-linking agent DVS is present also absorbing light at the specific wavelength. Also 

the uncertainty in the amount solution fed to the gels as well as the uncertainty in the estimation of 

the amount solution not being absorbed by the gels. Also additional error could be built and 

accumulated in to the results when several of the measured absorbance values fell below the lower 

limit of accurate absorbance values. But as for the previous set of experiments no clear results or 

trends can be drawn from the curves shown in Figure 23. But for the third set of experiments it is 

especially obvious, since the amount of released substance exceeded 200 % for one sample, that 

something else is present in the cuvette absorbing light at the specific wavelength and possibly with 

a high absorption coefficient.          
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In all cases where the release of FITD from HA gels where studied the results varied and no clear 

conclusions could be drawn from the experiments performed. As described for each set of 

experiments the amount of FITD not absorbed by the gels calculated as percentage of the amount 

added solution was very high in some samples and also the amount not absorbed varied a lot. This 

might be an indication that the gels synthesized were inhomogeneous. The gels used throughout all 

of the experiments regarding release of FITD were taken from different batches but they were all 

synthesized in the same way. Since indications were that the gels were inhomogeneous an 

explanation could be that the amount of DVS, cross-linking agent, was too high or that the DVS was 

not evenly distributed in the reaction mixture resulting in some gel samples containing a high 

amount cross-linking agent and some gel samples containing less DVS. More stirring to make the 

reaction mixture more homogenous might have been desirable. If more time was given, the degree 

of cross-linking in the gels were to be investigated to conclude if this was a contributing factor to the 

obtained results. The degree of cross-linking in the gels is also an important factor when determining 

the amount of HA in the gels and consequently the amount of disaccharide units, the amount of 

negative charges and the degree of binding both for the surfactant, the proteins and dextran of 

different molecular weight.       

If more time was given further set of experiments could have been performed. Of importance then 

would be to determine the degree of cross-linking in the gels used for the release experiment. This 

could affect the amount of FITD absorbed by the gels. It would also be of concern to make sure that 

the cross-linking agent was homogenously distributed among the gels when synthesizing a batch, 

possibly with more heavy stirring and stirring for a longer time. This would be of importance to 

escape the case with the amount of FITD solution absorbed by the gel samples varying a lot. To get 

an idea of the release of the substances, of different molecular weights, from the gels it is of 

importance that the substance is distributed uniformly in the gel and not accumulated only at the 

surface. This could result in misleading results since substance at the gel surface would diffuse readily 

into the surrounding solution indicating a high extent of release when the experiment is initiated. 

This can be compared to substance distributed uniformly where substance in the gel core which first 

would diffuse within the gel more slowly to the surface and then more readily into the surrounding 

medium. If another set of experiment was to be performed more samples were to be included to be 

able to say something about the variation between replicate samples and to be able to validate the 

method used for investigating the release. Also the FITD used and the effect of FITD in contact with 

light would be of importance if degradation of the substance takes place. Investigations regarding 

the cross-linking agent DVS would be of importance, so no left-over DVS is in the gel samples also 

absorbing light at the wavelength used for measuring the amount FITD released. Also smaller 

microgels, could be included if another set of experiment was to be performed. In smaller gels, for 

example in the range of 50 µm, steric factors could be minimized and more clear result might be 

obtained since such factors might not influence the outcome of the experiments performed.    
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4.5. Binding & release of cytochrome c, myoglobin & hemoglobin 

 

4.5.1. Molar absorption coefficients for cytochrome c, myoglobin & 

hemoglobin 

 

Curves generated for determination of the molar absorption coefficients for cytochrome c, 

hemoglobin and myoglobin in phosphate buffer pH 7.4 and ionic strength 10 mM are shown in 

Appendix II in section 8.2.4. The values derived from the curves are shown in Table 5. For each 

protein, one standard curve was constructed and the determined values of the absorption 

coefficients presented in Table 5 are based on one set of experiments each. Because of this no 

estimations of how the values of the absorption coefficients vary or the validity of them are included 

here.  

Table 5. The determined values of the absorption coefficients at 408 nm in phosphate buffer, pH 7.4 and ionic strength 

10 mM for cytochrome c, hemoglobin and myoglobin. Values of the absorption coefficients are according to the Lambert-

Beer Law, equation ( 3 ), the slope of the inserted linear equations for each protein shown in Figure 32.   

 
Absorption coefficient buffer  

(M-1*cm-1) 

Cytochrome c 
97300 

 

Myoglobin 
138000 

 

Hemoglobin 
388000 
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4.5.2. Binding of proteins to HA gels 

 

The results for the study involving binding of the proteins, cytochrome c, myoglobin and hemoglobin 

to HA macrogels are summarized in the pictures seen in Figure 24 and Figure 25. As described in 

section 3.7.1, the gels had a beforehand created CPC shell with the degree of binding,             

being either 0.2 or 1. The results after 26 hours when                 are shown in Figure 24 for all 

three proteins, and the results after 6 days for both                 and               are shown 

in Figure 25.  

 

Figure 24. Pictures showing the results of the study involving binding of the proteins, cytochrome c, myoglobin and 

hemoglobin to HA macrogels. In each picture the cuvette/gel to the left is the one where no CPC was present during the 

test and consequently the cuvette/gel to the right is the one where CPC was present during the test. The pictures are 

taken ≈ 26 h after the test was initiated. In the gels where a CPC shell was created beforehand the                . The 

upper series of pictures are the results for cytochrome c. The middle series of pictures are the results for myoglobin. The 

lower series of pictures are the results for hemoglobin.    

 

Figure 25. Pictures summarizing the results of the study involving binding of the proteins, cytochrome c, myoglobin and 

hemoglobin to HA macrogels. In each picture the gel/cuvette to the left is the one where no CPC was present during the 

test and consequently the gel/cuvette to the right is the one where CPC was present during the test. All pictures are 

taken ≈6 days after the tests were initiated. The upper series of pictures are the result for cytochrome c, in the two 

pictures to the left               for the gel with CPC shell and in the two pictures to the right                  for 

the gel with CPC shell. The middle series of pictures are the result for myoglobin where the pictures according to the 

values of             are arranged in the same way as described for cytochrome c above. The lower series of pictures are 

the result for hemoglobin where the pictures according to the values of             are arranged as was described for 

cytochrome c above.  
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Since no measurement of the absorbance was performed during this study the conclusions regarding 

the results are purely qualitatively and based on the pictures in Figure 24 and Figure 25. As can be 

seen in Figure 24, already after 26 hours the three proteins seems to have been absorbed in the HA 

gels in the samples where no CPC was present, the solutions seen in the cuvettes are clear and it 

seems that most part, if not all, protein is absorbed by the gels. The gels from the samples where no 

CPC was present are colored which is also an indication, together with the clear solutions, that the 

protein has been absorbed by the gels.  After 26 hours a difference can be seen for the samples 

where CPC had been bound beforehand, for cytochrome c as well as for myoglobin the solutions in 

the cuvettes are clear and the gels are colored indicating absorption of most protein by the HA gels. 

The difference are observed for the third sample with hemoglobin where the solution at 26 hours 

still is colored, though the gel sample is also somewhat colored, the difference in tone of the color 

between this and the other two samples can be seen. As can be seen in the summarizing picture in 

Figure 25 the same conclusions can be drawn regarding                 as above. All gel samples 

at this degree of binding seem to absorb most part of the proteins when no CPC is present and for 

cytochrome c and myoglobin this seem to be true even when a CPC had been bound to the gel but 

for hemoglobin the solution still after 6 days is colored and some protein seems to have been 

absorbed by the gel though an observable amount is still outside the gel in the surrounding solution 

when CPC is present. These observations could be explained with the size of the proteins, 

hemoglobin being much bigger than cytochrome c and myoglobin which might makes it difficult for it 

to penetrate the pores between the CPC micelles to the same extent as the other proteins. If ordered 

phases of CPC/HA are obtained the sizes of the pores in these would affect the transport of the 

proteins into the gel. With hemoglobin being much bigger than the other two proteins the transport 

of it might be lowered.     

Some conclusions can be made when increasing the degree of binding,            , to 1, which can 

be seen in Figure 25. When no CPC is present the result for cytochrome c is that all protein is 

absorbed by the gel and the solution is transparent. Regarding myoglobin and hemoglobin some 

protein is absorbed as well, though the solutions is still colored and not all protein has been absorbed 

by the gel. The results when CPC is present in as high extent as               is also equivalent for 

all three proteins. All three solutions are still much colored indicating most of the protein has not 

been transferred into the gel samples. Though for myoglobin and hemoglobin the gel samples shows 

indications that some protein has been transported into the gels through the possible CPC shells. This 

might be an indication that all three gel samples were not fully saturated with CPC since some 

protein came into the gels. The observations that not as much protein was absorbed by the gels not 

containing any CPC for myoglobin and hemoglobin between the two tests performed can be 

explained by inhomogeneous gels. The degree of cross-linking being different in the gel samples 

could explain why not all myoglobin and hemoglobin respectively was absorbed by the gel samples in 

the two tests performed. Also the fact that HA gels are degradable can explain the difference 

between the tests, in the case where the solutions for myoglobin and hemoglobin is still colored the 

gel might have started to degrade resulting in colored complexes of HA and the specific protein.     
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4.5.3. Release of proteins from HA gels 

 

The results achieved when studying the release of proteins from HA gels briefly can be seen in Figure 

26, where the samples where CPC was present in the solution during the study is shown to the left in 

the figure and consequently the samples where no CPC was present can be seen to the right.    

 

Figure 26. Release of cytochrome c, myoglobin and hemoglobin into a phosphate buffer solution of pH 7.4 and ionic 

strength 10mM, with CPC in solution (βCPC/HA≈0.4) (left). Release of cytochrome c, myoglobin and hemoglobin into a 

phosphate buffer solution of pH 7.4 and ionic strength 10mM, without CPC in solution (right). 

The observations made from Figure 26 are that there were differences in the amounts of protein 

released in the case where CPC was present or not, this was the case for all proteins, cytochrome c, 

myoglobin and hemoglobin. The amount released of myoglobin and hemoglobin when CPC was 

present is quite similar, with myoglobin showing a minimal increase in release compared to 

hemoglobin. This can be explained by the smaller size of myoglobin and therefore it can be thought 

to go through the gel with the bound CPC and be released in the surrounding medium more 

effortlessly than hemoglobin. In the phosphate buffer solution the reigning pH 7.4 makes both 

myoglobin and hemoglobin approximately uncharged, because of their isoelectric points. But since 

the gel samples contain the negatively charged HA polymers which build up a phase boundary to the 

surrounding phosphate buffer solution a Donnan potential can potentially arise here, resulting in 

small cations are held back and attracted to the anionic HA and a higher concentrations of them in 

the gel would be the result. These small cations could possibly be protons causing a lowering of the 

pH inside the gel compared to the reigning pH in the surrounding phosphate buffer medium. This 

could result in both myoglobin and hemoglobin being somewhat positively charged inside the gel, 

which in turn could make them interact electrostatically with the anionic HA. This could delay the 

release of hemoglobin and myoglobin a little and is a factor potentially affecting the rate of release. 

Another observation from the experiment where CPC is present in the phosphate buffer solution is 

that the release of cytochrome c is bigger than for myoglobin and hemoglobin, but still smaller than 

when CPC is not present. Due to cytochrome c having a high isoelectric point (pI=10.3) the protein is 

definitely charged both in the surrounding phosphate buffer solution and inside the gel. This makes 

the electrostatic interaction between the anionic HA gel and cytochrome c more clear than for 

myoglobin and hemoglobin. The more charged cytochrome c might be an explanation why the 

behavior of it is not the same as observed for the other two proteins.  
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When the release of proteins was made and no CPC was present the amounts released are higher for 

all proteins. Myoglobin showing a higher extraction than hemoglobin could, yet again, be explained, 

as for the case with CPC, by its smaller size making its passage through the gel network and out in the 

solution more uncomplicated. Yet again both myoglobin and hemoglobin could be somewhat 

charged, if the pH inside the gel is lower than in the surrounding medium, and be held back due to 

electrostatic interaction with the HA. From the curves in Figure 26 where release from HA gels 

without CPC present the release of the proteins reaches a plateau or at least the release is slowed 

down as time increases. This effect could be due to the fact that all proteins having an electrostatic 

attraction to the HA causing the release to be delayed. For cytochrome c, which is thought to be fully 

charged, the lower extent of release could be described with the higher extent of it to 

electrostatically interact with the HA polymers compared to myoglobin and hemoglobin, which are 

both thought to not be charged in as high degree. Also the cytochrome c distribution at equilibrium 

can be of importance for the results achieved here, as discussed in section 4.2.2 with the binding of 

cytochrome c to HA. This might also be an explanation why no marked difference can be seen from 

the release of cytochrome c in the presence and in the absence of CPC in Figure 26.  

From the curves in Figure 26 and as discussed above the release from the HA gels without CPC 

present is slowed down as time increases and with CPC present the release shown here is lower. This 

should be investigated further, including more samples and performing measurements at longer 

time. Interesting things to investigate further would be if changing factors such as the degree of 

cross-linking in the HA gel samples, the size of the HA gels and properties in the surrounding medium 

such as pH, ionic strength and type of buffer solution have any impact on the release of the proteins. 

Also if one can confirm that when CPC is present in the solution, possibly building up a shell at the HA 

surface, the release of the proteins could be delayed or hindered. If such system could be achieved 

and confirmed it would be of interest to include the biodegradable betaine ester surfactant to 

investigate if the release of the proteins could be triggered by cause degradation of the betaine ester 

surfactant shell by altering pH, salt concentration for example. But for all these speculations a clearer 

picture needs to be achieved and the results obtained above need to be confirmed with some 

statistic certainty, since this was not possible in this work because of too few measurements and too 

few samples and replicates were included. So to clarify, more measurements, measuring at longer 

time and more samples together with replicate samples need to be included to ensure some 

statistical evidence of the results obtained and reported here.          

A notation must be done when discussing the results of the release of these proteins; different gels 

were used and they were synthesized at the end of the project. These were gels containing less 

degree of cross-linking, the amount of DVS was reduced as described in section 3.2 and the reaction 

mixture was homogenized longer with more stirring. Since this was the case the gels used was not as 

inhomogeneous as what might have been the case in the other experiments performed in the 

project. An indication that these new gels were less inhomogeneous than previously synthesized gels 

was that the absorption of the protein solutions fed to the gels was much faster. The gels were left to 

equilibrate in the protein solutions for 3 days before the release experiments were initiated, which 

can be compared when release of FITD was performed and the samples where left to equilibrate for 

1, 4 and 6 days respectively but with inadequate absorption. Also the amount of protein not 

absorbed by the gels was in average 2.2 % ranging from 0.43 % to 4.7 % when estimated, the 

standard deviation for the samples being 1.43 % and the relative standard deviation being 65.3 %. 

The average amount not absorbed by the gels fed with the bigger hemoglobin (average 1.1 %) was 
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not more extensive than for the smaller proteins cytochrome c (average 1.7 %) and myoglobin 

(average 3.7 %). All the estimations given above can be compared to the case with the gels when 

studying the release of FITD, in section 3.6, with different molecular weights where the average 

amount substance not absorbed by the gels was 48.4 %, 13.1 % and 43.8 % respectively (the most 

extreme case for one sample was when as high as 73.3 % of the amount of added FITD was not 

absorbed by the gel) and in all cases the variation was extensive indicated by the calculated standard 

deviation.   
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5. Conclusion 

 

The binding of CPC to HA macrogels was briefly investigated by means of spectrophotometry in both 

water and phosphate buffer pH 7.4 solutions. The decrease in concentration and absorbance was 

registered in the solution surrounding the gel sample indicating CPC binding to HA. The specific parts 

of the gel to which CPC was bound was not investigated, though microscopic pictures indicating more 

CPC at the gel surface and the amount decline further in towards the gel core. By means of SAXS the 

microstructure of CPC and HA at different salt concentrations was investigated. At low salt 

concentrations of 10 mM unclear indications showed that the cubic ordered structure Pm3n was 

obtained while increasing the salt concentration to 40 mM resulted in a variation of the structure to 

a clear face-centered cubic structure, FCC. When increasing the salt concentration further to 150 mM 

indications showed that an unordered micellar phase was achieved. Because of poor quality in 

obtained data and spectra the conclusions were vague and somewhat indeterminate.      

The binding of both cytochrome c and lysozyme to HA gels, to which CPC had bound in a previous 

step, could be achieved and the kinetics of the transport of the proteins in to the HA gels could be 

recorded by means of spectrophotometry. No or small difference was recorded for lysozyme when 

CPC had bound previously to the HA gel compared to when no CPC was present in the gel.  

The release of fluorescein-isothiocyanate dextran with different molecular weights from HA gels both 

with and without CPC present in the solutions were investigated. The aim of the experiments was to 

investigate how the size of the dextran molecules affected the rate and the extent of the release, 

neither of which could be concluded. This was since the amount substance released exceeded 100 % 

for many samples and since duplicate samples varied in their  behavior. The extent of fluorescein-

isothiocyanate dextran solution absorbed to the dry HA gel was varying a lot and big amount of 

fluorescein-isothiocyanate dextran was lost since it was not absorbed by the gels. These results were 

thought to be caused by the lack in statistical certainty when estimating the amount substance not 

absorbed by the gels which in turn affected the statistical certainty in the experiments to a high 

degree. Inhomogeneous gels, possibly because inadequate mixing after adding the cross-linking 

agent when synthesizing the gels, left-over cross-linking agent absorbing light and modification of the 

fluorescein isothiocyanate-dextran could also be possible explanations for the results gained.   

Determining the degree of cross-linking, in the gels used in the release experiments, and to distribute 

the cross-linking agent uniformly among the gels would be of importance when making similar 

release studies ahead. Also to include more samples to be able to validate the method would be of 

importance, as well as investigating the absorbance properties of divinyl sulfone, the cross-linking 

agent, and the degradation of FITD in contact with light. Also to perform the experiment with smaller 

gels, microgels, would be of interest in the furture, this could possibly minimize steric factors that 

might affect the results when using macrogels as was the case in this project.    

The binding of cytochrome c, myoglobin and hemoglobin to HA, both with and without CPC bound to 

the HA gels beforehand, were investigated and the results was evaluated qualitatively. From the 

experiments when no CPC had bound to HA, the proteins diffused into the gels from the solutions 
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surrounding the gels resulting in uncolored, transparent solutions surrounding the colored gel 

samples. When CPC was present, at a low degree of binding between CPC and HA, the smaller 

proteins cytochrome c and myoglobin could diffuse into the HA gels where CPC also was bound, 

resulting in uncolored solutions. For hemoglobin, at the same conditions, some protein was still left 

in the surrounding solution since color was detectable in the solution surrounding the gel. This was 

thought to be because of the bigger size of hemoglobin. The results from the performed experiments 

indicated that there was size dependence for the substances to be able to diffuse into the gels to 

which CPC had bound beforehand. When the HA gels was saturated with CPC, degree of binding 1, 

the proteins were not transported into the gels which could be seen from the still colored solutions. 

Further investigations of how, and where CPC binds to the HA and if a shell or something else is 

created would be of concern when evaluating the results from the experiments performed.   

Investigations of the release of cytochrome c, myoglobin and hemoglobin from HA gels in to a 

phosphate buffer solution of pH 7.4 indicated that, when CPC was present in the solution the release 

of the proteins was lower compared to in the absence of CPC. Also there was an indication that the 

smaller myoglobin was released to a higher extent and faster compared to the bigger hemoglobin. 

The release of cytochrome c when no CPC was present was lower compared to myoglobin and 

hemoglobin. A potential Donnan potential causing a lowering of the pH inside the gel would make 

myoglobin and hemoglobin charged to a small extent, making them electrostatically interact with the 

anionic HA polymers in the gel. This could affect the rate of release as well as the amount substance 

released seen from the experiments performed. Also cytochrome c was positively charged at the 

experimental conditions, resulting in electrostatic interaction between cytochrome c and the charged 

HA, which in turn could affect the release of cytochrome c. To confirm the results obtained from the 

experiments performed, more samples and measurements at longer time need to be included. This 

needs to be done to confirm and establish some statistical certainty in the results as well as 

validation of the method used. Also to include the biodegradable betaine ester surfactant to see if 

triggered release can be achieved of the proteins would be interesting in the future.   
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8. Appendices 

8.1. Appendix I 

8.1.1. Structure of cross-linking agent divinyl sulfone  

 

 

Figure 27. The structure of divinyl sulfone (DVS) used as a cross-linking agent when synthesizing the HA macrogels 
throughout the work.  

8.2. Appendix II  

8.2.1. Determination of the molar absorption coefficients for CPC in buffer 

& water   

 

 

Figure 28. Determination of the molar absorption coefficient for CPC in phosphate buffer pH 7.4 and ionic strength 10 

mM at wavelength 260 nm. Equations of the inserted linear trend lines are shown for the three tests performed (left). 

Determination of molar absorption coefficient for CPC in water solution at wavelength 260 nm. Equations of the inserted 

linear trend lines are shown for the three tests performed (right). 
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Figure 29. The absorbance as a function of molar concentration for CPC outside of the range where the Lambert-Beer 
law, equation ( 3 ), is nonlinear. CPC in phosphate buffer solution of pH 7.4 and ionic strength 10 mM (left). CPC in water 

(right).   

 

8.2.2. Determination of the molar absorption coefficient for cytochrome c  

 

 

Figure 30. Determination of the molar absorption coefficient for cytochrome c in a water solution at wavelength 408 nm. 

Equations of the inserted linear trend lines are shown for the three tests performed.  
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8.2.3. Determination of the absorption coefficients for fluorescein 

isothiocyanate-dextran of different molecular weights  

 

 

Figure 31. Determination of the absorption coefficient for fluorescein isothiocyanate-dextran with molecular weight 10 

kDa at wavelength 481 nm in water and phosphate buffer pH 7.4 and ionic strength 10 mM respectively. Equations of the 

inserted linear trend lines are shown for both test performed in water and phosphate buffer (left). Determination of the 

absorption coefficient for fluorescein isothiocyanate-dextran with molecular weight 10, 40 & 70 kDa respectively at 

wavelength 481 nm in phosphate buffer pH 7.4 and ionic strength 10 mM. Equations of the inserted trend lines are 

shown for all three different molecular weights (right).      

 

8.2.4. Determination of the molar absorption coefficients for cytochrome c, 

hemoglobin & myoglobin  

 

 

Figure 32. Determination of the molar absorption coefficients in a phosphate buffer solution of pH 7.4 and ionic strength 

10 mM at wavelength 408 nm for cytochrome c, hemoglobin and myoglobin respectively. Equations of the inserted trend 

lines are shown for all three proteins.   
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