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Abstract 

The purpose of this thesis was to develop a controlled release system based on 

bovine serum albumin (BSA) hydrogels. To achieve this goal, hydrogels from 

BSA were prepared by thermally, pH or ethanol induced procedures to study the 

release behavior of a model “drug” 16-doxyl stearic acid, spin-labeled coumarin-

3-carboxylic acid, warfarin and naproxen. The macroscopic properties of these 

gels were studied through rheology, while the secondary structure changes of 

the protein were analyzed via infrared (IR) spectroscopy. The combined effects 

of type of drug, drug concentration, duration of gel formation, and gelation 

methods on release behavior were characterized by continuous wave electron 

paramagnetic resonance (CW EPR) spectroscopy and dynamic light scattering 

(DLS). 

Keywords: albumin; hydrogel; EPR spectroscopy; release behavior; fatty acid; 

spin-labeled pharmaceutical  
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Kurzdarstellung 

Ziel dieser Arbeit war es, ein System zur kontrollierten Freisetzung zu entwickeln, 

das auf Rinderserumalbumin (BSA)-Hydrogelen basiert. Um dieses Ziel zu 

erreichen, wurden Hydrogele aus BSA durch thermische, pH oder Ethanol 

induzierte Verfahren hergestellt, um das Freisetzungsverhalten eines Modell-

"Medikaments" 16-Doxyl-Stearinsäure, spin-markierte Cumarin-3-Carbonsäure, 

Warfarin und Naproxen zu untersuchen. Die Gelbildung wurde mithilfe von 

Rheologie makroskopisch untersucht, während die Sekundärstrukturänderungen 

des Proteins durch Infrarotspektroskopie (IR) analysiert wurden. Die 

kombinierten Auswirkungen der Art des Arzneimittels, der 

Arzneimittelkonzentration, der Dauer der Gelbildung und der 

Gelierungsmethoden auf das Freisetzungsverhalten wurden mit Hilfe der CW-

EPR-Spektroskopie (Continuous Wave Electron Paramagnetic Resonance) und 

der dynamischen Lichtstreuung (DLS) charakterisiert.  

Stichworte: Albumin; Hydrogel; EPR-Spektroskopie; Freisetzungsverhalten; 

Fettsäure; spin-markiertes Arzneimittel
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2 Introduction 
 

A wide variety of therapeutic drugs have been discovered and developed to treat 

severe diseases. However, nonspecific biodistribution and rapid consumption by 

the system result in low drug efficacy and undesirable therapeutic activity. 

Furthermore, due to low water solubility and cellular uptake of some therapeutic 

agents, more amount of drug is required to maintain the desired plasma level. 

Therefore, frequent dosing is needed which results in acute side effects and more 

discomfort to patients. The nature of the drug and administration route can be 

the reasons of this uneven behavior [1-3]. To address these challenges, various 

drug delivery and drug targeting systems have received tremendous attention 

from pharmaceutical industries worldwide [2, 4]. Since this research topic is of 

immense importance, drug delivery systems based on bovine serum albumin 

(BSA) hydrogels are developed and release of different pharmaceuticals are 

studied in this dissertation. 

Great effort has been devoted to develop controlled drug delivery systems which 

can provide several advantages over traditional pharmaceutical formulations [5, 

6]. These systems are designed to deliver drugs at predetermined rates and 

preferably for an extended period of time to provide an appropriate drug 

concentration for its optimum therapeutic activity [3, 6]. For this purpose, first, an 

active agent is partly released from a controlled delivery system to reach rapidly 

the effective therapeutic concentration. Subsequently, drug release kinetics 

follow a well-defined behavior to control drug concentration in blood plasma [4]. 

Figure 2.1 shows the schematic of a controlled drug delivery system. The 

administration of drugs by a drug delivery system can diminish harmful side 

effects since the drug is delivered locally rather than systematically, which can 

enhance patient compliance [7].  

Despite many advantages of a controlled drug delivery system, it is important not 

to ignore the potential disadvantages such as the possible toxicity or non-

biocompatibility of materials used, undesirable byproducts of degradation, 

necessary surgery for implantation or removing of the system and higher cost in 

comparison with conventional drug formulations [8]. 
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Figure 2.1 Schematic representation of a controlled drug delivery system. 

It is important to mention that different parameters such as temperature, pH, 

surfactant, agitation rate, and presence of enzymes can affect drug release rate. 

For example, increasing temperature can improve hydration and degradation of 

polymeric carriers, which leads to higher drug release rate. Moreover, 

accelerated drug release from biodegradable polyesters can be obtained by both 

acidic and basic conditions. Addition of surfactant or organic solvents into the 

release medium can hasten drug release. For example, when faster drug release 

from lipid implants is desirable, the addition of surfactant in the release medium 

can facilitate wetting and buffer diffusion into the system, which can increase 

drug solubility and release rate [9]. 

Numerous systems have been tried as vehicles of controlled drug delivery such 

as nanocarriers [10, 11], polylactic acid (PLA) and poly(lactic-co-glycolic acid) 

(PLGA) products [12, 13], smart polymers [14, 15], hydroxyapatite (HA) [16], 

hydrogels [17-19], and others.  

Considerable interest has been shown in the use of hydrogels as a carrier for 

controlled drug delivery systems. Hydrogels are crosslinked networks made from 

hydrophilic polymers, proteins or small molecules with the capability of absorbing 

water from 10-20 percent up to thousands times of their own weight, due to the 

presence of physical and chemical bonds within polymeric network. Their high 

water content resembles living tissue and minimizes negative immune reaction 

after implantation. Due to this property, hydrophilic drugs can be incorporated in 

the water-swollen network of hydrogels. There is low probability of drug 

degradation and aggregation upon exposure to organic solvents, since hydrogels 

may provide desirable protection [20-23].  

Natural proteins have gained significant interest in recent years to be used as a 

carrier for drug delivery applications [6]. In the three publications presented in 
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this thesis, bovine serum albumin (BSA) was selected as a drug carrier to 

develop a novel drug delivery vehicle. As a major protein in blood plasma, 

albumin is responsible for maintaining colloid osmotic pressure and reversible 

binding to a wide variety of substances such as hormones, fatty acids, drugs and 

polypeptides through the blood stream. This 66 kDa monomer protein contains 

multiple hydrophobic binding pockets and plays a significant role in transportation 

and deposition of different categories of molecules to different tissues through 

physical or chemical bonding to the binding sites of this protein [24, 25]. Serum 

albumin, a small globular and in the crystalline state heart-shaped molecule, 

consists of 607 amino acids with an isoelectric point of 4.7 in water at 25 °C [26, 

27]. Moreover, the negatively charged surface makes albumin highly water 

soluble [28]. Due to its low toxicity and immunogenicity, high biocompatibility, 

biodegradability, and considerable ligand-binding characteristics, albumin is 

being evaluated in many drug delivery applications [27]. 

Structurally, albumin consists of three homologous domains I, II, and III, 

connected by random coil and each domain has two long and one shorter loops. 

The first two loops in each domain form subdomain A and the last loop in each 

domain is denoted as subdomain B. Subdomains A and B contain 4 and 6 α-

helices, respectively [24, 29]. Although, the domains are similar in structure, their 

ligand-binding affinities and functions are found to be different. Two main drug 

binding sites in albumin are denoted as Sudlow site I and Sudlow site II. They 

are positioned in the hydrophobic cavities of subdomains IIA and IIIA, 

respectively. It has been found that large heterocyclic and negatively charged 

compounds such as azapropazone, phentylbutazone and warfarin bind with high 

affinity to Sudlow site I, while Sudlow site II prefers small aromatic carboxylic 

acids like ibuprofen [24, 25, 28]. Figure 2.2 shows drug binding sites of BSA. 
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Figure 2.2 Three-dimensional structure of BSA and its drug-binding sites (the protein topology 

from PDB ID 4f5s). 

Albumin has 7 ± 1 high affinity binding sites for long chain fatty acids (FA). These 

binding sites are distributed throughout this protein. The first binding site is 

located in subdomain IB, which is also a site for binding polycyclic aromatic 

hydrocarbon epoxides. Site 2 is identified at the interface between IA and IIA, the 

third and fourth sites are located within subdomain IIIA, site 5 at subdomain IIIB, 

site 6 lies at interface between IIA and IIB, and site 7 is located in subdomain IIA 

[30]. The presence of amino acid residues in the first five fatty acid binding sites 

facilitates electrostatic/polar interactions with the carboxylic acid group of fatty 

acids [24]. It is important to note that the binding characteristics of BSA show 

high resemblance to that of HSA [25]. 

The secondary structure of BSA is composed of 67% helix, 10% turn, and 23% 

extended chain, and contains no β-sheet structure. pH, temperature, and various 

kinds of denaturants can modify the secondary as well as tertiary structures of 

albumin [31]. BSA contains 17 intrachain disulfide bridges and a free cysteine 

residue at position 34 (Cys34). The high stability of albumin arises from these 

disulfide bonds, which give some rigidity to each subdomain, while significant 

changes in the size and shape of the protein is possible under various external 

conditions [32]. Moreover, drugs can attach covalently to Cys34, which is located 

on the outer surface of albumin away from the main interior drug binding sites 

and has, therefore, been a focus for covalent conjugation of drugs [28].  
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Albumin hydrogels have in recent years gained increased attention. It is vital to 

choose the optimum method for preparing robust and biocompatible albumin 

hydrogels while maintaining the various functions of this protein such as ability to 

bind and release a wide range of molecules [27]. Therefore, if albumin hydrogel 

is used as a carrier, it is expected that a drug with high affinity to albumin is 

preferably loaded on the hydrogel and can be released slowly, as compared with 

hydrogels with no albumin [33].  

In this thesis, three methods of hydrogel formation from BSA have been 

employed. In the first and second presented publications, BSA hydrogels are 

prepared by thermally and pH induced methods.  

Numerous studies have been carried out to investigate heat-induced 

denaturation of BSA. In general, denaturation of BSA does not occur up to 40 °C. 

In the temperature range of 42 to 50 °C, BSA molecule undergoes reversible 

conformational changes, however, in the temperature range of 52 to 60 °C, the 

α-helices content of BSA are irreversibly unfolded. From 60 °C, unfolding of BSA 

continues and β-aggregations of BSA are formed. At temperatures above 70 °C, 

the gelation by unfolding of BSA progresses further [31]. 

Thermally induced gelation requires two-stage sequential process. The first 

phase involves conformational changes in the protein with unfolding of some 

polypeptide segments, followed by a subsequent phase of protein-protein 

interaction leading to a formation of a network structure. In this state, protein gel 

consists of intermolecular cage-like structures, with the solvent continuous 

throughout the matrix. The physical and chemical properties of the protein 

influence the balance between attractive and repulsive forces which affect the 

matrix formation. During the first stage, the native state transits to the progel 

state, which results in protein denaturation. Meanwhile, intermolecular 

interactions is possible due to the availability of functional groups which were 

engaged in intramolecular hydrogen bonding and electrostatic interaction in the 

native state. Exposure of Hydrophobic groups leads to a hydrophobic interactions 

which are significant for gel network formation [34].  

Albumin can undergo reversible conformational changes when exposed to 

different pH. For instance, by changing the pH from 7.4 to 3.5, albumin changes 

structure from N to F isoform. The former is the normal heart shape structure of 

albumin and the latter is the expanded cigar like shape. Reducing the pH to 2.7 
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enables albumin transition to the E isoform. In the pH-induced method, 

decreasing the pH from 7.4 to 3.5, changes the net charge on the protein from -

16 mV to +100mV. In this condition, denaturation temperature of BSA changes 

from 62 °C to 46.8 °C. It has been observed that concentrated solution of BSA in 

the cigar like form (F isoform) can turn into a hydrogel network within 24 hours at 

room temperature (25 °C) or at 37 °C and in only 30 minutes. However, BSA 

protein in N isoform shows no gelation behavior unless the temperature 

increases above 62 °C, which triggers thermal denaturation of BSA [35-37]. 

In the first and second presented projects, BSA precursor solution was heated at 

65 °C and 59 °C, which are above and below protein’s denaturation temperature, 

to obtain thermally induced hydrogels. In order to obtain pH induced gels, 

hydrochloric acid (HCl 2 M) is added to the precursor solution of BSA and the pH 

is reduced to 3.5. By this method, it is possible to prepare hydrogels at 37 °C 

[38]. 

In the third presented publication, BSA hydrogels are prepared by addition of 

different amounts of ethanol into BSA precursor solution. The presence of 

alcohols as co-solvents of proteins above a certain concentration can alter the 

secondary structure of the proteins which results in their denaturation. The 

possible mechanisms for such effect can be explained as follows: the addition of 

alcohol can change the dielectric constant of the solvent, which modifies the 

electrostatic interactions among charged groups as well as hydrophobic 

interactions. Moreover, when alcohol is added to the protein aqueous solution, 

alcohol molecules can penetrate to protein core and form intramolecular 

hydrogen bonding, which promote α-helical chain segment formation. However, 

intermolecular β-sheets can be formed due to metastability of α-helical 

conformations. The common characteristics of both alcohol and thermally 

induced methods are the formation and increase of the intermolecular β-sheet 

structures upon aggregation and gelation process. It is important to mention that 

the nonpolar groups of protein molecules are kept protected from surrounding 

water by the hydrophobic effect, and when alcohols, which are not as polar as 

water, are presented as co-solvents, this hydrophobic effect is not so strong 

anymore which leads to the partial unfolding of proteins [39-41].  

The effect of alcohols on secondary structure and conformational changes of 

proteins highly depends on the type of alcohol and its concentration. It has been 
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reported that low ethanol concentrations in the range of 0-20% does not 

significantly affect the secondary structure of the protein, while by increasing the 

concentration to 20-50%, the formation of α-helical structures is promoted. 

However, at higher ethanol concentrations (above 50%), β-sheet structures are 

dominated and formed which induce aggregation and gelation [40].   

The main investigation method used in this thesis is continuous wave electron 

paramagnetic resonance (CW EPR) spectroscopy. Electron paramagnetic 

resonance (EPR) spectroscopy is a highly sensitive and selective technique 

which can be used to detect paramagnetic centers or free radicals and provides 

profound insight in various fields of chemistry, materials science, and biomedical 

sciences [42, 43]. Most of the drug delivery systems cannot be studied by EPR 

spectroscopy due to lack of paramagnetic molecules or unpaired electrons. 

Therefore, by strategies like spin labeling or spin probing, which are based on 

covalent or non-covalent attachment of persistent reporter radicals such as 

organic nitroxide radicals into the drug, the protein, or both, it is possible to 

investigate the drug-protein interaction [20, 27]. 

Nitroxide compounds are persistent radicals with different physicochemical 

properties used frequently as model drugs or attached covalently to an active 

agent [44, 45]. Unique information such as microviscosity, and local polarities or 

pH can be obtained by analyzing the EPR spectra of nitroxides due to their 

sensitivity to the environment and changes in rotational motions, e.g. upon 

binding to a protein [46]. In all three publications presented in this work, diverse 

release mechanisms were studied through EPR spectroscopy, since various 

release patterns lead to different changes in the shape of the spectra [47]. EPR 

spectra are recorded usually in the form of first derivative. Therefore, by 

calculating the double integral of an EPR spectrum, it is possible to gain 

information on the signal intensity, which is directly proportional to the number of 

spins available in the system. In all of the projects, CW EPR was used to study 

the release behavior by plotting the double integral of the released spin-labeled 

drugs in the EPR spectra versus release time intervals, which is a measure of 

the released molecules. Another application of EPR is to study the interaction of 

spin labeled amphiphilic molecules such as fatty acids (FAs) with proteins like 

serum albumin. By this method, motional parameters as well as dynamic 

information like binding capacity of the protein can be obtained [48]. For instance, 
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immobilized radicals indicate slow rotational dynamics, while freely tumbling spin 

probes show no or little attachment to protein. 

In the first publication, 16-doxyl stearic acid (16-DSA), a spin-labeled stearic acid 

at position 16 from the carboxylic acid head group, is used as a model tracer 

molecule for amphiphilic drugs and the release behavior and interaction of this 

FA with BSA is investigated in detail. 

In the second publication, spin-labeled coumarin-3-carboxylic acid (SL-CCS) and 

warfarin (SL-WFR) are selected as SL-pharmaceutical and effect of different 

parameters such as type of drug, drug concentration, duration of gel formation 

and gelation method on release rate and behavior of these two SL-drugs are 

thoroughly studied.  

Coumarin and warfarin are the most widely prescribed anticoagulant drugs for 

the treatment of cardiovascular diseases, which are the main cause of mortality 

worldwide. Myocardial infarction or strokes are the reasons of cardiovascular 

death, which are mostly due to an atherosclerotic process. Atherosclerosis is a 

serious condition where inappropriate clots are formed within intact arteries [49].  

Most of the anticoagulants suffer from limited therapeutic efficacy due to their 

hydrophobic nature. Coumarinic derivatives are natural or synthetic 

anticoagulant drugs and are popular due to their importance in medicine. 

However, they have shown narrow therapeutic window and high variability in 

dose-response. Warfarin and coumarin, which are coumarinic derivatives, are 

oral anticoagulants for thromboembolic disorders treatment. Controlled delivery 

of such drugs can avoid problems such as high fluctuation in dose-response, 

narrow therapeutic range and considerable interactions with other medications 

[7, 20, 49, 50]. 

In the third publication, release behavior of SL-naproxen (SL-NPX) from BSA 

hydrogels prepared by ethanol induced method is studied.  

Non-steroidal anti-inflammatory drugs (NSAIDs) are widely used in the treatment 

of rheumatoid arthritis, osteoarthritis, inflammation, acute gout, metastatic bone 

pain, headaches and migraines. Naproxen is a potent NSAID, which relieves 

fever, inflammation and pain in joints and muscles. Due to short bioavailability of 

the drug (8 hours) by oral administration, repeated dosing is required to maintain 

pharmacological level. However, frequent administration in patients with chronic 

inflammatory diseases who require long treatment with naproxen can lead to 
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gastrointestinal disorder and bleeding. Therefore, it seems crucial to develop a 

controlled drug delivery system to reduce the frequency of administration and 

allow the sustained release of drug [5, 51, 52]. Figure 2.3 shows the chemical 

structures of 16-DSA and all SL-pharmaceuticals used in this thesis. 

 

Figure 2.3 Chemical structure of 16-DSA and SL-pharmaceuticals studied in this thesis. 

The aim of this dissertation is directed towards the development of controlled 

drug delivery systems based on BSA hydrogels that are prepared by different 

methods, namely thermally, pH and ethanol induced techniques, and study the 

release behavior of 16-DSA as an amphiphilic model drug, and different SL-

pharmaceuticals such as SL-CCS, SL-WFR, and SL-NPX. The objective of the 

present contribution is to investigate the effect of different parameters such as 

method of gel formation, drug concentration, and the incubation time, which is 

the time required for gelation to process at specific temperature or pH, on release 

rate. The investigation is completed by studying the influence of such parameters 

on the mechanical properties of the hydrogels by rheology, the secondary 

structure of the protein during gelation using ATR-IR spectroscopy, the 

interaction of SL-drugs with BSA by means of CW EPR spectroscopy, and the 

size and nature of released components by DLS. 

This cumulative dissertation consists of three publications. A list of publications 



11 
 

is presented prior to introduction. The second chapter is the general introduction 

to the content of this thesis, which is followed by a theoretical chapter that briefly 

explains different characterization methods used in the publications. An overview 

over the published papers and reprints of the three published papers are 

assembled in chapter four. In the fifth chapter, the results of the papers are 

discussed in detail and the sixth chapter reaches conclusions and presents an 

outlook in the research field. 
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3 Theory and Methods 
 

The following chapter presents a brief introduction on the most important 

methods used throughout the thesis. Rheological characterization is used to 

obtain information about the mechanical properties and viscoelastic behavior of 

different hydrogels prepared by different methods. Changes in the secondary 

structure of the protein during gelation is investigated by ATR-IR spectroscopy. 

CW EPR spectroscopy is used to study the interaction of SL-drug-BSA and 

release behavior. Moreover, in the second paper, the percentage of drug inside 

the hydrogel as well as spatial distribution of SL-pharmaceuticals is investigated 

by means of electron paramagnetic resonance imaging (EPRI). The insight about 

the size and nature of released components is gained via DLS. 

3.1 Rheology 

The essential parameters in the design of hydrogels for pharmaceutical and 

biomedical applications are mechanical and viscoelastic properties. The rigidity 

and integrity of gels gain importance in the field of drug delivery, since the 

hydrogel acts as a carrier and protects the therapeutic agent, until the agent is 

released from the system. On the other hand, the flowability of gel plays a 

significant role when it is used as an injectable carriers for drug delivery 

applications [20, 27].  

The majority of materials show a mixture of viscous and elastic behavior when 

sheared, called viscoelastic behavior. To understand the definition of the 

rheological parameters which are required for description of deformation 

behavior, the two-plate model is used [53].  

The viscoelastic behavior is measured by performing oscillatory test between the 

two plates of the rheometer (Figure 3.1) [53].  
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Figure 3.1 The two-plate model with driving wheel and push rod for shear tests used for oscillatory 

test. The deflection of the upper plate at different angle positions 0° / 90° / 180° / 270° / 360° of 

the rotating wheel is illustrated [53]. 

A shear stress (𝜏 =
𝐹

𝐴
 , with shear stress 𝜏,  shear force F (in N) and shear area 

A (in m2)) is applied to the sample, which is placed on the stationary rheometer’s 

plate, while the upper plate moves back and forth parallel to the lower plate by a 

driving wheel. The oscillating frequency is constant, since a constant rotational 

speed is applied. Strain or deformation (𝛾 =
𝑠

ℎ
, with shear strain 𝛾, deflection path 

s (in m), and shear gap h (in m)) can be calculated by measuring the deflection 

path of upper plate. By plotting strain against time, while the driving wheel is 

rotating, a sine curve with the strain amplitude (𝛾𝐴) is obtained (Figure 3.2) [53].  

 

Figure 3.2 The two-plate model used for oscillatory test shown on the left. Time-dependent strain 

value with the amplitude 𝛾𝐴 of the upper plate is shown on the right. A full turn of the driving wheel 

results in a complete sine curve [53]. 

Parameters for oscillatory tests are usually preset in the form of a sine curve. 

For the two-plate model the test is a controlled sinusoidal strain test. The 
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amplitude (maximum deflection) and the oscillation period (blue line in Figure 3.3) 

describe the sine curve. The oscillation frequency is the reciprocal of the 

oscillation period (Figure 3.3) [53]. 

 

Figure 3.3 A sine curve is determined by its amplitude (maximum deflection) and its oscillation 

period or frequency [53]. 

Shear stress (𝜏) is a counter force which keeps the lower plate in position and 

when the sample does not have a large deformation, sinusoidal curve of the 

shear stress with the amplitude (𝜏𝐴) can be obtained by plotting shear stress over 

time. Both preset and response curves have the same oscillatory frequency. For 

rigid materials with elastic behavior such as steel or stone, there is no time lag 

between the preset and the response sine curve. However, most of the samples 

show viscoelastic behavior, therefore there is a time lag between these sine 

curves which is called phase shift (𝛿) and is always between 0° and 90° [53-56].  

To describe the viscoelastic behavior of the hydrogels, storage and loss moduli 

are measured. In general, storage modulus (G′) characterizes the elastic 

characteristics (stored energy) and loss modulus (G′′) represents the viscous 

portion (dissipated energy). Equations 3.1 and 3.2 define the two moduli. The 

values of G′ and G′′ are important for gelation process. In the liquid or sol state, 

G′′ > G′, at the gelation point, G′′ = G′, and in the gel state, G′ > G′′ [54].  

Storage modulus:   G′ =  
𝜏𝐴

𝛾𝐴
𝑐𝑜𝑠𝛿    (3.1) 

        Loss modulus:                    G′′ =  
𝜏𝐴

𝛾𝐴
𝑠𝑖𝑛𝛿    (3.2) 

𝜏/Pa = shear stress 

𝛾/% = deformation 

𝛿/° = phase shift angle 
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3.2 ATR-IR spectroscopy   

Attenuated Total Reflection (ATR) Fourier Transform Infrared Spectroscopy 

(FTIR) techniques are widely used to characterize the protein secondary 

structure content [57]. The two major vibrational bands of proteins are amide I 

and amide II. The former is the most sensitive band, corresponding to the 

stretching vibration of C=O bonds, which is found between 1600 and 1700 cm-1. 

The latter is originating from the bending vibration of N-H bonds which occurs at 

1500-1600 cm-1 [58]. 

In the first publication, ATR-IR spectroscopy is used to study changes in the 

secondary structure of BSA during gelation alone, and in the presence of fatty 

acids. In the third publication presented in this thesis, this method is performed 

to investigate how different ethanol concentrations cause changes in the 

secondary structure of BSA during hydrogel formation. 

ATR is based on internal reflectance. An infrared (IR) beam travels from a crystal 

with high refractive index (nc) to a sample with lower refractive index (ns). The 

incoming beam makes an angle with the surface which is denoted as angle of 

incidence, θi. If the angle of incidence is small, some amount of the light is 

reflected back into the crystal, and some of the beam will refract out into the low 

refractive index medium. At a particular angle of incidence, the angle of refraction 

(θR) will become 90°, and almost all of the light waves are reflected back, the 

phenomena called total internal reflectance. Total internal reflection will take 

place at critical angle (θc), which is the minimum angle at which total internal 

reflectance occurs in a material, and all angles greater than θc. Critical angle is a 

function of the refractive indices of both the sample and crystal as follows [59, 

60]: 

𝜃𝑐 =  sin−1 𝑛𝑠/𝑛𝑐    (3.3) 

Since the sine of angle cannot be greater than 1, total internal reflectance ceases 

when ns is greater than nc. Since the IR beam does not leave the crystal, at the 

point of internal reflectance the incoming and outgoing beams undergo 

constructive interference. Therefore, at this point the amplitude of IR will be 

greater than the amplitude on each side. The IR light reaches above the surface 

of the crystal into the medium with lower refractive index by less than a micron to 
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10 microns, which is called evanescent wave [59, 60]. 

The intensity of the evanescent wave decreases exponentially with distance 

above the surface of the ATR crystal. When the sample is applied on the crystal 

and it is in contact with evanescent wave, the sample absorbs some of the 

beam’s energy. Hence, the intensity of the reflected infrared beam reduces at 

this point, and therefore the term attenuated total reflectance (ATR) is used. This 

absorbance is translated into the IR spectrum of the sample [59-61].  

3.3 Continuous Wave Electron Paramagnetic Resonance (CW EPR) 

Spectroscopy 

In all three publications, CW EPR spectroscopy is used to provide information on 

the released components and the interaction of SL-drugs and fatty acid with 

albumin-derived materials, and their bound states. Moreover, release 

mechanisms are determined by plotting the double integral values of first 

derivative EPR spectra versus release time. The principles and applications of 

EPR spectroscopy are described in great detail in various publications and 

books, therefore, a short introduction on the basics of this method is given in this 

thesis. 

Electron paramagnetic resonance, also known as electron spin resonance, is a 

powerful and noninvasive spectroscopic tool, which can be used to detect and 

characterize paramagnetic species with one or more unpaired electrons in their 

orbitals. EPR shows greater sensitivity than nuclear magnetic resonance (NMR), 

since its resonance frequency is 103 higher due to larger magnetic moment of an 

electron, therefore, it is possible to detect free radical concentrations as low as 

0.5-1 nmol/ml by this method [47].  

The majority of materials, except for paramagnetic transition metal ions that 

possess intrinsic free radicals, are not detectable by EPR due to the absence of 

paramagnetic centers. It is well known that covalent chemical bonds are based 

on pairing of electrons, and hence due to their diamagnetic properties, EPR 

spectroscopy can investigate only few macromolecular systems. To achieve 

more information on different systems, spin labeling or spin probing techniques 

can be used by covalent or non-covalent corporation of paramagnetic 

substances such as organic nitroxide radicals, conventionally presented with the 

structural unit RNO, into the drug, the protein, or both. Therefore, it is possible to 
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study drug–protein interactions in drug delivery systems. Furthermore, through 

this method, information about the local environment, motional parameters, and 

ligand binding of the protein can be obtained [27, 42, 62]. 

The intrinsic property of electrons, the negatively charged particles, is spin, 

characterized by the spin angular momentum S. The spin angular momentum 

can be defined with the magnetic quantum number ms = ±1/2, resulting in two 

individual spin states, denoted as ‘spin-up’ (ms = +1/2, called the α-spin) and 

‘spin-down’ (ms = -1/2, called the β-spin). In the absence of a magnetic field, the 

energy of the two electron spin levels are the same and the probability of the 

electron being in either spin state is equal. In order to split the energy levels of 

the initial degenerated spin states, the electron needs to be subjected to an 

external magnetic field (B0). The interaction energy (E) of an electron with B0 is 

given by: 

𝐸 = 𝑔𝑒𝜇𝐵𝑚𝑠 × 𝐵0    (3.4) 

𝑔 = 𝑔-factor (𝑔 = 2.0023 for free radicals) 

𝜇𝐵 = Bohr magneton 

𝐵0 = strength of the applied magnetic field 

When the spin of an electron is placed in an external magnetic field, the electron 

spin has only two possible orientations relative to the magnetic field. The electron 

spin will either occupy the lower energy state when they align parallel to the 

direction of applied magnetic field or higher energy state in which the spin is 

aligned against the external magnetic field. The splitting of the electron spin 

energy in a magnetic field referred to as the electron Zeeman levels. In EPR 

spectroscopy, a sample containing unpaired electrons irradiated with 

electromagnetic radiation (ℎ𝜐) in the presence of an external magnetic field. The 

resonance condition is satisfied between the lower and upper energy states when 

electromagnetic radiation corresponding to ∆𝐸 is applied to the sample (Figure 

3.4) [62, 63].  
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Figure 3.4 The electron Zeeman levels for an unpaired electron subjected to an external magnetic 

field (B0) [63].  

The energy difference between these two states is determined by the equation 

given below: 

∆𝐸 = ℎ𝜐 = 𝑔𝑒𝜇𝐵𝐵0    (3.5) 

ℎ = Planck’s constant 

𝜐 = frequency of electromagnetic radiation 

The interaction of the unpaired electron with an applied magnetic field is not the 

only effect detectable by EPR spectroscopy. The nuclei have also a magnetic 

spin, resulting in further magnetic interactions in the electron spin system, which 

leads to multi-line EPR spectrum that contains a wealth of information. A nuclear 

Zeeman splitting is the result of the interaction of the nuclear spin with the applied 

external magnetic field. The interaction of unpaired electron with magnetic nuclei 

produces splitting in the energy levels of EPR spectrum, which is called hyperfine 

splitting. These interactions create small but considerable perturbations to the 

electron spin energies (E), which are summarized as: 

𝐸 = 𝑔𝜇𝐵𝐵𝑚𝑠 − 𝑔𝑁𝜇𝑁𝐵𝑚𝑙 + 𝑎𝑚𝑠𝑚𝑙   (3.6) 

𝑔𝑁 = nuclear 𝑔-factor (which can have positive or negative values) 

𝜇𝑁 = nuclear magneton 

𝑎 = hyperfine splitting constant 
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Protons, like electrons can possess an orbital and spin angular momentum. 

Nuclei that have a non-zero nuclear spin quantum number, I, will possess an 

associated magnetic moment 𝜇𝐼 as well. In analogy with the electron magnetic 

moment, the influence of a magnetic field can remove the degeneracy of the 

nuclear energy levels. Therefore, the magnetic dipole moments of the nuclei will 

align parallel or antiparallel to the direction of applied magnetic field. Comparing 

to the electron Zeeman levels, the nuclear Zeeman energy levels are equally 

spaced and are considerably smaller than the electron Zeeman splitting due to 

much smaller 𝜇𝑁 value [63]. 

Figure 3.5 shows energy level diagram for a spin system with S = I = 1/2. Each 

of the non-degenerate electron Zeeman levels is splitted into two nuclear 

Zeeman levels. This leads to four discrete energy levels (E1 to E4) for an I = 1/2 

system, because of the combined interaction of the electron and nuclear 

magnetic dipole moments with the applied external magnetic field [63, 64]. 

 

Figure 3.5 Energy diagram in a fixed magnetic field for a spin system with S = I = 1/2, showing 

the electron Zeeman (EZ), nuclear Zeeman (NZ) and hyperfine interaction (HF). The two allowed 

EPR transitions lead to the experimentally observed resonances labelled EPR I and EPR II [63]. 

As it was explained above, 𝑎𝑚𝑠𝑚𝑙 in equation 3.6, describes the hyperfine 

interaction arising from the interaction between the electron and nuclear 

magnetic dipole moments. The hyperfine interaction can create a perturbation of 

the nuclear Zeeman energy levels towards higher or lower energy. The 
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magnitude of the interaction determines the extent of this perturbation which is 

described by the hyperfine splitting α [63].  

The solutions to equation 3.6 for the corresponding energies of the system with 

ms = ±1/2 and mI = ±1/2 are given by: 

𝐸1 = −
1

2
𝑔𝑒𝜇𝐵. 𝐵 −

1

2
𝑔𝑁𝜇𝑁. 𝐵 −

1

4
𝑎             (3.7a) 

𝐸2 = −
1

2
𝑔𝑒𝜇𝐵. 𝐵 +

1

2
𝑔𝑁𝜇𝑁. 𝐵 +

1

4
𝑎             (3.7b) 

𝐸3 = +
1

2
𝑔𝑒𝜇𝐵. 𝐵 −

1

2
𝑔𝑁𝜇𝑁. 𝐵 +

1

4
𝑎                (3.7c) 

𝐸4 = +
1

2
𝑔𝑒𝜇𝐵. 𝐵 +

1

2
𝑔𝑁𝜇𝑁. 𝐵 −

1

4
𝑎             (3.7d) 

The energy diagram shown above in Figure 3.5 arises from positive gN and α.  

In CW EPR spectroscopy, the highest probability for transitions from one state to 

another occurs when ∆ms = ±1 and ∆mI = 0. In other words, the electron spin 

state must change as a result of the transition, while the nuclear spin state must 

remain the same. Therefore, for the system with two spins shown in Figure 3.5, 

two EPR transitions are allowed to take place which are labelled EPR I (E2 → E4) 

and EPR II (E1 → E3). As can be seen in this figure, these two transitions have 

different arrow lengths, representing different energy quanta needed to induce 

transitions, leading to two resonance lines in EPR spectrum. The hyperfine 

splitting constant is defined by the magnitude of the separation between these 

two resonance lines: 

| E1 → E3 | − | E2 → E4 | = α   (3.8) 

Hyperfine splitting constant can be obtained by calculating the distance between 

the first and second peaks in EPR spectrum [63]. 

The number of lines and their intensities in an EPR spectrum can be determined 

by the type and number of nuclei interacting with the electron. In general, there 

are 2I+1 energy levels for each ms value, considering an unpaired electron which 

experiences a hyperfine interaction with a nucleus of spin I. Therefore, there are 

2I+1 EPR transitions between these levels, and consequently, the EPR spectrum 

of a radical experiencing a hyperfine interaction with a nucleus of spin I 
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demonstrates 2I+1 lines [63].  

The spin labels used in this thesis have a nucleus 14N with nuclear spin of I = 1, 

resulting in triplet splitting in an external magnetic field. Therefore, the interaction 

of the electron spin states with the three nuclear spin states yields three possible 

allowed transitions and hence gives three signals in an EPR spectroscopy 

experiment (see Figure 3.6). In contrast, only two lines can be seen in the EPR 

spectrum of the 15N spin probes due to the interaction of the unpaired electron 

with the nuclear spin of the 15N nuclei (I = 1/2) [63]. 

 

Figure 3.6 Typical nitroxide triplet EPR signal. 

It is possible to gain information about the rotational diffusion of a spin probe or 

a spin label molecule by determining the rotational correlation time τc, which can 

be roughly categorized into isotropic limit (τc ≤ 1 ps), fast motion (τc ≈ 0.1 ns), 

slow motion (τc ≈ 1 ns), and rigid limit (τc ≥ 1 µs). Rotational correlation time τc 

can be gained from rigorous simulation of EPR spectra, which is calculated from 

diffusion tensor D: 

τc = 
1

6
(𝐷𝑥𝑥𝐷𝑦𝑦𝐷𝑧𝑧)−

1

3    (3.9) 

The tumbling behavior of the nitroxyl radicals can be influenced by the 
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microviscosity of the environment. Low viscous media result in free tumbling 

leading to highly symmetric spectra with three narrow lines and rotational 

correlation time τc in the range of 0.01-0.1 ns. By contrast, the molecular tumbling 

rate of nitroxyl radical decreases in high viscous media. Because of the restricted 

motion, the anisotropy of hyperfine interaction is only partially or not averaged, 

leading to a line broadening, a decrease in a signal intensity and an increase in 

τc [47]. 

In addition to information about the dynamics, EPR spectroscopy provides insight 

about the local environment of the spin probes as well. The electronic structure 

of a nitroxide slightly changes, depending on the interactions between molecules 

and their surroundings, which can influence the hyperfine splitting initiated by 

14N. Therefore, the same kind of spin probe can show deviations in the isotropic 

hyperfine coupling constant αiso in solvents with different polarities. High polar 

environments result in larger αiso values, while smaller hyperfine couplings are 

indicative of lower polarities [38]. 

Normally, EPR spectra are displayed as first derivative spectra. In other words, 

the slope of the absorption spectrum is plotted as a function of magnetic field 

strength, as opposed to the absorption spectrum itself [27]. 

In EPR, the microwave frequencies used for measurement are classified into 

bands (see Table 3.1). Within each band, a range of frequencies is possible. 

However, the ones denoted in Table 3.1 show the most common frequencies. 

The units of field are given in Tesla (T) for g = 2.0023. Therefore, the exact values 

for the magnetic field at which transitions occur depend on the chosen band.  

Commonly used EPR frequency bands in drug delivery researches are X-band 

and L-band, which correspond to the microwave ranges of 10 GHz and 1 GHz, 

respectively. The X-band spectrometer has lower microwave penetration depth 

(0.5-1 mm) in water-containing samples due to high dielectric constant that 

results in microwave absorption of water or other liquids with high polarities. 

Although, it is possible to measure suspensions, emulsions and isolated skin by 

X-band by means of capillaries or tissue cells [38, 41, 47, 63, 65]. 

 

 



23 
 

Table 3.1 Common microwave frequency bands used in EPR spectroscopy [66]. 

Band Frequency [GHz] Magnetic Field [T] 

L 1 0.036 

S 3.5 0.13 

X 9.5 0.34 

Q 34 1.21 

W 95 3.4 

 

3.4 Dynamic Light Scattering (DLS) 

To gain deep insight on the size and nature of the released components, DLS is 

used in all three publications presented in this thesis. The intensity-time 

correlation function for different release time is studied and compared in detail. 

In general, DLS is a nondestructive technique for characterization of complex 

liquids, proteins, polymers and colloidal structures. By this method, it is possible 

to determine size, size distributions and in some cases the shape of 

nanoparticles. When a solution containing macromolecules is irradiated by a 

monochromatic beam, the macromolecules scatter the light in all directions 

according to their size and shape. In dynamic light scattering, the diffusion 

coefficient (𝐷𝜏), which provides information on the hydrodynamic size of 

macromolecules in solution, can be obtained by analyzing the intensity 

fluctuations of scattered light. Furthermore, DLS measures Brownian motion of 

the macromolecules and relates this motion to the size of the particle. Brownian 

motion, which depends on the size, temperature and solvent viscosity, is the 

random movement of particles due to the bombardment by the solvent 

molecules. Size of macromolecules can be calculated by monitoring the 

movement of particles over a time range. Large particles move slower and 

therefore they adopt a specific position, while smaller particles diffuse faster, 

resulting in different positions at different time points [67-69].  

The hydrodynamic radius, the radius of a hypothetical sphere that diffuses at the 

same rate as particle under investigation, is calculated from the translational 
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diffusion coefficient by using the Stokes Einstein equation: 

𝐷𝜏 =  
𝐾𝐵𝑇

6𝜋𝜂𝑅ℎ
                       (3.10)        

𝐷𝜏 = translational diffusion coefficient 

𝐾𝐵 = Boltzmann coefficient 

𝑇 = absolute temperature 

𝜂 = viscosity of medium 

𝑅ℎ= hydrodynamic radius  

The translational diffusion coefficient depends on several parameters such as 

size of the particle core and its surface structure, as well as concentration and 

type of ions in the medium [70]. 

The particle diffusion speed can be affected by the total ion concentration of the 

medium by changing the thickness of the electric double layer called the Debye 

length. Therefore, a low conductive medium makes an extended double layer of 

ions around the particle, decreasing the diffusion speed and leading to a larger 

hydrodynamic diameter [70]. 

The size of the particle can be deeply affected by any change to the surface of a 

particle which influences the diffusion speed. The diffusion speed decreases 

more when an adsorbed polymer layer projects out into the medium, than if the 

polymer is lying flat on the surface [70].  

All techniques describing the size of non-spherical particles have an inherent 

problem. The only object whose size can be determined by a single measure is 

the sphere. As mentioned before, the hydrodynamic diameter of a non-spherical 

particle is defined as the diameter of a sphere which has the same translational 

diffusion speed as the particle. The hydrodynamic size can be changed when the 

shape of a particle changes in a way that influences diffusion speed. For 

instance, even small changes in the length of a rod-shaped particle can impact 

the hydrodynamic size, while changes in the diameter of the rod is hard to detect 

since it barely affects the diffusion speed [67-71]. 

In a DLS instrument, a detector records the scattering intensity, since the incident 

light is scattered in all directions due to the irradiation of laser light into the 

particles in solution. The scattered light may have either constructive or 
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destructive phase. The former leads to a detectable signal production, while in 

the latter the scattered light cancel each other out (Figure 3.7). The detector 

position can be at 90° (side scatter), 173° (back scatter) and 158° (close to the 

incident light of 180°) [70].  

 

Figure 3.7 (A) shows two beams interfere and cancel each other out leading to a decreased 

intensity detected. (B) displays two beams interfere and enhance each other resulting in an 

increased intensity detected [70].  

Typical intensity fluctuations as a result of a dispersion of small particles and a 

dispersion of large particles are schematically shown in Figure 3.8. The small 

particles lead to more rapid intensity fluctuation than the larger ones [70]. 

Figure 3.8 Typical intensity fluctuations of small and large particles [72]. 
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4 Results 

4.1 Overview over the publications 

The published papers presented in this thesis aimed at investigating release 

behavior of a fatty acid (serving as an amphiphilic model drug) and different SL-

pharmaceuticals from hydrogels made from BSA. For this purpose, the release 

profiles of a model drug and SL-drugs from BSA hydrogels prepared with different 

methods are compared in detail. 

In this work various properties of these hydrogels are described at three levels: 

(i) their mechanical and viscoelastic (macroscopic) behavior (via rheological 

characterization), (ii) changes in the secondary structure of the protein 

(nanoscopic level) during gel formation through ATR-IR spectroscopy and (iii) the 

hydrogel-fatty acid/SL-drugs interaction using CW EPR spectroscopy. 

All publications intended to elucidate the combined influences of fatty acid/ type 

of drug, their concentration, duration of gel formation and gelation methods on 

the release behavior.  

4.1.1 Nanoscopic characterization of stearic acid release from bovine 

serum albumin hydrogels  

 

 

 

Figure 4.1 Schematic representation of 16-DSA release from hydrogels studied in this paper. 
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Serum albumin is the most abundant protein in the circulatory system of 

mammals, reaching a concentration of 40 to 50 mg ml−1 in plasma, and it is a 

remarkably versatile carrier for drugs, fatty acids, hormones and polypeptides 

which can attach through physical or covalent bonding to the binding sites of this 

protein [31, 38]. Albumin is being considered in many biomaterials science 

studies and drug delivery applications due to its low toxicity and immunogenicity, 

high biocompatibility, biodegradability, high stability and availability at high purity 

and low cost [27, 73].  

In this project, the release behavior of 16-DSA, which serves as a model tracer 

molecule for amphiphilic drugs, from BSA hydrogels was investigated. 

In the first part of this paper, BSA hydrogels, prepared by two different 

procedures, namely thermally and pH induced methods were characterized. 

Mechanical and viscoelastic behavior of the hydrogels during gel formation in the 

presence and absence of fatty acid were studied using rheological 

characterization. Hydrogels obtained by thermally induced method at 65 °C and 

59 °C, which are above and below denaturation temperature of BSA (62 °C), 

were mechanically tough hydrogels. Therefore, it is possible to prepare robust 

hydrogels even below denaturation temperature of BSA. To gain deep insight on 

the secondary structure changes of protein during gelation, ATR-IR 

measurements were performed, which showed the formation of β-sheet structure 

(by emergence of the two peaks at about 1620 and 1680 cm−1) and reduction of 

α-helix content.  

In the second chapter of this study, the effects of 16-DSA concentration, gel 

preparation method, hydrogel incubation time (the time at which gelation is 

processing at specific temperature or pH) on the release profile of 16-DSA were 

studied by CW EPR spectroscopy. Release rates were calculated by double 

integration of the first-derivative CW EPR spectra. Moreover, molecular insights 

were obtained from EPR spectral simulations, which gave information on the 

relative percentages of tightly and intermediately bound 16-DSA to BSA and 

freely rotating 16-DSA in both hydrogels and release medium. Furthermore, the 

size and nature of released components were investigated by analyzing the 

autocorrelation functions obtained from DLS measurements during release from 

hydrogels prepared by different methods. 
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4.1.2 Molecular-level release of coumarin-3-carboxylic acid and warfarin-

derivatives from BSA-based hydrogels 

 

Figure 4.2 Schematic representation of SL-warfarin and SL-coumarin-3-carboxylic acid release 

from BSA hydrogels. 

Thromboembolic disorders are among the most common and often fatal 

cardiovascular diseases. Two widely prescribed drugs for the treatment of such 

diseases are coumarin and warfarin. Oral administration of these types of drugs 

suffers from variability in dose response and narrow therapeutic window. 

Therefore, controlled delivery of such drugs can prevent problems related to high 

fluctuation in dose-response, narrow therapeutic range and considerable 

interactions with other medications [7, 20, 50]. 

The goal of this project was to develop and compare controlled delivery systems 

based on BSA hydrogels and SL-CCS and SL-WFR as candidate drugs to 

investigate their release behavior from the prepared gels. 

The methods of gel formation, namely thermally and pH induced methods, used 

in this paper were the same as in the previous publication. The mechanical 

properties of hydrogels during gelation and the impact of CCS and WFR on 

gelation kinetics were studied in depth via rheological measurement. It seemed 

that the addition of both drugs weakened the mechanical properties.  

We used CW EPR spectroscopy and EPRI to study the effects of drug 

concentration, the method of gel formation, and incubation time on release 

behavior of the mentioned SL-drugs. The combination of both techniques allows 
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better observation of release behavior, since the former was used to analyze the 

release medium, while the latter shed light on the spatial localization of a spin 

probe in a nondestructive way and followed the position of probes inside the 

slowly dissolving gels. Differences in chemical substitutions of SL-CCS and SL-

WFR and binding capacities of BSA for SL-pharmaceuticals could affect drug-

protein interactions as well as release rate. Moreover, drug loading could affect 

the release behavior, as lower drug to BSA molar ratios led to a second sustained 

release phase, while higher drug to BSA molar ratios showed zero-order release 

kinetics.  

4.1.3 Macro- and nanoscale effect of ethanol on bovine serum albumin 

gelation and naproxen release 

 

Figure 4.3 Schematic representation of SL-naproxen release from BSA hydrogels. 

Patients with chronic inflammatory disorders require long treatment with 

naproxen, a nonsteroidal anti-inflammatory drug, which is commonly used to 

relieve fever and to treat osteoarthritis, bone pain, inflammation and headaches. 

However, this drug shows short bioavailability by oral administration, therefore, 

frequent dosing is required to maintain pharmacological action. Hence, it seems 

crucial to develop a controlled drug delivery system to reduce the frequency of 

administration and allow the sustained release of naproxen in order to increase 
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patient compliance [52, 74].  

The objective of the present project was directed towards the development of a 

controlled drug delivery system that could be applied in local delivery based on 

BSA gels which were prepared by ethanol induced method at 37 °C, and study 

the release behavior of SL-NPX from the prepared hydrogels. 

In the first chapter of this study, the effects of different volumes of ethanol and 

BSA concentrations on the mechanical and viscoelastic behavior of hydrogels 

were investigated and the results were compared with gels prepared by thermally 

and induced methods. The results suggested that it is possible to form hydrogels 

with different mechanical properties by tuning the ethanol concentrations. 

Furthermore, the addition of high amounts of ethanol allowed us to obtain 

hydrogels at 37 °C and neutral pH that were mechanically as tough as those 

formed by the other mentioned procedures. Moreover, the ethanol-induced 

changes in secondary structure of BSA at 37 °C were explored by means of ATR-

IR spectroscopy, which demonstrated the important role of ethanol volume in gel 

formation. 

In the second part of this project, the SL-NPX loaded hydrogels as well as the 

release behavior of this SL-pharmaceutical from ethanol-induced gels were 

characterized by EPR spectroscopy. EPR data indicated that ethanol induced 

hydrogels can lower SL-pharmaceutical binding capacity, resulting in weaker 

interaction between BSA and SL-NPX in comparison with gels formed by 

thermally and pH induced methods. Moreover, faster and higher release rate was 

obtained by the addition of lower amounts of ethanol, lower BSA concentration 

and higher drug loading ratios. 

4.2 Publications 

In the following, the three published papers contributing to this thesis are 

presented.  
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5 Discussion 
 

The published papers presented in my thesis cover the macroscopic and 

nanoscopic properties of hydrogels made from BSA, and release behavior of a 

fatty acid and different SL-pharmaceuticals from these hydrogels prepared by 

different methods. 

The focus of paper [P1] was laid on the nanoscopic characterization of 16-DSA 

release, which serves as an amphiphilic model drug, from BSA hydrogels 

prepared by thermally and pH induced procedures.  

It is crucial to choose a preparation method for obtaining robust albumin 

hydrogels while maintaining different functions of albumin like its binding ability 

and release of various types of molecules. Moreover, mechanical and 

viscoelastic behavior of the hydrogel play a significant role, since the rigidity or 

flowability of the gel depends only on the hydrogel mechanical properties [27]. 

By heating the precursor solution of BSA above and below its denaturation 

temperature at 65 °C and 59 °C, respectively, it was possible to obtain 

mechanically robust hydrogels. It is important to mention that gelation started 

immediately for both hydrogels, however, the storage modulus of the gel 

prepared at 65 °C was much higher than the one prepared at 59 °C. The hydrogel 

prepared at 37 °C by lowering the pH to 3.5, required much longer incubation 

times to be mechanically tough, since there was no sign of gelation during the 

first 25 minutes and the value of storage modulus was considerably low. By 

adding different amounts of stearic acid (SA), which has been shown to be 

interchangeable with 16-DSA concerning its binding properties to BSA [38, 48], 

the potential effect of fatty acid on albumin gelation was studied. The results 

revealed that the addition of stearic acid slowed down gel formation and deeply 

impacted the mechanical properties. The concentration of SA determined the 

extent of reduction in mechanical strength. 

As expected, the secondary structure of the protein underwent stronger changes 

during gelation when the temperature was above the denaturation temperature. 

ATR-IR spectroscopy provided information on the protein’s secondary structure. 

The results from IR were comparable with the rheological characterization data, 

since the storage modulus value of the hydrogel formed at 65 °C was 



84 
 

considerably greater than the one prepared at 59 °C, suggesting that changes in 

the secondary structure content of the individual protein and mechanical strength 

of the hydrogel were correlated.  

The main goal of this paper was to study the effects of fatty acid concentration, 

hydrogel incubation time (the time at which gelation is processing at specific 

temperature or pH), and gelation procedures on 16-DSA release behavior. The 

release curves for different samples in PBS buffer were analyzed by plotting the 

double integral of the EPR spectra against various time intervals. The results 

suggested that all hydrogels, regardless of fatty acid concentration, gel 

preparation methods and incubation time, showed an initial burst release during 

the first 24 hours, followed by a sustained release over later times. Furthermore, 

by observing the effect of initial 16-DSA loading on the release profile from 

different hydrogels, it was found that increase in the model drug contents led to 

a faster and higher release rate in all experimental systems.  

The other important parameter to consider was the incubation time, which had 

direct impact on the release rate. Increasing the gelation time resulted in lower 

release rate due to the higher mechanical properties of the hydrogel networks. 

Therefore, it was possible to change the release rate by changing the fatty acid 

concentration, incubation time and preparation methods, which indicated the 

potential for tuning BSA hydrogels for drug delivery applications.  

The relative percentages of tightly and intermediately bound 16-DSA to BSA and 

freely rotating 16-DSA, can be given by EPR spectral simulations. These results 

revealed that more freely tumbling and intermediately bound FAs were released 

from hydrogels with higher incubation time, while more strongly bound FAs were 

found in buffer medium for hydrogels with lower incubation times. As it was 

mentioned before, higher incubation times led to more rigid networks, in which 

less individual albumin molecules and aggregates can be released. However, 

shorter incubation times resulted in looser gel structures that allowed the release 

of BSA, in which FAs were transported.  

The investigation of the nature of the components released over time suggested 

that size of the particles released from hydrogels prepared by pH induced method 

by lowering the pH to 3.5, were much larger than those released from thermally 

induced hydrogels. Moreover, all different hydrogels prepared by different 

procedures with lower incubation times showed the release of larger structures. 
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The larger components could be attributed to the release of strongly bound FAs 

to BSA, which are larger structures in comparison with free 16-DSA or 16-DSA 

intermediately bound to BSA. 

In paper [P2], the release behavior of two SL-drugs, namely SL-CCS and SL-

WFR from BSA hydrogels were investigated. We used the same preparation 

methods as in the previous paper, namely thermally and pH induced procedures 

for BSA gel formation. We aimed at studying the influence of the method of gel 

formation, the drug concentration, and the incubation time on the mechanical 

properties of the gels, the interaction and spatial distribution of SL-drugs with 

BSA gels, release behavior, and the size and nature of released components. 

As it was discussed in the previous paper, the mechanical properties of hydrogels 

have direct effect on the release behavior. Therefore, it was vital to investigate 

the effect of mentioned drugs on hydrogels mechanical properties. The addition 

of different ratios of CCS and WFR to the precursor solutions of BSA led to some 

changes in the mechanical and viscoelastic behavior of the hydrogels. In 

hydrogels, prepared thermally at 65 °C, the addition of WFR/ CCS led to a lower 

storage modulus and mechanically weaker hydrogels compared to the BSA 

hydrogel formed at the same temperature without CCS or WFR. Presence of 

CCS or WFR in the Sudlow binding sites in albumin stabilized BSA structure to 

some extent and thus hindered the conformational changes. Furthermore, the 

rheological characterization revealed that the concentration of CCS or WFR 

could not deeply affect thermally-induced gelation, since the storage modulus 

values for different drug ratios were similar. However, pH induced hydrogels 

showed opposite behavior. When CCS was added to the BSA precursor solution, 

gelation started faster and the G′ value increased slightly. Apparently, this 

preparation method did not allow CCS to fully bind to Sudlow sites and instead 

may interact with the surface of the protein, which may facilitate denaturation and 

then resulted in the earlier gelation starting point. The same behavior was 

observed by addition of WFR at WFR: BSA 0.5:1 and 1:1 molar ratios. Although, 

it seemed that by increasing the ratio to WFR: BSA 2:1 the storage modulus 

decreased. In general, as it was mentioned in paper [P1], thermally induced 

hydrogels with or without CCS and WFR were mechanically more robust than the 

same gel prepared by reducing the pH to 3.5. 

The comparison of the results from EPR spectral simulation of hydrogels 
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prepared by thermally induced method with those prepared by pH induced 

procedure showed that addition of acid increased the percentage of freely 

rotating and intermediately immobilized SL-CCS, while that of the strongly bound 

ligand to BSA decreased. Moreover, the percentage of strongly immobilized and 

intermediately bound SL-WFR was higher in different hydrogels, prepared either 

by thermally or pH induced methods, than in SL-CCS loaded BSA. This was due 

to the difference in chemical substitution of both drugs. The free 3-oxo-1-phenyl-

butyl group in SL-WFR can provide flexibility to its coumarin backbone in a way 

that the 3-oxo group can facilitate hydrogen bonding in protein, therefore it can 

increase the average binding affinity. While, SL-CCS with no additional group 

has less flexibility and only the carbonyl group at position 2 may have a hydrogen-

bond acceptor function (Figure 2.3).  

The release profiles of SL-CCS loaded BSA hydrogels prepared by different 

methods at 0.5:1 and 1:1 molar ratios showed an initial fast release followed by 

a sustained release over the later time periods. In contrast, increasing the ratio 

to 2:1 resulted in zero-order release kinetics with an initial burst effect. The initial 

fast release was due to the diffusion of buffer medium into the protein network, 

which could dissolve the entrapped SL-CCS close to or at the surface of the 

hydrogel. However, slower and sustained release corresponded to the reduction 

of drug in the inner part of gel matrix, which resulted in the increase in the 

diffusion process length. A constant release rate in a sample with 2:1 SL-CCS: 

BSA molar ratio could be due to the fully occupied binding sites from which later 

release occurred, therefore the amount of drug between hydrogel networks 

increased, resulting in a zero-order drug release kinetics.  

SL-WFR loaded BSA hydrogels showed an initial fast release for all of the ratios, 

and a later sustained release at the 0.5:1 SL-WFR: BSA molar ratio. The higher 

ratios of SL-WFR followed the zero order kinetics and reached the plateau after 

approximately 100 hours. We observed that all hydrogels with SL-CCS, 

regardless of molar ratios and preparation methods, had a higher release rate 

than SL-WFR loaded BSA gels, which may be attributed to the higher affinity of 

SL-WFR to albumin compared to SL-CCS. 

In all experimental systems, increasing the concentration of SL-pharmaceuticals 

led to a higher release rate. Moreover, thermally induced hydrogels at 65 °C and 

59 °C had higher release rates than pH-induced hydrogels. When comparing the 



87 
 

release rate from hydrogels prepared at 65 °C with the respective rate for the 

ones prepared at 59 °C, the results revealed that hydrogels prepared at 59 °C 

showed higher release rate. 

Changing the incubation time had also a direct impact on the release profile, as 

increasing the incubation time led to a slight decrease in the rate of drug release.  

EPR spectral simulation of the release medium suggested that the percentage of 

released components in bound, intermediate, and free states was almost 

constant during the different release time intervals for all samples, while in the 

previous paper about fatty acid release, these percentages changed during the 

release experiment. Moreover, there was no sign of strongly bound SL-drugs 

(SL-WFR/ SL-CCS) to BSA for the samples prepared by thermally induced 

method at 65 °C. However, the percentage of tightly bound SL-drugs to BSA in 

the release medium increased when the hydrogels were prepared by pH-induced 

method.  

Following the characterization of release profile, the spectral-spatial two-

dimensional EPR image of SL-pharmaceuticals inside the slowly dissolving gels 

not in the release medium were studied. It was seen that the signal intensity 

decreased over time, which showed the release of the SL-drugs from hydrogels. 

Moreover, the hydrogel at a lowest SL-CCS: BSA molar ratio had the lowest 

amount of spin probe inside the gel due to the lowest initial drug content, while 

increasing the drug loading percentage led to a higher drug percentage in 

hydrogels over the whole release period. 

DLS data revealed that smaller particles were released when hydrogels were 

prepared with higher incubation time, since these hydrogels were mechanically 

more robust. Therefore, smaller albumin derivatives formed during gelation 

process were released. In addition, the size of the components released from pH 

induced hydrogels were much larger than those released from thermally induced 

hydrogels. 

The results of this research paper, support former evidence from paper [P1] that 

BSA hydrogels can be potentially exploited in controlled drug delivery 

applications. 

In paper [P3], we investigated ethanol induced gelation method for BSA at 37 °C 

and studied the release behavior of SL-NPX from this hydrogel.  

To gain insight into the mechanical properties of ethanol induced hydrogels, the 
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results of these hydrogels were compared with gels prepared by thermally and 

pH induced methods. The results showed that it is possible to form hydrogels 

with different mechanical properties by tuning the ethanol concentrations. 

Furthermore, the addition of high amounts of ethanol allowed us to obtain 

hydrogels at 37 °C and neutral pH, which were mechanically as strong as those 

formed by increasing the temperature to 59/65°C and lowering the pH to 3.5. 

However, it is important to note that visual evaluation showed that addition of 

extremely high amount of ethanol resulted in the immediate formation of large 

white BSA aggregates. Furthermore, we presented a correlation between BSA 

and ethanol concentrations. When the amount of ethanol was constant, 

increasing the concentration of BSA led to a more mechanically robust hydrogels. 

However, it was possible to obtain robust hydrogels by increasing the volume of 

ethanol even at low BSA concentrations.  

Since mechanical properties have direct impact on the release profile, the effect 

of SL-NPX on ethanol induced gelation was studied. It seemed that addition of 

SL-NPX could enhance the viscoelastic behavior and led to a higher storage 

modulus. However, as it was discussed in the previous paper, addition of CCS 

and WFR to the BSA precursor solution could decrease the G′ value of thermally 

induced hydrogels, but slightly strengthen the mechanical properties when the 

hydrogels were prepared by reducing pH. 

The results of time-dependent ATR-IR measurements showed that despite high 

BSA concentration no significant changes in the secondary structure of protein 

could be observed when low amount of ethanol is added, indicating that no gel 

was formed under this condition. However, by increasing the amounts of ethanol, 

α-helices and intramolecular β-sheets were converted to intermolecular β-sheets, 

which led to a three-dimensional network structure and gel formation. Moreover, 

the extent of conformational changes strongly depends on the ethanol 

concentration.    

Using CW EPR spectroscopy, we found that presence of ethanol in solution and 

hydrogels could increase the percentage of freely tumbling drug, since ethanol 

can be considered as a good solvent for SL-NPX, so that this SL-pharmaceutical 

preferred ethanol solvation instead of BSA binding sites (which it would prefer in 

water). Comparing the ethanol induced hydrogels with those prepared by 

thermally and pH induced procedures showed that addition of high amounts of 
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ethanol led to a higher fraction of freely rotating SL-NPX. In other words, 

presence of ethanol could decrease the binding capacity of SL-drug which led to 

the weaker interaction between BSA and SL-NPX in comparison with other gel 

preparation methods. 

The other parameters, which can affect the interaction of BSA with SL-NPX and 

the binding capacities of hydrogels, are incubation time and protein 

concentration. We found that increasing the incubation time and the amount of 

BSA led to the higher fraction of strongly bound components in the hydrogel. 

The release profiles of SL-NPX from ethanol induced hydrogels revealed that 

increasing the amount of BSA precursor solution and that of ethanol resulted in 

significant decrease in drug release. According to rheological measurements and 

ATR spectroscopy, mechanically weak hydrogels could be obtained by lowering 

the concentration of ethanol and BSA, which allowed faster diffusion of drug from 

the gel into the release medium. The other significant parameters affecting the 

release rate were initial drug loading and incubation time. Increasing the 

concentration of SL-NPX in hydrogels prepared by the same conditions could 

result in the higher release rate. Moreover, increasing the incubation time of the 

hydrogels prepared with the same amount of BSA, ethanol and SL-NPX lowered 

the release rate due to the formation of a more robust hydrogel network.  

Similar to the other two papers, the relative fractions of tightly and intermediately 

bound SL-drug and freely tumbling SL-NPX in the release medium were obtained 

by EPR spectral simulation. The results revealed that in the sample prepared by 

a low amount of ethanol, the highest percentage of released SL-NPX was 

attached intermediately to BSA, low percentage tumble freely and no strongly 

bound component was found within the first 24 hours of the release. However, 

the percentage of strongly bound SL-NPX to BSA increased over longer time 

periods later and those of the intermediately bound and freely rotating decreased 

sharply which was due to the mechanically weak structure of this hydrogel. 

However, when higher amount of ethanol was added or the incubation time was 

increased, the fraction of intermediately bound SL-NPX increased over release 

time and that of the freely rotating SL-NPX decreased. For such hydrogels, there 

was no sign of strongly bound SL-NPX, which was due to their strong mechanical 

properties, therefore less individual albumin molecules and albumin aggregates 

could be released. 
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Hydrogels prepared with lower amount of ethanol released larger structures, 

since these hydrogels were mechanically weak, which led to the release of larger 

albumin molecular aggregates formed during gelation. Furthermore, by keeping 

the amount of ethanol constant and increasing the incubation time or BSA 

concentration, smaller particles were released.  

The results of this project showed the fine tuning capability of BSA hydrogels as 

controlled release systems due to the variety of gelation parameter.  

Comparison of all papers presented in this thesis reveals several similarities. 

Rheological characterization as well as ATR-IR measurements, parallel to CW 

EPR spectroscopy provided macroscopic and nanoscopic properties of BSA 

hydrogels. CW EPR measurements and DLS enable investigation of release 

behavior from hydrogels. The results discussed before suggest some similar 

effects occurring in all release system. In all studies, increasing the drug/ fatty 

acid concentration led to a higher release rate, while increasing the incubation 

time resulted in lower rate of release from BSA hydrogels. Moreover, the release 

behavior can be controlled by changing various parameters, which shows the 

potential of BSA hydrogels as controlled drug delivery systems for 

implementation in pharmaceutical applications. 
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6 Conclusions and Outlook 
 

 

Figure 6.1 Graphical representation of the research done during the work for this thesis. 

During the research in my doctorate, I developed controlled release systems 

based on BSA hydrogels to investigate the release behavior of a fatty acid and 

different SL-pharmaceuticals. The general approach used in this thesis is 

depicted graphically in Figure 6.1. 

The nanoscopic characterization of stearic acid release from bovine serum 

albumin hydrogels in paper [P1] displayed the potential of BSA hydrogels as 

suitable candidates for controlled drug delivery applications. In this research, the 

applicability of the hydrogels prepared by thermally and pH induced procedures 

as delivery hosts was evaluated by loading different molar ratios of 16-DSA as a 

model drug into these structures. It was shown that parameters such as 16-DSA 

concentration, incubation time and gelation method can deeply affect the release 

rate. Higher fatty acid ratios, lower incubation times and gel formation below the 

protein denaturation temperature led to higher initial and later sustained release 

rates. However, all release profiles from different hydrogels regardless of the 

mentioned parameters displayed initial fast release during the first 24 hours 

followed by the sustained release over later time periods. Moreover, we were 

able to study the interaction of 16-DSA with BSA and monitor the size and nature 

of released components.  
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The second project presented here deals with the release of SL-CCS and SL-

WFR from BSA hydrogels prepared by the same methods as described in paper 

[P1] in detail. The main objective of this work was to prepare BSA hydrogels as 

delivery hosts to investigate and compare the release behavior of SL-CCS and 

SL-WFR. Similar to the previous published paper, the results suggested that the 

release rate depends on SL-drug concentration, incubation time, and gelation 

methods. It has been found that SL-CCS had much higher release rate that SL-

WFR. The release pattern from different hydrogels revealed that they can be 

used where the initial burst release is required. Furthermore, we found that 

release behavior can be tuned by initial drug loading. In other words, at lower 

drug ratios the release profile showed the second sustained release phase, while 

a zero-order kinetics can be obtained at higher ratios. 

Additionally, the interaction of drug with BSA can be deeply affected due to 

differences in chemical substitutions of the two SL-pharmaceuticals. Higher 

percentage of SL-WFR was bound strongly and intermediately to BSA due to 

higher affinity to the binding sites of this protein, therefore, higher percentage of 

these structures were released in comparison with the SL-CCS loaded BSA, in 

which more of the freely tumbling SL-drug was found in release medium.  

Paper [P3] presents a macro- and nanoscale effect of ethanol on BSA gelation 

and naproxen release. The main focus of this work was to develop ethanol-

induced hydrogels as delivery systems for controlled and potentially local drug 

delivery applications. These hydrogels were used to investigate the release 

behavior of the SL-NPX. We found that ethanol and BSA concentrations have 

direct impact on mechanical properties of hydrogels and thus the release rate. In 

general, lower BSA and ethanol concentrations resulted in higher release rate. 

However, there was a low limit concentration, below which gel networks cannot 

form. The release profiles from hydrogels prepared with different ethanol and 

BSA concentrations showed an initial burst release during early times followed 

by a sustained release over later times. 

In conclusion, this thesis contributes to several research fields including 

preparing hydrogels from BSA with different methods, namely thermally, pH and 

ethanol induced procedures, characterization of mechanical and viscoelastic 

properties of these hydrogels, studying changes in the secondary structure of 

protein during gelation, loading different SL-pharmaceuticals and a fatty acid into 
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hydrogels to investigate the release behavior of the drugs, the interaction of SL-

drugs with BSA and size and nature of released components, as is presented 

schematically in Figure 6.1. The results gathered during this dissertation highlight 

the importance of understanding the properties of the system of interest. 

Although many aspects of controlled drug delivery system have been elucidated 

in previous sections, each result evokes new questions that this thesis cannot 

fully cover. Therefore further research is required to obtain more insight into this 

topic.  
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8 List of Abbreviations and Symbols 
 

8.1 Abbreviations 

16-DSA  16-doxyl stearic acid 

ATR-IR  Attenuated total reflection (ATR) Fourier transform infrared 

BSA   bovine serum albumin 

CCS   coumarin-3-carboxylic acid 

CW EPR  continuous wave electron paramagnetic resonance 

Cys   cysteine 

DLS   dynamic light scattering 

DMSO  dimethyl sulfoxide 

EPRI   electron paramagnetic resonance imaging 

EZ   electron Zeeman 

FA   fatty acid 

HCl   hydrochloric acid 

HF   hyperfine interaction 

HSA   human serum albumin 

IR   infrared    

MEC   minimum effective concentration 

MTC   minimum toxic concentration 

NMR   nuclear magnetic resonance     

NPX   naproxen 

NSAID  non-steroidal anti-inflammatory drugs 

NZ   nuclear Zeeman 

PBS   phosphate buffer saline 

PLA   polylactic acid 

PLGA   poly(lactic-co-glycolic acid) 

HA   hydroxyapatite 

SA   stearic acid 

SEM   scanning electron microscopy 

SL   spin-labeled 

SLP   spin-labeled pharmaceuticals 

WFR   warfarin 
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8.2 Symbols 

𝐵0  strength of the applied magnetic field 

𝐷𝜏  diffusion coefficient 

𝐷𝜏  diffusion coefficient 

𝐾𝐵  Boltzmann coefficient 

𝑅ℎ  hydrodynamic radius 

𝜇𝐵  Bohr magneton 

𝜇𝑁  nuclear magneton 

∆𝐸  energy difference 

A  shear area 

D  diffusion tensor 

E  ethanol induced method 

F  shear force 

G′  storage modulus   

G′′  loss modulus 

ℎ  Planck’s constant 

h  shear gap 

I  intensity 

I  spin of nucleus 

ms  magnetic quantum number 

nc  refractive index of crystal 

ns  refractive index of sample 

P  pH induced method 

s  deflection path 

S  spin angular momentum 

T  incubation time 

T  thermally induced method 

α  hyperfine splitting constant 

αiso  isotropic 14N-hyperfine coupling constant 

θc  critical angle 

θi  angle of incidence 

θR  angle of refraction 

𝑇  absolute temperature 
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𝑔  𝑔 factor  

𝛾  deformation 

𝛾A  strain amplitude 

𝛿  phase shift angle 

𝜂  viscosity  

𝜏  shear stress 

𝜏A  stress amplitude 

𝜏c  rotational correlation time 

𝜐  frequency of electromagnetic radiation 
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