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ABSTRACT 

Proposed diploma thesis is focused on the release evaluation methods of both model proteins 

(albumin and lysozyme) and tissue healing protein (stable fibroblast growth factor 2; FGF2-

stab) from the “smart” hydrogel carrier based on the biodegradable thermosensitive PLGA-

PEG-PLGA triblock copolymer. In the theoretical part, a brief overview of thermosensitive 

polymers, their properties, structure and utilization of aforementioned proteins is described. 

Moreover, types of interactions that may occur between proteins and the polymeric carrier 

including drug release models are mentioned. In the experimental part, the structure of PLGA-

PEG-PLGA triblock copolymer was characterized by the gel permeation chromatography and 
1H NMR while its visco-elastic properties including sol-gel transition were evaluated by the 

rheological analysis. Thesis goal was targeted to better understand the release of newly-patented 

FGF2-stab protein from injectable PLGA-PEG-PLGA hydrogel formed at physiological 

temperature. The amount of released FGF2-stab was measured by the UV-VIS 

spectrophotometer in the presence of a Bradford reagent that binds proteins resulting in shifting 

their absorption maxima from 280 nm to 595 nm. For the comparison, SDS-page 

electrophoresis, dividing protein by molecular weight, has been used. It has been find out, that 

model proteins, which were in different size but predominantly non-polar on their surface 

exhibited two-stage release dependent on both the diffusion and polymer degradation, whereas, 

FGF2-stab (25 kg.mol-1) showed controlled one-stage first-order release from the PLGA-PEG-

PLGA hydrogel forced only by diffusion, since it is predominantly a polar molecule located 

probably at the hydrogel micelle surface and not in their core. These results are very important 

to tune the protein release from hydrogel carriers to meet their certain application, in this case 

specifically in controlled tissue regeneration. 
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ABSTRAKT 

Předložená diplomová práce je zaměřena na metody hodnocení modelových proteinů 

(albuminu a lysozymu) a tkáňového léčivého proteinu (stabilního fibroblastového růstového 

faktoru 2; FGF2-stab) z „inteligentního“ hydrogelového nosiče na bázi biologicky 

odbouratelného termosenzitivního PLGA-PEG-PLGA triblokového kopolymeru. V teoretické 

části je zpracován stručný přehled termocitlivých polymerů, jejich vlastnosti, struktura a využití 

výše uvedených proteinů. Dále jsou zmíněny typy interakcí, které mohou nastat mezi proteiny 

a polymerními nosiči. V experimentální části byla struktura blokového PLGA-PEG-PLGA 

kopolymeru charakterizována gelovou permeační chromatografií a 1H NMR, zatímco jeho 

viskoelastické vlastnosti včetně sol-gel přechodu byly hodnoceny reologickou analýzou. 

Hlavním cílem práce bylo lepší pochopení uvolňování nově patentovaného FGF2-stab proteinu 

z injektovatelného PLGA-PEG-PLGA hydrogelu tvořícího při gel při fyziologické teplotě.   

Množství uvolněného FGF2-stab bylo měřeno UV-VIS spektrofotometrem v přítomnosti 

Bradfordova činidla, které se váže na proteiny, což vede k posunu jejich absorpčních maxim z 

280 nm na 595nm. Pro srovnání byla použita SDS-page elektroforéza, dělící protein podle 

molekulové hmotnosti. Bylo zjištěno, že modelové proteiny, které byly různé velikosti, ale 

převážně nepolární povahy, vykazovaly dvoustupňové uvolňování, zatímco FGF2-stab 

(25 kg.mol-1) vykazoval z PLGA-PEG-PLGA hydrogelu řízené jednostupňové uvolňování, 

které probíhalo pouhou difúzí, jelikož se jedná převážně o polární molekulu, která se nachází 

pravděpodobně na povrchu micel, a ne v jejich jádru. Tyto výsledky jsou velmi důležité pro 

vyladění uvolňování proteinů z hydrogelových nosičů tak, aby vyhovovaly určité aplikaci, 

v tomto případě řízené regeneraci tkání. 
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1 INTRODUCTION 

Controlled drug delivery systems have several advantages over traditional drug forms. 

A reduction in the frequency and accurate amount of administered drug can be achieved. 

This leads to a reduction in the number of undesirable effects, to greater patient comfort 

and also to a reduction in drug consumption and thus a reduction in the environmental burden 

[28], [29]. 

The main study group as drug carriers are "smart" polymers. It is a type of polymer that reacts 

to any stimulus by changing properties. The most frequently used stimuli are changes 

in temperature, pH, light, ionic strength, mechanical stress, magnetic or electric field. Polymers 

studied as drug delivery vehicles must be non-toxic, biocompatible, and preferably 

biodegradable, or their degradation products must be so small that they can pass through the 

kidneys. The most commonly used temperature sensitive polymers are such as poly(N-

isopropyl acrylamide), poly(N-vinyl acrylamide), poly(N-vinyl pyridine), pluronics® 

(poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide) triblock copolymers) 

and block copolymers based on the hydrophilic poly(ethylene glycol) (PEG) and hydrophobic 

poly(lactic acid) (PLA), poly(glycolic acid) (PGA) or poly(ε-caprolactone) (PCL). In this work, 

amphiphilic poly(lactic-co-glycolic acid)-b-poly(ethylene glycol)-b-poly(lactic-co-glycolic 

acid) (PLGA-PEG-PLGA) triblock copolymer was used as the biodegradable water-soluble 

copolymer that undergoes to a gel at physiological temperature. Along with increasing 

temperature in an aqueous environment, the PLGA-PEG-PLGA copolymer forms micelles 

having the hydrophobic core (PLGA) and the hydrophilic shell surface (PEG). Nowadays, drug 

carriers based on PLGA-PEG-PLGA copolymers are already commercially available under the 

names ReGel® and OncoGel® releasing under the controlled manner either hydrophobic drug 

paclitaxel (for cancer treatment) or hydrophilic hormone insulin (for diabetes treatment), 

respectively [23]-[32]. 

In the proposed diploma thesis, stable Fibroblast factor 2 (FGF2-stab), developed by the Enantis 

company (Brno, Czech Republic), was used as an protein-based drug, which stimulate the 

growth and the development of new vessels (angiogenesis), leading to improved wound healing 

and tissue development and contributing to the pathogenesis of several diseases (cancer or 

atherosclerosis). Other members of the FGF family have the potential for the use in tissue 

engineering, for example, FGF18 is believed to be a product to restore cartilage tissues [11]. 

The aim of this work is to ensure reproducible measurement of the FGF2-stab released amount 

from the thermosensitive, short half-live time PLGA-PEG-PLGA hydrogel and to determine 

the protein-hydrogel interactions in order to tune the protein release into a controlled way for 

medical applications. 
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2 THEORETICAL PART 

2.1 Hydrogels for drug delivery  

Hydrogels are three-dimensional, cross-linked networks of water-soluble polymers. Hydrogels 

can be made from virtually any water-soluble polymer, encompassing a wide range of chemical 

compositions and bulk physical properties. Furthermore, hydrogels can be formulated 

in a variety of physical forms, including slabs, microparticles, nanoparticles, coatings, 

and films [17].  

 

 

Fig. 1: The macroscopic design of hydrogels includes the size and porous structure. Hydrogels can be 

either non-porous or contain macroscopic pores that are 10–500μm in size. The spacing between 

polymer molecules in the network (that is, the mesh size) is tunable from around 5 to around 100nm. 

At the molecular (or atomistic) scale, drugs can interact with polymer chains via and range of 

mechanisms; shown here is a covalent linkage to a polymer chain [18]. 

In practice, hydrogels are used in experimental medicine in tissue engineering, oncology, 

immunology, regenerative medicine, cellular immobilization, separation of biomolecules 

or cells, and barrier materials to regulate biological adhesions. The unique physical properties 

of hydrogels have sparked interest in their use in drug delivery applications. Their highly porous 

(Fig. 1Chyba! Nenalezen zdroj odkazů.) structure can easily be tuned by controlling the 

density of cross-links in the gel matrix and the affinity of the hydrogels for the aqueous 

environment in which they are swollen. Their porosity ensures the loading of drugs into the gel 

matrix and the release depending on the rate of diffusion coefficient of the molecule through 

the gel network. The main benefits of hydrogels are pharmacokinetic, where the hydrogel-

encapsulated drug is introduced into the site and provides a local drug concentration by slow 

release [17], [18]. 
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Hydrogels are generally highly biocompatible and therefore widely used in in vivo sites. 

Biocompatibility is promoted by high water content (70 – 99 %) of hydrogels 

and the physiochemical similarity of hydrogels to the native extracellular matrix, both 

compositionally (particularly in the case of carbohydrate-based hydrogels) and mechanically.  

Hydrogels can be delivered to the body in various ways by surgical implantation, injection 

needle, or intravenous infusion, depending on the mode of use. The release method is also very 

important. It depends on the release time (short, long term) and release profile (continuous, 

pulsed). The degradation of the hydrogel occurs either during the release of the drug or after 

the release of all the amount. Biodegradability or dissolution may be designed into hydrogels 

via enzymatic, hydrolytic, or environmental (e.g. pH, light, temperature, magnetic or electric 

field) pathways; however, degradation is not always desirable depending on the time scale and 

location of the drug delivery device. The disadvantages of polymers include low tensile 

strength. Furthermore, high water content and large pore sizes lead to rapid drug release [17].  

2.2 Polymers for drug delivery 

The main reason for using polymers as carriers of biological drugs is often short half-lives, 

physical and chemical instability. Physical instability is an undesirable change in the highly 

ordered protein structure, resulting in denaturation, aggregation and precipitation. Chemical 

instability includes reactions such as oxidation, deamination, hydrolysis, and racemization. 

This problem is solved using polymers, which usually have better pharmacokinetics compared 

to small molecule drugs [28], [29]. 

The polymer must meet specific properties to be used as a carrier. It must be non-toxic, water-

soluble, non-immunogenic, and must keep its function until it is excreted or degraded 

in the body. If the polymer is non-degradable (e.g. poly (methyl methacrylates)) it should be so 

small that it passes through the kidneys and does not accumulate. In the case of a degradable 

polymer, its degradation products must also be non-toxic [28], [29]. 

 

Fig. 2 :Various stimuli for controlling drug release from inteligen polymer drug delivery systems [29]. 

 

“Smart” polymers are the main group studied for controlled drug delivery. The “smart” 

or the benefit of these polymers is, that can react on some stimulus (see Fig. 2), either pH, 

temperature, light, ionic strength, magnetic or electric field or mechanical stress, which can be 
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easily changed. The Tab.  1 shows the stimuli and basic types of polymers that respond to these 

stimuli, as well as advantages and disadvantages for the use in medical applications. 

For example, a change in conformation, solubility, hydrophilic/hydrophobic balance or release 

bioactive molecules dissolution/precipitation, degradation, change of hydration state, 

swelling/collapse and micellization are pointed. Specifically, this thesis is focused on 

thermosensitive polymers for drug delivery [28], [29] 

 

Tab.  1: Stimuli and basic types of polymers and their advantages and disadvantages in medical 

applications [29] 

Stimulus Material Advantage Disadvantage 
    

Temperature 

Poly (N-isopropyl acrylamide) 

Simple production 

Injectability issues under 

application conditions 

Pluronic  Low mechanical strength 

PLGA-PEG-PLGA Problems with thermolabile 

drug instability Poly(N-vinyl caprolactam) 

pH 

Poly(methacrylic acid) 
Suitable for 

thermolabile substances 

Lack of toxicity data 

Poly(vinyl pyridine) 
Low mechanical strength 

Poly(vinyl imidazole) 

Light Modified poly(acryl amide) 
Exact control over 

stimulus 

Low mechanical strength 

Inconsistent light response 

Electric field  

Sulfonated polystyrene Pulsatile release with 

changes in electric 

current 

Surgical implantation required 

Poly(thiophene) Difficult optimization of 

electric field size Poly(ethyl oxazoline) 

Ultrasound Poly(ethylene vinyl acetate) 
Controlled protein 

release 
Surgical implantation required 

2.3 Thermosensitive polymers  

Temperature sensitive polymers in aqueous solvent are the most studied group of polymers used 

for medical applications. These substances suddenly change their solubility in response 

to a change in temperature, which controls the release rate of the incorporated drug and 

maintains physicochemical stability and biological activity. Temperature-dependent sol-gel 

transitions near body temperature are utilized. A typical feature of thermo-sensitive polymers 

is the presence of hydrophobic groups (e.g. methyl, ethyl and propyl groups). Polymers that do 

not dissolve when the temperature rises have a low critical solution temperature (LCST) and on 

the other hand polymers that dissolve have an upper critical solution temperature (UCST). 

The corresponding hydrogels exhibit so-called lower gel transition temperature (LGTT) or 

upper gel transition temperature (UGTT) [28], [29]. 

LCST polymer systems are preferred for medical applications because UCST systems need 

to be heated to a higher temperature and biomolecules can be degraded and deactivated. The 

most commonly used LCST thermosensitive polymers include poly(N-isopropyl acrylamide), 

poly(N-diethyl acrylamide), poly(N-vinyl alkylamide), poly(N-vinyl caprolactam), 
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phosphazene derivatives, pluronics®, polysaccharide derivatives, chitosan and PLGA-PEG-

PLGA triblock copolymers [28], [29], [30]. 

2.3.1 Poly (N-isopropyl acrylamide) 

Poly (N-isopropyl acrylamide) (PNIPAAm, Fig. 3) is one of the most studied temperature-

sensitive polymers. It has an LCST of about 33 °C in aqueous solution and becomes insoluble 

in water. At 27 °C, 5% PNIPAAm in phosphate buffered saline (PBS) occurs for turbidity 

and gradual gelation. At 45 °C, the gel precipitates, it means that the water is released from 

the gel. The use is limited due to cytotoxicity probably caused by quaternary ammonia loading, 

biodegradability and platelet activation ability [34]. 

PNIPAM copolymers have been mainly studied for oral delivery of calcitonin and insulin. 

The peptide or hormone is immobilized in polymeric beads, which remains stable while passing 

through the stomach. Then in the alkaline intestine the beads disintegrate, and the drug 

is released [35]. 

 

Fig. 3: Structure of poly (N-isopropyl acrylamide). 

2.3.2 Poly(N-vinyl caprolactam)  

In general, poly(N-vinyl caprolactam) (PNIPAAm) (see Fig. 4), resembles poly(N-isopropyl 

acrylamide) by being water-soluble, non-ionic, and LCST at about 32 °C in aqueous media. 

Unlike PNIPAAm, under acidic conditions, ammonia is not released, but rather carboxylic acid. 

LCST value may be modified by molecular weight, when increasing concentration and chain 

length decreases critical solution temperature (LCST). PNVCL is biocompatible and very stable 

to hydrolysis. Enzyme stability has been enhanced with PNVCL and has also been investigated 

as a release material in specific membranes and as a component of wound healing films [37]. 
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Fig. 4: Structure of poly (N-vinyl caprolactam). 

2.3.3 Pluronic®  

Pluronics® (also poloxamers see Fig. 5) are synthetic triblock copolymers of poly(ethylene 

oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide) (PEO-PPO-PEO). It is an amphiphilic 

compound where poly(ethylene oxide) (PEO) is hydrophilic and poly(propylene oxide) (PPO) 

is hydrophobic. Amphiphilic molecules tend to form micelles, which are temperature dependent 

and affect the degradation properties of the biomaterial. Below the critical micelle temperature, 

both ethylene and propylene oxide blocks are hydrated, and the PPO block becomes soluble. 

This group of synthetic copolymers is thermo-reverse in aqueous solutions, and the sol-gel 

transition is governed by both molecular weight and concentration of each block of polymer 

[26], [27].  

 

Fig. 5: Chemical structure of a poloxamer. It presents a central hydrophobic fragment of poly(oxy 

propylene) (PPO) and identical hydrophilic chains of poly(oxy ethylene) (PEO) at both sides [25]. 

Pluronic® F-127 (also Poloxamer 407) is used for tissue engineering due to commercial 

availability and sol-gel transition near physiological temperature and pH. The disadvantage 

is its rapid decomposition in vivo and therefore cross-linking with another α-hydroxy or amino 

acids is applied. Utilization was found as scaffold for hematopoietic stem cells and lung tissue 

because it inhibits surface-tissue adhesion. Pluronic F-127 also extends the effectiveness 

of painkillers (lidocaine) [26], [27]. Poloxamer 188 is used as a membrane sealant, in vitro 

studies of cardiac myocytes show signs of possible prevention of cardiomyopathy and heart 

failure in muscular dystrophy [27]. 

2.3.4 PEG/PCL Copolymers  

These are amphiphilic copolymers consisting of blocks of hydrophilic poly(ethylene glycol) 

and hydrophobic poly(ε-caprolactone) (Fig. 6). PEG/PCL is a non-toxic, biodegradable 
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copolymer that is being investigated for the use in the targeted release of drugs for the treatment 

of cancer and thus to reduce systemic toxicity. It differs from PLGA-PEG copolymers in 

powder form. The PEG/PCL copolymer and drug are mixed above the melting point of PCL 

and the solution is allowed to gel for more than 24 hours at 4 °C. The limitation is in the high 

crystallinity and hydrophobicity of PCL, which prevents drug release [38]. 

 

Fig. 6: Structure of PEG/PCL copolymers. 

2.3.5 PLGA-PEG Copolymers  

Polymer blocks based on the poly(lactic acid-co-glycolic acid) statistic copolymer (PLGA) and 

poly(ethylene glycol) (PEG) stand as (A) and (B), respectively, can be combined in different 

ratios to form AB, ABA and BAB type copolymers differing in sol-gel transitions parameters 

as well as hydrolytic stability. Subsequently, the work is focused mainly to the ABA triblock 

copolymer of poly(D,L-lactic acid-co-glycolic acid)-b-poly(ethylene glycol)-b-poly(D,L-lactic 

acid-co-glycolic acid) (see Fig. 7) mainly used for hydrophobic drug (paclitaxel) delivery due 

to its micellar structure in hydrogel, biocompatibility and controlled biodegradability. The 

triblock copolymer forms micelles in the aqueous medium where the non-ionic hydrophilic 

PEG forms the coating and thus affects the pharmacokinetics and biodistribution. On the other 

hand, the hydrophobic core (PLGA) can accommodate the hydrophobic drug [31], [32]. 

Since it is an amphiphilic block water-soluble copolymer, it undergoes a sol-gel transition 

by temperature change. By varying the ratio and the different molecular weights 

of the feedstock, copolymers can be prepared that will degrade for a different time and will 

undergo transition from sol to gel at different temperatures. Hydrogel formation cannot occur 

at high hydrophilic PEG content in copolymers, where PEG/PLGA > 0.56 [33]. 

 

 

Fig. 7: Structure of triblock copolymer PLGA-PEG-PLGA [21]. 

 ReGel ® 

ReGel® is a triblock thermosensitive copolymer with a PLGA-PEG-PLGA framework. ReGel 

polymers transition from a free-flowing water-soluble low viscosity solution (sol-state) at 

temperatures between 2 and 15 °C to a viscous, water insoluble biodegradable controlled-
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release gel (gel state) at body temperature. It is a water-insoluble gel that holds its integrity for 

over a month. It is therefore used for long-term release, where application is possible with a 

narrow-gauge needle. ReGel® is used to supply small hydrophobic molecules, peptides and 

proteins (insulin). Studies have shown that it is compatible with tissues at various anatomical 

sites [19], [20].  

 OncoGel ®  

Paclitaxel, also known as Taxol®, is used to treat certain cancers, including ovarian, breast, 

lung, cervical, pancreatic, and Kaposi's sarcoma. It is an antineoplastic and antiangiogenic agent 

and a mitotic inhibitor. Its antitumor activity depends on concentration and time of exposure 

[19], [23]. 

ReGel® was used to deliver paclitaxel topically to tumours to avoid systemic toxicity associated 

with drug injection. OncoGel® is injected into the body, and gel formation occurs in response 

to body temperature, allowing for sustained release for up to 6 weeks [19], [23]. 

2.4 Polymers-drug interaction 

Important properties in controlled drug release include information on how the drug 

and polymer interact. The power of interaction determines how much diffusion of the drug will 

slow down by diffusion. At high affinity, diffuse release can be completely stopped. This plays 

a major role in the delivery of small dosage forms that are smaller than the pore size 

of the polymer and hence a rapid initial release of high drug concentration occurs. This chapter 

describes the most common types of polymer-drug interactions [18].  

2.4.1 Covalent conjugation 

Covalent polymer-drug conjugates are special drug delivery systems where the drug 

or bioactive agent (peptides, proteins, growth factors, hormones, enzymes, etc.) is covalently 

bound to the macromolecular chain through a physiologically labile bond. The covalent bonds 

between the polymer and the drug can be of two types, highly stable or cleavable (see Fig. 8). 

Highly stable bonds stabilize the drug in the polymer (hydrogel) until the network degrades. 

However, cleavable covalent bonds are set to disintegrate after specific time, or in response 

to environmental stimuli. Thus, the drug is released at a programmed rate [18], [44]. 

High affinity bonds include amide bonds through carbodiimide chemistry, thiol bonds and other 

covalent bonds formed through metal-free click chemistry.  Cleavable covalent linkages range 

from small-molecule linkages including ester bonds, disulphide bonds, and β-elimination 

cleavable linkages to macromolecular linkages like peptide sequences [18]. 

2.4.2 Electrostatic interaction 

Electrostatic interactions are bonds between two oppositely charged molecules (see Fig. 8) 

and serve to create strong affinity between drugs and polymer chains in drug delivery systems. 

Since it is a non-specific charge-based interaction, attendance may be for controlled 

and simultaneous administration of multiple drugs from a single system. Drug release occurs 

either by matrix degradation or when electrostatic inertia is detected by mobile ions from 
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the environment. These interactions are used, for example, in alginate hydrogels that carry 

negative charges to deliver heparin-binding cationic growth factors (such as VEGF) that serve 

to promote tissue regeneration [18], [45]. 

If there is no formation of electrostatic interactions between the polymer and the drug, 

or the interactions are not strong enough, the third component (agent) can be used. Heparin, 

for example, has been incorporated into hydrogels to control heparin-binding proteins such 

as VEGF and basic fibroblast growth factor (bFGF). For example, the sulfonate groups are used 

to increase the electrostatic interactions between alginate hydrogels and protein drugs 

to increase release time[17], [18]. 

2.4.3 Hydrophobic interaction   

The term hydrophobicity is a repulsion between a non-polar compound and a polar environment 

such as water. In biological systems, hydrophobic interactions are of great importance in protein 

folding and stabilization of their structure. The use of hydrogels as carriers of hydrophobic 

drugs is problematic because of the high-water content and hence their hydrophilic nature. 

The phase separation between the encapsulated hydrophobic drugs and the hydrogel can lead 

to a reduction in the strength and stability of the hydrogel. This problem is solved by linking 

hydrophobic domains or binding sites for hydrophobic drugs (see Fig. 8) [18], [46]. 

One possibility is to copolymerize hydrophilic and hydrophobic monomers (e.g. PLGA-PEG-

PLGA), where the hydrophobic molecule (e.g. cyclodextrin and cholesterol) can be attached 

to the hydrophobic chain via hydrophobic interactions. Thiocholesterol has been incorporated 

into hydrogels of poly(vinyl alcohol) for delivery of hydrophobic drugs. However, by 

incorporating hydrophobic moieties, it can reduce the water content of hydrogels and 

potentially alter their biochemical and physical properties. To this end, the inclusion of 

cyclodextrins in hydrogels is advantageous because they do not alter the overall hydrophilicity 

of the hydrogels. These macrocyclic oligosaccharides contain both external hydrophilic 

character and internal hydrophobic pockets into which hydrophobic drugs can bind. In such 

systems, drug release is independent of hydrogel mesh size [17], [18], [46].  
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Fig. 8: Representative chemical interactions between a drug and polymer chains. a) Highly stable 

covalent linkages immobilize the drugs inside the hydrogel. Strategies include the formation of amide 

bonds and the use of long-chain poly(ethylene glycol) (PEG) linkages. b) Cleavable covalent linkages 

release the drug as a result of hydrolysis or the activity of enzymes like proteases. c) Electrostatic 

interactions between a charged drug and the polymer chain can slow release. This can be exploited 

using polymers carrying charges, such as carboxylate groups and those mimicking heparin-binding 

groups. d) Hydrophobic drugs associate with hydrophobic domains such as aliphatic chains and 

cyclodextrin [18]. 
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2.5 Drugs release models 

Controlled drug delivery technology has been extensively studied over the past six decades. 

The reason was associated with the problems that arose after the application of standard oral 

medications multiple times a day. For example, fluctuation (higher or lower) of the drug 

substance in the blood (than the therapeutic optimum) may result in escalation of adverse drug 

effects on one side and non-cure on the other side. In the following paragraphs, model examples 

for polymer drug release (see Fig. 9) will be described [43]. 

 

Fig. 9: Therapeutic band with showing impact of burst release, pulsatile release, and controlled release 

relative to effective concentration and toxic concentration [42]. 

 

Controlled release drug systems offer great advantages over conventional dosage forms. 

Benefits include topical drug delivery, reduced dosage frequency, diminished in vivo 

fluctuation of drug concentration and maintenance of drug concentration in the desired range, 

and an evaluation of side effects. Generally, controlled release dosage forms are designed 

to maintain constant concentrations of the drug in the blood, tissues, or target organs. First, 

the initial higher dose of drug is released from the system and the maintenance dose is released 

in a constant rate [42]. 

The term "burst release" refers to the release of a high amount of drug within a short time. This 

mode of release can be seen in two ways, negatively where local or systemic toxicity may occur 

due to high drug concentration and short in vivo disintegration time (rapid loss of activity), 
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hence more frequent dosing. Or from a positive point of view, when the drug is quickly 

delivered to the desired location [41]. 

Pulsed or pulsatile drug release provides intermittent action, the drug is released in portions 

at abruptly defined intervals. This type of release is found in the human body, namely 

the release of hormones (daily fluctuations). For this mode of delivery, it is assumed that 

the constant plasma drug levels are not preferred and are the optimal therapeutic effect coming 

from the periodically fluctuating drug concentration. A typical example is the insulin hormone, 

when pulse release occurs after food intake, and blood glucose levels are controlled. 

Furthermore, gastrointestinal hormones also show pulsatile release due to the presence of sweat 

in the gastrointestinal tract. And lastly, the menstrual cycle is controlled by pulsed release 

of hormones such as estrogen and progesterone [40]. 

A large number of biological functions in the body are regulated by time and pulse release, 

so it may be necessary to deliver drugs in this way. A continuous dose of hormones generally 

induces down regulation of hormone receptors on target cellular membranes and shows 

undesired effects in the body [40]. 

2.6 Proteins  

Proteins are biomacromolecular substances whose proportion in tissues of higher organisms 

and humans exceeds 80%. They consist of at least 100 L-α-amino acids bound together into 

polypeptide chains by peptide bond (see Fig. 10). The order and number of amino acid residues 

in the chain are specific for each protein. Like polysaccharides or nucleic acids, proteins are 

involved in cell processes. Proteins have both structural and mechanical functions, which 

include actin and myosin in the muscles, as well as scaffolding in the cytoskeleton to maintain 

the shape of the cells. Many proteins catalyse biochemical reactions and are referred to 

as enzymes. Proteins are essential in the diet because they provide essential amino acids that 

cannot be synthesized [12]. 

According to the shape, proteins are distinguished into fibrillar, membrane and globular, 

although the boundaries between them are not clearly defined. Fibrillar or filamentous proteins 

occur in the cytoskeleton of cells. They are insoluble in water. Representatives are, for example, 

collagen or keratin. Membrane proteins are part of bio-membranes. It performs various 

functions, such as the transport of substances, the transmission of signals, or merely contributes 

to the strengthening of membranes. The last globular proteins are spherical, water soluble. 

Because it is a very large group, their biological functions are quite diverse. Examples include 

antibodies and enzymes [12]. 

However, proteins can also be divided chemically to which are composed of only amino acids, 

and compound containing a non-protein part. Compound proteins include hemoproteins where 

blood is a hem (e.g. hemoglobin), lipoproteins with a lipid moiety, nucleoproteins with nucleic 

acid, glycoproteins with carbohydrate, metalloproteins with metal cations (e.g. ferritin), and 

phosphoproteins with phosphoric acid residues [13]. 

The next chapters will describe the structure, properties and utilization of both the model 

proteins (lysozyme and albumin) and wound-healing protein (FGF2-stab) studied in this thesis. 
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Fig. 10 : Scheme of polypeptide chain formation. 

2.7 Lysozyme 

Lysozyme is an antibacterial enzyme found in saliva, tears, egg white, nasal mucus, blood 

plasma and breast milk. Another name is N-acetylmuramidglycan hydrolase and belongs 

to the hydrolase group. The common feature of all lysozymes is their ability to hydrolyse the 

β-(1,4)-glycosidic bond between alternating N-acetylmuramic acid (NAM) and N-

acetylglucosamine (NAG) residues of peptidoglycan, and unique bacterial cell wall polymer. 

Three main types of lysozyme-c-type (chicken-HEWL or conventional type), g-type (goose-

GEWL) and lysozyme type i (invertebrate type) have been identified in the animal kingdom 

[13], [14], [15].  

2.7.1 Structure 

Hen's lysozyme (HEWL) is most closely described (see Fig. 11). HEWL catalyses 

the hydrolysis of its substrate so efficiently that it proceeds up to 1010 times faster than the non-

catalysed reaction. The molecular weight of lysozyme is approximately 14.7 kg.mol-1 and 

consists of 129 amino acid residues and is internally cross-linked by 4 disulphide bonds. It does 

not contain coenzymes or metal ions, so its three-dimensional structure, catalytic effect 

and specificity are determined solely by the order of amino acids [13]. 

The polypeptide chain has a relatively irregular secondary structure, contains several heliacal 

segments, as well as a three-stranded anti-parallel β-folded sheet that occupies most 

of the binding groove. Most non-polar chains are out of contact with the aqueous solvent within 

the molecule [13].  
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Fig. 11: Structure of lysozyme [13]. 

2.7.2 Property and Uses  

The human lysozyme used in this thesis differs from the other species only in sequence, but not 

in its reaction mechanism. 

The most prominent feature of the molecule is the pronounced groove, the binding site with six 

binding sub-sites (see Fig. 12) for substrates or inhibitors. The residues responsible 

for the cleavage of the bonds lie between D and E near the carboxyl groups of Asp 52 and Glu 

35. The acetal bond of the substrate is likely to be protruded by Glu 35, while the negatively 

charged Asp 52 stabilizes the emerging carbonium ion from the opposite side [22]. 

Lysozyme has been shown to be effective against bacteria causing food-borne disease 

and spoilage at concentrations of 10 to 200 mg/L. Overall, it may be concluded that lysozyme 

can be active as an additive to foods containing susceptible bacteria and acts to lower the levels 

of the bacteria or inhibits their initial growth [16]. 

 

Fig. 12: Scheme of the catalytic site in the lysozyme slit. A to F are glycosidic units of hexasaccharide. 

For residues forming the slot region, the lysozyme sequence numbers are shown [22]. 
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2.8 Albumin 

Albumin is a specific and major protein of human and animal blood plasma (45 g/L). The source 

of albumin in the human body is the liver, which produces 10-15 g daily and its half-life 

in the body is 19 days on average [2]. 

Albumin is responsible for colloidal osmotic blood pressure in the human body, is essential for 

fat metabolism, can bind bilirubin, and many drugs are used to treat haemorrhagic shock 

and burns. Specifically, it binds Cu2+, Ni2+ and non-specifically binds Ca2+ and Zn2+, thereby 

securing the transport of these metal ions in the blood. In biochemistry, it is used as a solvent 

in ELISA tests [1], [2]. 

2.8.1 Structure 

The molecular weight of albumin is 69 kg.mol-1 and accounts for about 60% of total plasma 

proteins. Human albumin consists of one 585 amino acid polypeptide chain and contains 35 

cysteine molecules, 17 disulphide bonds that stabilize the tertiary structure and one free cysteine 

molecule at position 34 with the thiol SH group making it capable of forming dimers [1], [2], 

[5].  

 

 

Fig. 13: Crystal structure of human serum albumin. The illustration shows the tertiary structure of 

human serum albumin in complex with stearic acid. The three domains of albumin are shown in purple 

(IA), red (IB), green (IIA), orange (IIB), blue (IIIA), and violet (IIIB). Yellow sticks depicture 

disulfide bridges, and yellow spheres highlight the available cysteine 34 in domain IA [2]. 
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HSA is a globular, ellipsoidal and helical protein containing many flexible strands in its 

structure, and the molecule is heart shaped (see Fig. 13). The HSA molecule is divided into 

three domains and each domain contains two subdomains (A and B) formed by 4 (subdomain 

A) or 6 (subdomain B) by helical structures. The last helix of one domain is always linked to 

the first helix of the following domain and hence the HSA molecule consists of a total of 28 

helical structures. Albumin contains two stable binding sites capable of binding most drugs 

at therapeutic concentrations. According to the Sudlow nomenclature, bulky heterocyclic 

anions (bilirubin, anticoagulants, non-steroidal anti-inflammatory drugs) bind to Sudlow site I 

(located in subdomain IIa) while Sudlow's site II (located at IIIa) is preferred by aromatic 

carboxylates ketoprofen or benzodiazepines such as diazepam) [3]. 

2.8.2 Properties and Uses 

Albumin is an acidic and highly aqueous protein. This property originates in the primary 

structure and its high total charge (approximately 185 ionized groups per molecule at pH 7.0). 

It is stable at pH 4 – 9, soluble in 40% ethanol and can be heated to 60 °C for 10 hours without 

harmful effects [4]. 

Already in the mid-twentieth century, first studies emerged demonstrating the fact that tumours 

capture proteins from blood plasma and use their degradation products to rapidly multiply. 

Albumin distribution studies have shown that 3 – 25 % of the administered protein dose 

accumulates in the tumour. This makes albumin a promising drug carrier for, for example, 

targeted cancer treatment. Albumin nanoparticles attract attention because they have several 

unique properties over other proteins. Albumin is non-toxic to the body, capable of reversibly 

binding many hydrophobic drugs. Due to the large number of charged amino acid residues, it 

can electrostatically bind both positively and negatively charged substances while being able 

to covalently bond with the drug with the participation of carboxyl or amino groups. In addition, 

it has a very advantageous pharmacokinetic profile due to its half-life in the bloodstream (19 

days) [4], [6]. 

2.9 Fibroblast growth factor (FGF) 

Fibroblast growth factors (FGF) regulate a wide range of biological functions, including cell 

proliferation, inducing cellular homeostasis, promoting angiogenesis and wound healing. FGFs 

have multiple functions through binding and activation of fibroblast growth factor (FGFR) 

receptors and the main signal through FGFR stimulation is the RAS/MAP kinase pathway. FGF 

was discovered in pituitary extracts in 1973 (is widely expressed in cells and tissues). Acid FGF 

(FGF1) and basal (FGF2) were originally isolated from brain and pituitary as growth factor for 

fibroblasts. Since then, at least 22 different FGFs have been identified or isolated [9], [10][9].  

FGFs have been found in both vertebrates and invertebrates. Many FGF genes have been 

identified in vertebrates, including ten FGFs in zebrafish (FGF2–4, 6, 8, 10, 17a, 17b, 18, 24), 

six in Xenopus (FGF2–4, 8–10), 13 in chickens (FGF1–4, 8–10, 12, 13, 16, 18–20), 22 in mice 

(FGF1–18, 20–23) and humans (FGF1–14, 16–23), whereas only three Drosophila FGF genes 

and two Caenorhabditis elegans FGF genes have been observed in invertebrates. Human FGFs 

contain 22 members: FGF1, FGF2, FGF3 (INT2), FGF4, FGF5, FGF6, FGF7 (KGF), FGF8 
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(AIGF), FGF9, FGF10, FGF11, FGF12, FGF13, FGF14, FGF16, FGF17, FGF18, FGF19, 

FGF20, FGF21, FGF22, and FGF23 [9]. 

By phylogenetic analysis, the human FGF family can be divided into seven subfamilies (see 

Fig. 14): FGF1, FGF4, FGF7, FGF8, FGF9, FGF11, and FGF19. Subfamily FGF1, FGF4, 

FGF7, FGF8, FGF9, FGF11 and FGF19 contain FGF1 and 2, FGF4, 5 and 6, FGF3, 7, 10 

and 22, FGF8, 17 and 18, FGF9, 16 and 20, FGF11, 12, 13 and 14 and FGF19, 21 and 23. 

In contrast to phylogenetic analysis, gene localization analysis shows that the human FGF gene 

family can be divided into six subfamilies: FGF1 / 2/5, FGF3 / 4/6/19/21/23, FGF7 / 10/22, 

FGF8 / 17/18, FGF9 / 16/20 and FGF11 / 12/13/14. The members of FGF8, FGF9 and FGF11 

subgroups are like those of FGF7 / 10/22, FGF8 / 17/18, FGF9 / 16/20 and FGF11 / 12/13/14 

subfamilies in gene position analysis [9]. 

 

Fig. 14: Subfamily of fibroblast growth factor [9]. 

2.9.1 Structure and properties 

The molecular weight of FGF in vertebrates ranges from 17 to 34 kg.mol-1, while in 

invertebrates it is about 84 kg.mol-1. All family members have a sequence of 120 amino acids 

that display 16 – 65 % sequence identity [9].  

The physiological properties of FGF are due to FGFR binding. The FGF family of mammals is 

composed of 18 ligands that induce their action through four highly conserved transmembrane 

tyrosine kinase receptors (FGFR1, FGFR2, FGFR3 and FGFR4). Four FGFRs have been 
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identified in humans and mice and encode receptor tyrosine kinases (about 800 amino acids) 

that contain an extracellular ligand domain with three immunoglobulin domains (I, II and III), 

a transmembrane domain, and a cleaved intracellular domain of the tyrosine kinase domain. 

FGFRs are expressed on many different cell types and regulate key cellular behaviour, such as 

proliferation, differentiation and survival, which cause FGF signalling to be susceptible to 

subversion by cancer cells. Unlike other growth factors, FGF interacts with heparin or heparan 

sulfate with proteoglycan (HSPG) to activate FGFR and induce pleiotropic responses that lead 

to different cellular responses induced by this large family of growth factors [9].  

2.9.2 Fibroblast growth factor 2 (FGF 2) 

FGF 2 stimulates the growth and development of new vessels (angiogenesis), which contribute 

to the pathogenesis of several diseases (cancer, atherosclerosis), wound healing and tissue 

development. In addition to structural similarity between FGF-2 and other FGF family 

members, all these growth factors bind heparin and heparan sulphate. FGF-2 binding to heparan 

sulphate has been shown to reflect a complex biochemical regulatory mechanism for this 

growth factor [11].  

 Properties 

FGF-2 was first identified as a 15 kg.mol-1 protein that later found to be the 18 kg.mol-1 primary 

form proteolytic product. Larger forms of FGF-2 (22, 22.5 and 24 kg.mol-1) have also been 

identified, resulting from alternative CUG translation initiation sites. The homogeneous 

sequence for FGF-2 in many species is very high (> 90%). FGF-2 contains four cysteine 

residues without intramolecular disulfide bonds, many basic residues (p I = 9.6) and two sites 

(Ser 64 and Thr 112) that can be phosphorylated by protein kinases A and C. FGF-2 consists of 

12 antiparallel β-layers arranged in a trigonal pyrimidal structure. While the binding of heparin 

and heparan sulfate has little effect on the structure of FGF-2, it can facilitate the self-

association of FGF-2 molecules into higher order dimers and oligomers [11]. 

 Secretion from cells  

One of the most prominent features of FGF-2 is the absence of a consensus signal sequence 

for secretion. While the 18 kg.mol-1 form of FGF-2 is found outside the cell of the higher 

molecular weight form, it is predominantly localized in the nucleus. The localization of high 

molecular weight FGF-2 is due to the extension of the amino terminus, which contains several 

Gly + Arg repeats with methyl residues. The mechanism of 18 kg.mol-1 FGF-2 secretion 

remains unclear. It does not cross the endoplasmic reticulum or the Golgi via a regular pathway, 

but secretion is likely to occur during cell damage and death [11]. 

2.10 Release of proteins and drugs from PLGA-PEG based copolymers 

In this thesis, the release of FGF2-stab from the thermosensitive PLGA-PEG-PLGA hydrogel 

was studied. PLGA-PEG-PEG-based hydrogels are ideal for the release of both hydrophobic 

and hydrophilic drugs since it is an amphiphilic compound that forms micelles in the aqueous 
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environment and the drugs have the ability to bind to either the hydrophobic nucleus or 

the hydrophilic surface of micelles. 

Examples of release of proteins from copolymers based on PLGA-PEG segments that have 

already been studied are described below. 

2.10.1 Protein release from PLGA-PEG-PLGA depending on changes in segment ratios 

The rate of protein release can be adjusted by the ratio of PLGA/PEG segments. Since most 

proteins exhibit amphiphilic character (hydrophobic and hydrophilic) by adjusting the ratios of 

PLGA (hydrophobic) and PEG (hydrophilic) segments, release patterns are affected. 

For example, the low molecular weight PEG segment of the PLGA-PEG-PLGA copolymer 

shows a low initial release of lysozyme (less than 10% in 48 hours) and a sustained release over 

36 days. The di-block copolymer with a lower PEG content (10%) showed a lower initial 

release, but the remaining release was discontinuous and showed a significant second phase 

of rapid release due to polymer erosion. On the other hand, a higher PEG segment content 

(15%) caused a very rapid release of lysozyme [54], [55]. 

2.10.2 The effect of hydrophobicity on release from PLGA-PEG-PLGA hydrogel 

The hydrophobic or hydrophilic nature of the drug release profile is relevant. The triblock 

PLGA-PEG-PLGA copolymer is often used for the controlled delivery of hydrophobic drugs 

as they form micelles in the aqueous environment and are able to bind drugs to their nuclei. 

When comparing the release of hydrophilic (paracetamol) and hydrophobic (sulpathiazole), it 

has been found that due to the binding of the hydrophobic drug to the core of the micelles it is 

released over a longer period (about half the time) than the hydrophilic paracetamol [31], [32], 

[49]. 

By comparing the release mechanisms of hydrophilic 5-fluorouracil and hydrophobic 

indomethacin, it was found that the hydrophilic drug was released by diffusion while the 

hydrophobic drug exhibited a two-step profile involving the initial phase-controlled diffusion 

followed by the erosion dominating hydrogel stage (see Fig. 15)[56]. 

 

 

Fig. 15: Difference in drug release depending on hydrophobic character A) hydrophilic 5-fluorouracil 

exhibits single-stage release B) hydrophobic indomethacin exhibits two-stage release [56]. 

  

A B 
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2.10.3 Modification of PLGA-PEG-PLGA copolymer 

An example is the release of peptide drugs from the thermosensitive triblock copolymer of poly 

(ε-caprolactone-co-p-dioxanone)-b-poly(ethylene glycol)-b-poly(ε-caprolactone-co-p-

dioxanone) (PECP) modified with jantoric anhydride thereby obtaining carboxyl groups at the 

chain ends. Modified HOOC-PECP-COOH copolymer displayed and retarded release profile 

for leuprorelin acetate over one month while effectively avoiding the initial burst, see Fig. 16. 

Controlled release is believed to be related to the formation of conjugated copolymer-peptide 

pair by ionic interaction and increased solubility of drug molecules in the hydrophobic hydrogel 

domains. Therefore, the carboxyl group hydrogel HOOC-PECP-COOH is a promising and 

well-exposed sustained-release carrier for peptide drugs, preferably being able to develop an 

injectable formulation by simple mixing [53]. 

 

Fig. 16: A graph showing the comparison of release of leuprorelin acetate depending on the end of the 

string. When the blue curve shows the release from the OH-terminated copolymer and the red curve 

shows the release from the COOH-terminated copolymer 

The PLGA-PEG-PLGA triblock copolymer terminated with itaconic acid offers reactive double 

bonds to. It is a modification with itaconic anhydride, which is an unsaturated cyclic anhydride. 

It is obtained by fermenting polysaccharides using Aspergillus terreus bacteria [21], [24]. 

PLGA-PEG-PLGA copolymer is modified by itaconic anhydride in “one-pot” reaction. Itaconic 

anhydride is bonded to the copolymer by ring-opening reaction, where itaconic acid is formed 

at the ends of the copolymer with reactive double bonds. These bonds are intended for both 

chemical crosslinking and carboxyl groups are suitable for reaction with biologically active 

substances. The modified ITA copolymer becomes sensitive to light, heat and pH [21], [24]. 

The presence of COOH groups may serve to prolong the release time with a reduction in the 

release of large amounts at the start of the measurement. 
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3 MAIN GOALS OF THE WORK 

 

The main goal of the diploma thesis is method optimization for reproducible detection of 

released fibroblast growth factor from a hydrogel based on the thermosensitive PLGA-PEG-

PLGA copolymer. And consequently, understanding the polymer-protein interactions to set 

optimal parameters providing controlled release of healing proteins. 

Experimental part consists of: 

1. Well-defined PLGA-PEG-PLGA copolymer synthesis via ring opening polymerization 

technique under inert atmosphere on a high vacuum all-glass line. 

2. Chemical and physical PLGA-PEG-PLGA characterization in terms of gel permeation 

chromatography and rheology, respectively. 

3. Measurement of FGF2-stab release from thermosensitive PLGA-PEG-PLGA hydrogel 

by vials-based Method A 

4. Measurement of model proteins (lysozyme, albumin) and FGF2-stab release from 

thermosensitive PLGA-PEG-PLGA hydrogel by inserts-based Method B 

 

 

Fig. 17: Diagram of all measurements performed in the experimental part 
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4 EXPERIMENTAL PART 

4.1 Chemicals 

o Polyethylene glycol (PEG) with weight average molecular weight (Mw) of 1500 g.mol-1, 

was purchased from Sigma-Aldrich (Germany) 

o D,L-Lactide (LA, ≥ 99.5%) was purchased from Polysciences (PA, USA) 

o Glycolide (GA, ≥ 99.9%) was purchased from Polysciences, (PA, USA) 

o Stable fibroblast growth factor (FGF-2 stab) was received from company Enantis, L.t.d. 

(Brno, Czech Republic)  

o Albumin human (≥ 96%) was purchased from Sigma-Aldrich (MO, USA) 

o Bovine serum albumin standard (c = 2 mg.ml-1) was purchased from ThermoFisher 

Scientific (Netherlands)  

o Lysozyme human (≥ 90%) was purchased from Sigma-Aldrich (MO, USA)   

o Tin octanoate (SnII 2-ethylhexanoate, ≥ 92.5%) was purchased from Sigma-Aldrich 

(MO, USA) 

o Liquid nitrogen (99.999%) was purchased from Linde Gas, a.s. (Czech Republic) 

o Ultrapure water (Ultrapure water of Type I according to ISO 3696) was prepared on 

Millipore purification system (MilliQ Academic, Millipore, France) 

o Bradford Reagent (for 0.1-1.4 mg.ml-1 protein) was purchased from Sigma-Aldrich (MO, 

USA)  

o Tetrahydrofuran (THF for HPLC, ≥ 99.9%) was purchased from Sigma-Aldrich 

(Germany)  

o Di-sodium hydrogen phosphate dodecahydrate (≥ 98%) was purchased from Lach-Ner, 

L.t.d. (Czech Republic) 

o Potassium dihydrogen phosphate (≥ 99%) was purchased from Lach-Ner, L.t.d. (Czech 

Republic)  

o Potassium chloride (≥ 99%) was purchased from Sigma-Aldrich (MO, USA)  

o Sodium chloride (≥ 99.5%) was purchased from Lach-Ner, L.t.d. (Czech Republic) 

o Coomassie Brilliant Blue R (C45H44N3NaO7S2) was purchased from Sigma-Aldrich (MO, 

USA)  

4.2 Equipment 

o UV-VIS Spectrophotometer V-730 (Jasco, Japan) 

o Rheometer AR-G2 (TA instruments, USA) 

o Analytical scales Adventurer Pro AV64 (OHAUS, Switzerland)  

o Proton Nuclear Magnetic Resonance - 700 MHz NMR spectrometer Bruker AVANCE 

III at Masaryk University (Bruker Co., Germany) 

o Cell Cultural Incubator CO2cell (BMT Medical, Czech Republic) 

o Automatic pipettes (Hirschmann Laborgeräte, Germany) 

o Lyophilizator /Freeze Dryer Epsilon 2-10D LSC plus (Martin Christ, Germany) 

o Water proof pocket-size pH Meter S2K712 with ISFET sensors (ISFET Company, Japan) 
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o Gel permeation chromatography (HPLC GPC/SEC) 1260 Infinity (Agilent, CA, USA) 

with MALS (Multi-angel light scattering) photometry DAWN HELIOS-II WH2-02 

(Wyatt, CA, USA) and refractometer T-rEX (Wyatt, CA, USA) 

o WTW Spectroflex 6600 (Prolabmas, Indonesia)  

o SPLInsert™ Hanging, 6 Inserts/6 well plate, PC, 0.4µm, Growth Area 4.52, 1.5~2.5ml, 

Opaque, Sterile6/24 (iBiotech, Czech Republic) 

o PowerPacTM Basic Power Supply (Bio-Rad, Czech Republic) and Mini-PROTEAN® 

Tetra Vertical Electrophoresis Cell (Bio-Rad, Czech Republic) 

o Thermo Block HLC (Ditabis, Germany) 

4.3 Sample preparation  

4.3.1 Synthesis and purification of PLGA-PEG-PLGA copolymer 

The PLGA-PEG-PLGA triblock copolymer (ABA type) with a D, L-LA/GA molar ratio of 3.0 

and a PLGA/PEG weight ratio of 2.5 was prepared by ring opening polymerization (ROP) under 

a nitrogen atmosphere. The reaction was carried out using a tin catalyst (Sn(II) 2-ethylhexanoate) 

at 130 °C for 3 hours [21].  

The resulting product was purified from unreacted monomer by dissolving in ultra-pure water in 

a refrigerator at 3 °C and then rapidly heating to above 80 °C. The precipitated polymer was 

separated by decantation and purifying was repeated three times. The final product was freeze-

dried [21].  

 

 

Fig. 18: Vacuum line for synthesis of thermosensitive copolymer (PLGA-PEG-PLGA). 
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4.3.2 Preparation of PLGA-PEG-PLGA copolymer solution 

Two different concentrations of PLGA-PEG-PLGA copolymer aqueous solutions were prepared. 

15 w/v % solution to measure rheological properties and 10 w/v % solution to measure the 

release of the protein, which was subsequently used as a gel matrix. For the rheological analysis, 

polymers were dissolved in ultra-pure water or in phosphate buffered saline (PBS). For the 

protein release measurement, copolymers were dissolved in PBS only. All solutions were 

prepared in the refrigerator at a temperature of 3 - 5 °C while stirring. 

4.3.3 Sample preparation for monitoring the release from the thermosensitive hydrogel 

Method A 

In the measurement by method A, 10 w/v % ABA solution was mixed with 10% protein solution 

(with the concentration of 1 mg.ml-1). The mixture was stirred for 30 min in a refrigerator at 4 

°C, 30 min at room temperature and then allowed to gel for 45 min in an incubator at 37 ° C. 

2 ml of phosphate buffer was dosed into the resulting gel to where the protein was released. Fig. 

19 shows the sample preparation scheme. One sample was prepared for each measurement and 

the entire volume of PBS was collected after certain times. Fig. 20 shows a sample ready for the 

measurement. Due to the fast polymer degradation and hydrogel dissolution, the protein-solution 

withdrawing become more and more difficult. Moreover, degraded polymer negatively 

influenced the UV-VIS protein release measurement. 

 

 

Fig. 19: Sample preparation scheme for measurement by method A. 
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Fig. 20: Prepared sample to measure FGF2-stab release by Method A – turbid gel on the vial bottom 

covered with clear PBS solution. 

Method B 

In the measurement by method B, cultivation plate inserts were used (see Fig. 22). In this case, 

proteins were released into the trays through the membrane while degraded polymer cannot go 

through to. The course of sample preparation was the same as in the measurement by method A, 

with only one difference that the gel was transferred to the insert after the solution was gelled. 

Protein release occurred across the membrane into the PBS-containing tray, which was always 

withdrawn over a given time period throughout the volume and the same amount of new PBS 

was dosed into the tray. A sample preparation scheme for measurement by method B is shown 

in the Fig. 21. 

 

Fig. 21: Sample preparation scheme for measurement by Method B. 

 

Fig. 22: Inserts used to release proteins as measured by Method B. 
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4.4 Methods 

4.4.1 Gel Permeation Chromatography (GPC)  

Gel permeation chromatography was used to determine the number average molecular weight 

(Mn) and polydispersity index (Mw/Mn). Two PLgel 5 µm Mixed-C columns were used for 

separation and tetrahydrofuran (THF) with a flow rate of 1 mL.min-1 was used as the mobile 

phase. An analytical standard for GPC/SEC polystyrene (PS) with a molecular weight of 

Mw = 30.000 g.mol-1 and PDI = Mw/Mn = 1.06 was used as standard to calibrate the system, 

however, obtained data were absolute due to the set-up of detectors. All measured data were 

evaluated using Astra software. 

 

Fig. 23: 1260 Infinity gel permeation chromatography with MALS and refractometer detectors used for 

measurement. 

4.4.2 Proton Nuclear Magnetic Resonance 

Molecular weight and polymer characterization results were confirmed using proton nuclear 

magnetic resonance 1H NMR spectroscopy on 700 MHz Bruker AVANCE III HD instrument 

using 128 scans in deuterated chloroform (CDCl3) solvent at 25 °C. Chemical shifts were 

reported in ppm relative to tetramethylsilane (TMS). 1H NMR spectra were evaluated using 

ACD/1D NMR Processor.  
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Fig. 24: Proton Nuclear Magnetic Resonance - 700 MHz NMR spectrometer Bruker AVANCE III used 

for measurement. 

4.4.3 Dynamic Rheological Analyses 

The rheological analysis was used to analyse the PLGA-PEG-PLGA triblock copolymer solution 

in order to determine the modulus of storage and the loss modulus, thereby determining the start 

of gelation of the copolymer solution together with the decay temperature of the gel. To measure 

the temperature dependence, a cone-plate geometry with a diameter of 40 mm and 2 ° angle was 

used. 600 µl of the copolymer solution was metered into the Peltier by syringe and the working 

position (geometric gap of 60 µm) was set. A water-filled solvent trap was used to prevent solvent 

evaporation during the experiment. The temperature ramp was set between 15 − 60 °C with a 

heating rate of 0.5 °C per minute. All measurements were made at a constant frequency of 1 rad. 

s-1 and 1% stain. 

 

 

Fig. 25 : Rheometer AR-G2 (TA Instruments) used for the visco-elastic properties measurement. 



35 

 

4.4.4 SDS-PAGE electrophoresis  

SDS-PAGE is a polyacrylamide gel electrophoresis in the presence of sodium dodecylsulphate 

way to identify and track proteins. SDS-PAGE is commonly used to determine molecular weights 

between 5 and 250 kg.mol-1. The reducing agent (dithiothreitol, mercaproethanol) acts on the 

disulphide bonds within the protein structure, causing the quaternary structure of the proteins to 

break down into individual protein subunits that bind the high negative charge SDS molecules at 

a constant ratio of 1.4 g of SDS to 1 g of polypeptide. Proteins have a uniform negative charge 

due to bound amine detergent and their original charges become negligible. After insertion of the 

voltage, the SDS-polypeptide complexes formed are then separated in a polyacrylamide gel based 

solely on their size [7], [8].  

This measurement was performed by company Enantis, L.t.d., the producer of FGF2-stab protein. 

The composition of the gel is shown in the Tab.  2. 

 

Fig. 26: Electrophoresis cell PowerPacTM Basic Power Supply and Mini-PROTEAN® Tetra Vertical 

Electrophoresis Cell (Bio-Rad) used for the protein release measurement. 

Tab.  2: Composition of SDS gel 

Resolving gel 15% to prepare 4 gels Stacking gel 5% to prepare 4 gels 

Resolving buffer  4.6 ml Stacking buffer  2 ml 

Acrylamide 30%  9 ml Acrylamide 30%  1.08 ml 

MiliQ water  4 ml Distilled water  4 ml 

APS 10%   180 µl APS 10%   120 µl 

SDS 10%   180 µl SDS 10%   80 µl 

TEMED   14 µl TEMED   10 µl 

Resolving buffer (1.5 M Tris-HCl, pH 8.8) Stacking buffer (0.5 M Tris-HCl, pH 6.8) 
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4.4.5 UV-VIS spectroscopy with Bradford reagent  

The UV-VIS spectrophotometer was used to measure the amount of released proteins from the 

thermosensitive hydrogel. The measurement was carried out at a constant wavelength of 595 nm. 

A Bradford reagent that interacts with proteins was used to shift absorption maxima from 280 

nm to 595 nm. Quartz cuvettes were used in which the ratio of Bradford reagent to sample was 

dosed according to the expected amount of released protein with the selected calibration curve. 

Reagent/sample ratios and pipetted volume are shown in the Tab.  3.  

 

Tab.  3: Reagent / sample pipetted volume and ratio  

  Bradford 

agent 
Sample 

Bradford 

agent 
Sample 

  [ml] [ml] Ratio 

Low concentration (1-10 µg/ml) 1.3 1.3 1 : 1 

Middle concentration (10-100 µg/ml) 2 0.5 4 : 1 

High concentration (100-1 000 µg/ml) 2.5 0.075 33.3 : 1 

 

 

Fig. 27: UV-VIS spectrophotometer V-730 (Jasco) used for the release measurement. 
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Fig. 28: A) Brown staining of unreacted Bradford reagent B) Blue stained cuvette with Bradford reagent 

in which agent-protein interaction occurred. 

4.4.6 Enzyme-linked immunosorbent assay (ELISA)  

Enzyme Immunosorbent Analysis (ELISA) is a technique used to detect the presence of antibody 

or antigen in samples. There are several different types of ELISAs, including indirect, sandwich, 

competitive and reverse ELISAs. All this can be used to detect proteins, viruses and drugs. This 

assay can be used to analyse a specific analyte or screen groups of compounds that cross-react 

with an antigen that is coated on a solid surface. The process first involves adding the sample of 

interest to the antigen coated on the microtiter plate. An antibody that is bound to the enzyme is 

then added to the antigen. Antibody reaction to antigen produces a fluorescent antigen / antibody 

complex that is detectable by ultraviolet light. The optical density of each well in the microtiter 

plate is compared to the control samples. Even though background reduction, signal 

enhancement, or cross-reactivity are potential limitations to ELISA analyses, these assays 

demonstrate a high degree of specificity and sensitivity [51], [52]. 

ELISA measurement was performed by Enantis, L.t.d. 

 

 

A    B 
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5 RESULTS AND DISCUSSION 

5.1 Thermosensitive copolymer (PLGA-PEG-PLGA) characterization 

Gel permeation chromatography (GPC) and rheological analysis were used to characterize all 

of the PLGA-PEG-PLGA copolymer batches used as protein release matrices. The ABA 

copolymer was synthesized according to Ing. Michlovská, Ph.D. dissertation thesis [48]. The 

prepared copolymer had a honey-like structure, beige semi-transparent colour as shown Fig. 

29. 

 

Fig. 29: Synthesized PLGA-PEG-PLGA copolymer after purification 

5.1.1 Characterization of properties by gel permeation chromatography (GPC) 

The peculiarity of polymers is that molar mass distribution occurs and thus we cannot obtain 

one molecular weight number. Gel permeation chromatography (GPC) or size exclusion 

chromatography (SEC) was used to determine number average molecular weight (Mn) 

and polydispersity (PDI). For measurement, 15 mg/ml PLGA-PEG-PLGA copolymer 

dissolved in tetrahydrofuran (THF) was dosed. In total, 5 batches of the produced ABA 

copolymer were used as a protein release matrices. Astra software was used to evaluate all data. 

PS of Mw = 30,000 g/mol and PDI = 1,06 were used as analytical standard. Each sample was 

measured twice for the control, see the graph where sample no 4 is displayed. 

Tab.  4 shows a comparison of all results. The number average Mn was equal to 5 800 g.mol-1 

having the polydispersity of 1,09. An example of a measured graph of the molecular weight 

distribution of the ABA copolymer (Sample No. 4) shows Fig. 30. Curve 1 describes the 

molecular weight distribution and curve 2 is Mark -Houwink plot which tells us that it is a linear 

polymer. 
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Fig. 30: Graph of molecular weight distribution of ABA copolymer measured by 1260 Infinity gel 

permeation chromatography with MALS and refractometer detector. Each sample was measured twice 

for the control, see the graph where sample no 4 is displayed. 

Tab.  4: Results of average number molecular weight (Mn) and polydispersity (PDI) measurements of 

all batches of ABA copolymer used for sample preparation for release 

Batch of ABA copolymer 1 2 3 4 5 Diameter 

Number average 

molecular weight (Mn) 

[g.mol-1] 

5 820 5 713 5 597 5 987 5 779 5 779 

Polydispersity (PDI) 1,056 1,092 1,096 1,095 1,086 1,085 

 

5.1.2 Characterization of properties by 1H NMR spectroscopy 

PLGA-PEG-PLGA copolymer was characterized by 1H NMR spectroscopy. Characteristic 

spectrum of PLGA-PEG-PLGA copolymer is shown in Fig. 31. Six peaks are observed in the 

spectrum, with the largest shift peak being chloroform, which was used as solvent. The peak 

with the lowest shift δ = 0.9 – 1.2 ppm (e) is characteristic of the lactic acid proton (O-

(CH3)CHO). The peak characteristic of (O-(CH3)CHO) (d) is about δ = 5.1 – 5.3 ppm. The 

peak with shift in the area δ = 3.5 – 3.7 ppm is characteristic of the polyethylene glycol proton 

(OCH2CH2O) (d). By shifting in the area δ = 4.6 - 4.9 ppm there is a peak corresponding to the 

proton glycolic acid (OCH2O) (b). The peak with the lowest intensity δ = 3.7 - 3.9 ppm 

corresponds to the proton between glycolic acid and lactic acid [50]. The PLGA/PEG weight 

ratio and LA/GA molar ratio were calculated. The copolymer was synthetized of PLGA/PEG 

weight ratio 2.5 and LA/GA molar ratio 2.91. 
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Fig. 31: NMR spectrum of PLGA-PEG-PLGA triblock copolymer. 

5.1.3 Rheological properties characterization 

The rheological analysis was used to confirm the temperature-dependent behaviour 

of the PLGA-PEG-PLGA copolymer. Because the copolymer consists of a hydrophilic PEG 

segment and a hydrophobic PLGA segment, the resulting structure has an amphiphilic character 

and thus forms micelles and gel in the aqueous environment. The composition of the ABA 

copolymer was adjusted to form a gel at physiological temperature. In this type of hydrogel, 

two transitions occur, namely the sol-gel transition (gelation temperature) and the breakdown 

of the gel structure. The gelation temperature was established at 31.2 °C by contacting the G´ 

and G´´ curves, see point 1 in Fig. 32. It is the temperature when the formation of a gel structure 

begins. The temperature at which the gel reached its highest strength was determined as 

the maximum value of the G´ curve and reached 37.2 °C. At point 2 in the Fig. 32, the crosses 

of the G´ and G´´ curves are seen when the elastic modulus falls below the loss mode and the gel 

breaks down. This decay occurs at 40 °C. A 15% solution of PLGA-PEG-PLGA copolymer 

dissolved in PBS was prepared for analysis. Phosphate buffer was used for reasons of later use 

of the buffer during protein release. The measurement was carried out in the temperature range 

of 15-55 ° C. 
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Fig. 32: Graph of temperature dependence of 15% PLGA-PEG-PLGA copolymer solution measured 

by AR-G2 Rheometer. 

5.2 Release of proteins   

For the protein release, we have used two type of measurement – Method A and Method B. In 

the Method A of measuring the release of stable Fibroblast growth factor 2 from the 

thermosensitive PLGA-PEG-PLGA copolymer, a 10% ABA gel solution dissolved in PBS with 

10% FGF2-stab was used. Release proceeded from the gel that was at the bottom of the vial to 

PBS, which was above the gel and formed a visible interface (see Fig. 33, A). Method B is 

based on the measurement of model proteins (lysozyme, albumin) and FGF2-stab release from 

thermosensitive PLGA-PEG-PLGA hydrogel. The difference is the use of inserts, where 

proteins are released into PBS through the membrane and the influence of measurement by 

degrading gel is eliminated. 

5.2.1 Method A of measurement of stable Fibroblast growth factor 2 (FGF2-stab) 

release (Measurement I.) 

For the Measurement I., 5 samples with 10% FGF2-stab (c=100 µg/ml) content and 5 samples 

where FGF2-stab was replaced by buffer only and served as BLANK were prepared. All 

samples were left in an incubator at 37 ° C to mimic the temperature of the human body. 

Samples (one sample with FGF2-stab and one BLANK) were collected at 5, 10, 24, 48 and 72 

hours. The entire volume of the buffer above the gel was pipetted. This buffer volume was used 

for UV-VIS spectrophotometer and SDS-page electrophoresis analyses.  
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Fig. 33: Comparison of samples after removal from incubator at 37 ° C after 5 and 72 hours. 

 

Measurement of the released amount of FGF2-stab using a UV-VIS spectrophotometer was 

performed in the presence of a Bradford reagent that shifts the maximum absorbance of the 

stable fibroblast factor 2 from 280 nm to 595 nm. Absorbance was measured for all samples 

and the concentration was calculated using calibration curves obtained from Enantis, L.t.d. The 

equation of the calibration curves is shown in the Tab.  5. Each sample (sample with both FGF2-

stab and BLANK) was measured 3 times and since the absorbance was measured for BLANK, 

this value was always subtracted from the absorbance of the sample with FGF2-stab. The 

resulting concentrations were recalculated as the percentages of protein released, which are 

shown in the graph (see Fig. 34). 

 

Tab.  5: Equation of the calibration curves obtained from Enantis, L.t.d. used in the method A 

 Calibration curve equations 

Low concentration (1-10 µg/ml) y= 0.0312091x + 0.0148639 

Middle concentration (10-100 µg/ml) y= 0.0071849x + 0.0891212 

High concentration (100-1 000 µg/ml) y= 0.0007974x - 0.0043744 

A    B 
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 Fig. 34: Comparison of released amount of FGF2-stab from ABA gel measured by UV-VIS 

spectrophotometer and SDS-page electrophoresis. 

SDS-page electrophoresis was used to verify the released amount of FGF2-stab measured by 

UV-VIS spectrophotometer. Samples were stained with dye (Coomassie Brilliant Blue R) and 

boiled for 5 minutes in a thermo-block at 95 ° C. The samples were dosed onto the gel and 

distributed using an electric field according to molar masses (see Fig. 36).  

Tab.  6 shows the description of the samples in the Fig. 36. The band density was evaluated, 

and the concentration of stable fibroblast growth factor 2 was calculated using a calibration 

curve (see Fig. 35). Subsequently, the concentration was recalculated to percentages and plotted 

in the graph (see Fig. 34). 
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Fig. 35: Calibration curve to calculate the released amount of FGF2-stab from thermosensitive PLGA-

PEG-PLGA hydrogel measured by SDS-page electrophoresis 

 

By comparing the curves obtained using UV-VIS spectrophotometry and SDS-PAGE 

electrophoresis differences in the released amounts were observed (see Fig. 34). The total 

released amount was about 35% in 72 hours in both methods. Differences are visible mainly in 

samples taken at 5, 10 and 24 hours when UV-VIS spectrophotometer measurements are 

significantly lower (approximately 15%) than those measured by electrophoresis. This 

difference was probably due to subtraction of the absorbance by the degraded PLGA-PEG-

PLGA copolymer in BLANKs samples from the absorbance of the FGF2-stab samples in UV-

VIS spectrophotometry. In contrast, when measured by electrophoresis, the release of FGF2-

stab was not affected by the degraded gel. 
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Fig. 36: Picture of gel of measured samples divided by molecular weight by SDS-page electrophoresis. 

 

Tab.  6: Description of samples measured by SDS-page electrophoresis shown in the Fig. 36 

Number 1 2 3 4 

Type of 

sample 

FGF2 with 

concentration 

130 µg/ml 

FGF2 with 

concentration 

58 µg/ml 

FGF2 with 

concentration 

21 µg/ml 

SDS marker (14.4, 

18.4, 25.0, 35.0, 45.0, 

66.2 kg.mol-1) 

Number 5 6 7 8 9 

Type of 

sample 

Sample 

measured 

after 5 hours 

Sample 

measured 

after 10 

hours 

Sample 

measured 

after 24 

hours 

Sample 

measured 

after 48 

hours 

Sample 

measured 

after 72 

hours 

 

ELISA analysis was also performed by Enantis, L.t.d., but since this is a costly method and the 

results were affected by the degrading gel, this method was abandoned. 

5.2.2  Method A of measurement of stable Fibroblast growth factor 2 (FGF2-stab) 

release (Measurement II.) 

Due to the release of only 35% FGF2-stab in 72 hours at the Measurement I. in Method A, 18 

samples were prepared for the Measurement II. (12 samples with FGF2-stab and 6 BLANKS). 

For comparison, 2 samples with FGF2-stab and 1 BLANK were measured every time. The 

collection period was extended to 14 days. Preparation, collection and measurement of the 

 1    2    3      4        5         6          7            8   9 
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samples were the same as in the first case. The only change was the concentration reduction 

FGF2-stab from c = 100 µg/ml to 50 µg/ml due to the high cost of FGF2-stab. Samples were 

taken from the incubator after 10 hours and then after 1, 3, 7, 10 and 14 days. 

 

 

Fig. 37: Comparison of samples after removal from incubator at 37 ° C after 10 hours and 14 days. 

The problem was the collection of phosphate buffer above the gel, whereby the ABA gel 

decomposed with increasing time and thus its strength was lost. Thus, the buffer 

and the disintegrated gel were mixed (see Fig. 37, B), and the UV-VIS spectrophotometer 

measurement was influenced. 

 

 

Fig. 38: Comparison of the released amount of two samples ("A" and "B") of FGF2-stab measured by 

UV-VIS spectrophotometer and one sample ("A") measured by SDS-page electrophoresis. 
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Significant differences were seen when comparing samples measured by UV-VIS 

spectrophotometry (see Fig. 38). For example, samples taken after 1 day were 22% 

of the difference in the amount released. Samples taken after 10 hours when the difference was 

only 2% were most comparable. These differences were due to the interaction 

of the disintegrated ABA gel with the Bradford reagent, and thus the measured absorbance was 

influenced. Because of this problem, no trend in the release has been observed. 

Results obtained by evaluating SDS-page electrophoresis measurements were decreasing after 

1 day. Due to the release of very low amounts of the samples were taken after 10 and 14 days 

under the detection limit (see Fig. 39 sample no. 8,9). 

When comparing the I. and II. measurements, measurement II reduced the amount released due 

to the small amount (c = 50 µg/ml) of FGF2-stab mixed into the thermosensitive ABA hydrogel. 

While in the measurement I 35% was released after 72 hours for the measurement II, only 14% 

for the "A" sample and 6% for the "B" sample were measured after 14 Days. 

Due to the hydrogel degradation and difficulties in withdrawing liquids with released protein, 

new Method B has been applied with well-plates inserts. 

 

Fig. 39: Image of samples measured by SDS-page electrophoresis, when samples were below 

detection limit due to low concentration of mixed FGF2-stab into thermosensitive ABA gel. 

 

 

 

 

 

1            2        3          4        5          6        7         8         9 
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Tab.  7: Description of samples measured by SDS-page electrophoresis shown in the Fig. 39 

Number 1 2 3 

Type of 

sample 

FGF2 with 

concentration 54 

µg/ml 

FGF2 with 

concentration 34 

µg/ml 

SDS marker (14.4, 

18.4, 25.0, 35.0, 45.0, 

66.2 kg.mol-1) 

Number 4 5 6 7 8 9 

Type of 

sample 

Sample 

measured 

after 10 

hours 

Sample 

measured 

after 1 

day 

Sample 

measured 

after 3 

days 

Sample 

measured 

after 7 

days 

Sample 

measured 

after 10 

days 

Sample 

measured 

after 14 

days 

 

5.2.3 Method B insert-based release measurement   

Due to significant influence on the measurements by disintegrated gel after longer time 

in the Method A of measurement was searched another variant how to FGF2-stab release 

from thermo-sensitive ABA gel measured. As a possible variant, the use of inserts (see Fig. 45) 

has been shown. There are two trays, one is smaller, with the membrane on the bottom, 

and second is larger. A gel with incorporated protein was dosed into the smaller tray 

and phosphate buffer was dosed into the larger bottom tray into which proteins were released 

through the membrane. Using the semipermeable membrane was significantly decreased 

interaction measurements by disintegrated gel which doesn´t pass through the membrane (see 

Fig. 46). 

5.2.4 Calibration curves created to UV-VIS spectrophotometer for Method B 

measurement  

Calibration curves were created to measure release of model proteins (lysozyme and albumin) 

for different concentrations. The measurement was carried out using a UV-VIS 

spectrophotometer at 595 nm, in the presence of a Bradford reagent that specifically binds 

to proteins and moves their absorption maxima from 280 nm, which is in the UV region, 

to 595 nm, which is in the ratio of the visible light. 

Calibration curves were prepared for low concentrations, ranging from 1 to 10 µg/ml, middle 

concentrations, ranging from 10 to 100 µg/ml and high concentrations, ranging from 100 

to 1 000 µg/ml. These calibration curves (see Fig. 40,Fig. 41, Fig. 42) were generated for the 

model proteins lysozyme and albumin. For Fibroblast growth factor 2, a calibration curves (see 

Fig. 43,Fig. 44) for low and middle concentrations were made using bovine albumin standard 

of the given concentration. 
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Fig. 40: Calibration curves created for lysozyme and albumin for low concentrations (1‒10 µg/ml) 

measured by UV-VIS spectrophotometer at 595 nm in the presence of Bradford reagent. 

 

 

Fig. 41: Calibration curves created for lysozyme and albumin for middle concentrations (10‒

100 µg/ml) measured by UV-VIS spectrophotometer at 595 nm in the presence of Bradford reagent. 
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Fig. 42: Calibration curves created for lysozyme and albumin for high concentrations (100‒1 000 

µg/ml) measured by UV-VIS spectrophotometer at 595 nm in the presence of Bradford reagent. 

 

Fig. 43: Calibration curve measured for stable Fibroblast growth factor 2 using albumin standard at a 

given concentration for low concentrations (1‒10 µg/ml) measured by UV-VIS spectrophotometer at 

595 nm in the presence of Bradford reagent. 
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Fig. 44: Calibration curve measured for stable Fibroblast growth factor 2 using albumin standard at a 

given concentration for middle concentrations (10‒100 µg/ml) measured by UV-VIS 

spectrophotometer at 595 nm in the presence of Bradford reagent. 

5.2.5 Monitoring of model proteins release using inserts (Method B)  

Because of the high cost of stable fibroblast growth factor, model proteins were used for the first 

control insert measurements. Two model proteins were selected, namely human lysozyme 

(14.7 kg.mol-1) and human albumin (69 kg.mol-1). Lysozyme has a lower molecular weight and 

albumin larger than FGF2-stab. The difference was also the continuous measurement when 

PBS was always removed from the bottom tray and replaced with an equal volume of pure 

buffer. 

 

 

Fig. 45 : Sample distribution in insert for first control measurement using model proteins. 
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Fig. 46: Albumin samples taken at 2, 3, 9, 16, 17, and 22 days where there is a slight turbidity of the 

disintegrating gel, but it is not as large as samples measured by method A. 

For the Measurement I by method B, one insert (see Fig. 45) was prepared, containing two 

samples of lysozyme, albumin and BLANK. The measurements lasted for 22 days, samples 

were taken at 1, 2, 3, 9, 16, 17 and 22 days and the results are recorded as green curves in the 

graphs (see Fig. 47,Fig. 48). For both types of proteins, there is a rapid release of approximately 

one-third of the incorporated amount within 3 days. For lysozyme, this amount is about 7% 

higher due to lower molecular weight and thus easier release from the thermosensitive ABA 

hydrogel than for albumin. In the range of 3-17 days (lysozyme) and 3-22 days (albumin), no 

release was measured by UV-VIS spectrophotometry. A sample of lysozyme collected after 22 

days released approximately 20% of the protein mixed into ABA hydrogel. Because of this 

release, a two-step release of both lysozyme and albumin was envisaged for longer 

measurements. The total amount of lysozyme released in 22 days was 57% and of albumin was 

32%. 
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Fig. 47: Graph of lysozyme release from thermosensitive ABA hydrogel. Two-step release is evident, 

and all measurements were made with UV-VIS spectrophotometer in the presence of Bradford 

reagent. 

For the repeated measurement II by method B of modular proteins, 2 inserts were prepared, 

each contained 5 samples of a model protein (lysozyme, albumin) and one BLANK. PBS 

collection from the trays was performed at 1, 2, 3, 7, 9, 14, 16, 21, 23 and 28 days. The results 

are shown as red curves in the graphs (see Fig. 47Fig. 48). As shown in the graphs, two-step 

release was observed as was expected in the previous measurement.  

Comparing both the lysozyme and albumin curves of I. and II. measurements, it was evident 

that the release of proteins up to 22 days was comparable, and by increasing the measurement 

time (to 28 days), 99% of the lysozyme and 75% of the albumin were released. Due to the 

degradation of ABA hydrogel and hence the loss of mechanical properties (see Fig. 49), the 

release time was no longer prolonged, and 28 days was the maximum time. 
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Fig. 48: Graph of Albumin release from thermosensitive ABA hydrogel. Two-step release is evident, 

and all measurements were made with UV-VIS spectrophotometer in the presence of Bradford 

reagent. 

 

 

 

Fig. 49: Figures showing degraded PLGA-PEG-PLGA hydrogel after 28 days. 

The difference in the released amount of model proteins (lysozyme, albumin) was given 

by different molecular weight and mainly by the polarity rate. This also explained the two-step 
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to the initial release of the proteins bound to the micelle shell. The second stage occurred 

at a time when ABA hydrogel was gradually degraded and proteins bound to the micelle centre 

were released. In our case, the second release level was recorded from approximately 14 days 

of measurement. 

 

Fig. 50: Model depicting the possibility of protein binding to micelles of PLGA-PEG-PLGA hydrogel 

as a function of protein polarity. 

5.2.6 Method B of measurement of stable Fibroblast growth factor 2 (FGF2-stab) release 

using inserts (Measurement III.)  

 The release of stable fibroblast growth factor was measured by UV-VIS spectrophotometer 

at 595 nm in the presence of Bradford reagent using inserts. The preparation and measurement 

of the samples were the same as for the model proteins. The released amount of FGF2-stab was 

measured after 1, 2, 3, 7, 9, 14, 16, 21 and 23 days. The release results of four FGF2-stab 

samples were recorded in the graph (see Fig. 51). 
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Fig. 51: Comparison of four samples of the released amount of FGF2-stab from PLGA-PEG-PLGA 

hydrogel using inserts and measured by UV-VIS spectrophotometer at 595 nm using Bradford reagent. 

When comparing the results, it was evident that for all FGF2-stab samples there was one-step 

release from the PLGA-PEG-PLGA carrier. During day 1, approximately 28% 

of the incorporated FGF2-stab was released. The maximum amount of all samples was 

measured after 14 days and was approximately 94% of total incorporated FGF2-stab (Fig. 51). 

The well-controlled one-step release was due to the type of binding of FGF2-stab to the PLGA-

PEG-PLGA gel. Since FGF2-stab was polar on the surface and thus hydrophilic due to the 

presence of Arg, Cys and Ser residues, most of the FGF2-stabs were bound to the micelle shell 

present in the gel. FGF2-stab was released by the first order of non-Fickian diffusion, which is 

time and diffusion depended of FGF2-stab but not reflected the erosion and degradation of the 

PLGA-PEG-PLGA hydrogel. First order diffusion was verified by calculation using the 

equation:  

 
−
𝑑𝑐

𝑑𝑡
= 𝑘 ∙ 𝑐, 

 

 

(1) 

when k= 0,423 for sample “A”. For a longer release time of FGF2-stab from the gel, 

modification of the PLGA-PEG-PLGA copolymer with itaconic acid (according to our previous 

work [21]) can be used. This modification gives COOH groups to ironically bond FGF2-stab 

to the gel and thus slow-down its release.  
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6 CONCLUSION 

The aim of this diploma thesis was to ensure reproducible detection of released healing proteins 

from thermosensitive polymer carriers. UV-VIS spectrophotometry at 595 nm was used 

as a method for analysing the amount released. Bradford reagent was used because it interacts 

with proteins and shifts their absorption maxima from 280 nm to 595 nm. Another method used 

was SDS-page electrophoresis, which divides molecules by molecular weight. 

In method A of measurement, stable fibroblast growth factor 2 (FGF2-stab) was released from 

the amphiphilic thermosensitive PLGA-PEG-PLGA hydrogel that forms the gel 

at physiological temperature. The FGF2-stab was mixed into the copolymer solution 

and allowed to the gel in an incubator at 37 °C. A phosphate buffer into which FGF2-stab was 

released was dosed above the gel. The problem was the gel disintegration, which influenced 

the UV-VIS spectrophotometer measurement and the results were distorted. At this 

measurement stage, the maximum release amount was about 35% in 72 hours. 

The inserts consisting of two trays were the solution of the affected measurement by degrading 

gel. One smaller that had a membrane at the bottom and into which the PLGA-PEG-PLGA gel 

with the protein was dosed and the other larger to which phosphate buffer was dosed and into 

which the protein was released through the membrane. Model proteins, lysozyme and albumin, 

were firstly used to set-up the method instead of expensive FGF2-stab. For these proteins, two-

step release from the PLGA-PEG-PLGA hydrogel was observed. The two-step release was due 

to polarity when lysozyme and albumin showing both polar and surface non-polar character. 

Since PLGA-PEG-PLGA is an amphiphilic hydrogel and forms micelles, a portion of the 

proteins was bound to the micelle surface and part of the proteins into their nuclei. In the first 

step, the proteins bound to the surface were released and in the second step (when the gel began 

to degrade) the proteins bound to the micelle core were released. Aproximately 40% of 

lysozyme was released in the first step and almost 100% in the second step. As for albumin, 

about 30% was released in the first step and 75% in the second step probably due to the slower 

diffusion because of higher molecular weight (69 kg.mol-1) in comparison to lysozyme (14.7 

kg.mol-1).  

Finally, inserts were used to measure the release of anionic surface charged polar FGF2-stab 

(25 kg.mol-1) from the PLGA-PEG-PLGA hydrogel. Contrary to albumin a lysozyme, one-step 

well-controlled first-order release was observed. Within 14 days, approximately 95% of the 

total amount of protein incorporated in polymer hydrogel was released proving the 

thermosensitive hydrogel to be an ideal FGF2-stab carrier suitable for biomedical applications. 

Due to the high FGF2-stab hydrolytic stability (approx. 20 days at 37 °C) the release time can 

be even prolonged by a simple modification of PLGA-PEG-PLGA with COOH groups that will 

physically bind FGF2-stab tightly to the hydrogel and slow down its diffusion up to 21 days 

corresponding to hydrogel degradation.
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8 LIST OF SYMBOLS 

ABA PLGA-PEG-PLGA copolymer  

Ala Alanine  

Arg Arginine  

Asn Asparagine 

Asp Aspartic acid 

bFGF basic Fibroblast growth factor 

BSA Bovine serum albumin 

CDCl3 Denatured chloroform 

COOH Carboxyl group 

FGF Fibroblast growth factor 

FGFR Fibroblast growth factor receptors 

GEWL Goose´s lysozyme 

G´ Storage modulus 

G´´ Loss modulus 

Glu  Glutamic acid  

Gly Glycine  

GPC Gel permeation chromatography 

HEWL  Hen´s lysozyme 

HSA Human serum albumin 

Ile  Isoleucine 

LCST Low critical solution temperature 

LGTT Lower gel transition temperature 

MAP  mitogen-activated protein 

Mn Number average molecular weight 

Mw Weight average molecular weight 

NAG  N-acetylglukosamine 

NAM N-acetylmuamic acid 

NMR Nuclear magnetic resonance 

PBS Phosphate buffer saline 

PCL Poly (caprolactone) 

PDI Polydispersity 

PEG Poly (ethyleneglycole) 

PEO Poly (ethylene oxide) 
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PLGA Poly (lactide-co-glycolide acid)  

PNIPAAm Poly (N-isopropylacrylamide) 

PNVCL Poly (N-vinylcaprolactam) 

PPO Poly (propylene oxide) 

PS Polystyrene 

ROP Ring opening polymerization 

RT Room temperature 

SDS Sodium dodecylsulphate 

SEC Size-exclusion chromatography  

Ser Serine 

THF Tetrahydrofuran  

TMS Tetramethylsilane  

Trp  Tryptophan 

UCST Upper critical solution temperature 

UGTT Upper gel transition temperature 

UV Ultraviolet radiation 

VEGF Vascular endothelial growth factor 

VIS Visible radiation 

  

  



67 

 

9 LIST OF TABLES  

Tab.  1: Stimuli and basic types of polymers and their advantages and disadvantages in medical 

applications [29] ....................................................................................................................... 11 

Tab.  2: Composition of SDS gel ............................................................................................. 35 

Tab.  3: Reagent / sample pipetted volume and ratio ............................................................... 36 

Tab.  4: Results of average number molecular weight (Mn) and polydispersity (PDI) 

measurements of all batches of ABA copolymer used for sample preparation for release ..... 39 

Tab.  5: Equation of the calibration curves obtained from Enantis, L.t.d. used in the method A

 .................................................................................................................................................. 42 

Tab.  6: Description of samples measured by SDS-page electrophoresis shown in the Fig. 36

 .................................................................................................................................................. 45 

Tab.  7: Description of samples measured by SDS-page electrophoresis shown in the Fig. 39

 .................................................................................................................................................. 48 

 



68 

 

10 LIST OF FIGURES 

Fig. 1: The macroscopic design of hydrogels includes the size and porous structure. Hydrogels 

can be either non-porous or contain macroscopic pores that are 10–500μm in size. The spacing 

between polymer molecules in the network (that is, the mesh size) is tunable from around 5 to 

around 100nm. At the molecular (or atomistic) scale, drugs can interact with polymer chains 

via and range of mechanisms; shown here is a covalent linkage to a polymer chain [18]. ....... 9 

Fig. 2 :Various stimuli for controlling drug release from inteligen polymer drug delivery 

systems [29]. ............................................................................................................................. 10 

Fig. 3: Structure of poly (N-isopropyl acrylamide). ................................................................. 12 

Fig. 4: Structure of poly (N-vinyl caprolactam). ...................................................................... 13 

Fig. 5: Chemical structure of a poloxamer. It presents a central hydrophobic fragment of 

poly(oxy propylene) (PPO) and identical hydrophilic chains of poly(oxy ethylene) (PEO) at 

both sides [25]. ......................................................................................................................... 13 

Fig. 6: Structure of PEG/PCL copolymers. .............................................................................. 14 

Fig. 7: Structure of triblock copolymer PLGA-PEG-PLGA [21]. ........................................... 14 

Fig. 8: Representative chemical interactions between a drug and polymer chains. a) Highly 

stable covalent linkages immobilize the drugs inside the hydrogel. Strategies include the 

formation of amide bonds and the use of long-chain poly(ethylene glycol) (PEG) linkages. b) 

Cleavable covalent linkages release the drug as a result of hydrolysis or the activity of enzymes 

like proteases. c) Electrostatic interactions between a charged drug and the polymer chain can 

slow release. This can be exploited using polymers carrying charges, such as carboxylate groups 

and those mimicking heparin-binding groups. d) Hydrophobic drugs associate with 

hydrophobic domains such as aliphatic chains and cyclodextrin [18]. .................................... 17 

Fig. 9: Therapeutic band with showing impact of burst release, pulsatile release, and controlled 

release relative to effective concentration and toxic concentration [42]. ................................. 18 

Fig. 10 : Scheme of polypeptide chain formation. ................................................................... 20 

Fig. 11: Structure of lysozyme [13]. ........................................................................................ 21 

Fig. 12: Scheme of the catalytic site in the lysozyme slit. A to F are glycosidic units of 

hexasaccharide. For residues forming the slot region, the lysozyme sequence numbers are 

shown [22]. ............................................................................................................................... 21 

Fig. 13: Crystal structure of human serum albumin. The illustration shows the tertiary structure 

of human serum albumin in complex with stearic acid. The three domains of albumin are shown 

in purple (IA), red (IB), green (IIA), orange (IIB), blue (IIIA), and violet (IIIB). Yellow sticks 

depicture disulfide bridges, and yellow spheres highlight the available cysteine 34 in domain 

IA [2]. ....................................................................................................................................... 22 



69 

 

Fig. 14: Subfamily of fibroblast growth factor [9]. .................................................................. 24 

Fig. 15: Difference in drug release depending on hydrophobic character A) hydrophilic 5-

fluorouracil exhibits single-stage release B) hydrophobic indomethacin exhibits two-stage 

release [56]. .............................................................................................................................. 26 

Fig. 16: A graph showing the comparison of release of leuprorelin acetate depending on the end 

of the string. When the blue curve shows the release from the OH-terminated copolymer and 

the red curve shows the release from the COOH-terminated copolymer ................................ 27 

Fig. 17: Diagram of all measurements performed in the experimental part ............................ 28 

Fig. 18: Vacuum line for synthesis of thermosensitive copolymer (PLGA-PEG-PLGA). ...... 30 

Fig. 19: Sample preparation scheme for measurement by method A. ..................................... 31 

Fig. 20: Prepared sample to measure FGF2-stab release by Method A – turbid gel on the vial 

bottom covered with clear PBS solution. ................................................................................. 32 

Fig. 21: Sample preparation scheme for measurement by Method B. ..................................... 32 

Fig. 22: Inserts used to release proteins as measured by Method B......................................... 32 

Fig. 23: 1260 Infinity gel permeation chromatography with MALS and refractometer detectors 

used for measurement. .............................................................................................................. 33 

Fig. 24: Proton Nuclear Magnetic Resonance - 700 MHz NMR spectrometer Bruker AVANCE 

III used for measurement. ......................................................................................................... 34 

Fig. 25 : Rheometer AR-G2 (TA Instruments) used for the visco-elastic properties 

measurement. ............................................................................................................................ 34 

Fig. 26: Electrophoresis cell PowerPacTM Basic Power Supply and Mini-PROTEAN® Tetra 

Vertical Electrophoresis Cell (Bio-Rad) used for the protein release measurement. ............... 35 

Fig. 27: UV-VIS spectrophotometer V-730 (Jasco) used for the release measurement. ......... 36 

Fig. 28: A) Brown staining of unreacted Bradford reagent B) Blue stained cuvette with Bradford 

reagent in which agent-protein interaction occurred. ............................................................... 37 

Fig. 29: Synthesized PLGA-PEG-PLGA copolymer after purification ................................... 38 

Fig. 30: Graph of molecular weight distribution of ABA copolymer measured by 1260 Infinity 

gel permeation chromatography with MALS and refractometer detectors. Each sample was 

measured twice for the control, see the graph where sample no 4 is displayed. ...................... 39 

Fig. 31: NMR spectrum of PLGA-PEG-PLGA triblock copolymer. ....................................... 40 

Fig. 32: Graph of temperature dependence of 15% PLGA-PEG-PLGA copolymer solution 

measured by AR-G2 Rheometer. ............................................................................................. 41 



70 

 

Fig. 33: Comparison of samples after removal from incubator at 37 ° C after 5 and 72 hours.

 .................................................................................................................................................. 42 

Fig. 34: Comparison of released amount of FGF2-stab from ABA gel measured by UV-VIS 

spectrophotometer and SDS-page electrophoresis. .................................................................. 43 

Fig. 35: Calibration curve to calculate the released amount of FGF2-stab from thermosensitive 

PLGA-PEG-PLGA hydrogel measured by SDS-page electrophoresis .................................... 44 

Fig. 36: Picture of gel of measured samples divided by molecular weight by SDS-page 

electrophoresis. ......................................................................................................................... 45 

Fig. 37: Comparison of samples after removal from incubator at 37 ° C after 10 hours and 14 

days. .......................................................................................................................................... 46 

Fig. 38: Comparison of the released amount of two samples ("A" and "B") of FGF2-stab 

measured by UV-VIS spectrophotometer and one sample ("A") measured by SDS-page 

electrophoresis. ......................................................................................................................... 46 

Fig. 39: Image of samples measured by SDS-page electrophoresis, when samples were below 

detection limit due to low concentration of mixed FGF2-stab into thermosensitive ABA gel.

 .................................................................................................................................................. 47 

Fig. 40: Calibration curves created for lysozyme and albumin for low concentrations (1‒10 

µg/ml) measured by UV-VIS spectrophotometer at 595 nm in the presence of Bradford reagent.

 .................................................................................................................................................. 49 

Fig. 41: Calibration curves created for lysozyme and albumin for middle concentrations (10‒

100 µg/ml) measured by UV-VIS spectrophotometer at 595 nm in the presence of Bradford 

reagent. ..................................................................................................................................... 49 

Fig. 42: Calibration curves created for lysozyme and albumin for high concentrations (100‒

1 000 µg/ml) measured by UV-VIS spectrophotometer at 595 nm in the presence of Bradford 

reagent. ..................................................................................................................................... 50 

Fig. 43: Calibration curve measured for stable Fibroblast growth factor 2 using albumin 

standard at a given concentration for low concentrations (1‒10 µg/ml) measured by UV-VIS 

spectrophotometer at 595 nm in the presence of Bradford reagent. ......................................... 50 

Fig. 44: Calibration curve measured for stable Fibroblast growth factor 2 using albumin 

standard at a given concentration for middle concentrations (10‒100 µg/ml) measured by UV-

VIS spectrophotometer at 595 nm in the presence of Bradford reagent. ................................. 51 

Fig. 45 : Sample distribution in insert for first control measurement using model proteins. ... 51 

Fig. 46: Albumin samples taken at 2, 3, 9, 16, 17, and 22 days where there is a slight turbidity 

of the disintegrating gel, but it is not as large as samples measured by method A. ................. 52 



71 

 

Fig. 47: Graph of lysozyme release from thermosensitive ABA hydrogel. Two-step release is 

evident, and all measurements were made with UV-VIS spectrophotometer in the presence of 

Bradford reagent. ...................................................................................................................... 53 

Fig. 48: Graph of Albumin release from thermosensitive ABA hydrogel. Two-step release is 

evident, and all measurements were made with UV-VIS spectrophotometer in the presence of 

Bradford reagent. ...................................................................................................................... 54 

Fig. 49: Figures showing degraded PLGA-PEG-PLGA hydrogel after 28 days. .................... 54 

Fig. 50: Model depicting the possibility of protein binding to micelles of PLGA-PEG-PLGA 

hydrogel as a function of protein polarity. ............................................................................... 55 

Fig. 51: Comparison of four samples of the released amount of FGF2-stab from PLGA-PEG-

PLGA hydrogel using inserts and measured by UV-VIS spectrophotometer at 595 nm using 

Bradford reagent. ...................................................................................................................... 56 

 


