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ABSTRACT 

The general goal of the proposed diploma work was preparation, characterization and 
rheological study of well-defined “smart” injectable hydrogels from biodegradable, 
biocompatible, controlled life-time copolymers based on hydrophilic poly(ethylene glycol) 
(PEG) and hydrophobic poly(lactic acid)—co—poly(glycolic acid) (PLA/PGA) copolymer. 
Resulted thermosensitive PLGA—PEG—PLGA copolymer, which gels at body temperature, 
was additionally functionalized by itaconic anhydride (ITA) from renewable resources, 
bringing both reactive carbon double bonds and functional —COOH groups to polymer ends. 
Additionally, the PLGA—PEG—PLGA copolymer was modified by inorganic bioactive 
hydroxyapatite (HAp) for usage as injectable bone bioadhesive. Both functionalized 
ITA/PLGA—PEG—PLGA/ITA copolymer and PLGA—PEG—PLGA/HAp polymer 
composite affected rheological properties of original PLGA—PEG—PLGA copolymer 
deciding whether or not would be the new polymeric material suitable as injectable drug 
carrier or bone adhesive in medical applications. 

Experimental part of this thesis describes mainly characterization of viscoelastic properties 
of both unmodified and ITA or HAp modified PLGA—PEG—PLGA copolymer by test tube 
inverting method (TTIM) and dynamic rheological analysis. Advantage of TTIM is sol-gel 
visualization with determination of the critical gelation temperature and the critical gelation 
concentration. The rheological measurements provide information about viscosity 
and elasticity of the gel by the changes storage (G´) and loss (G´´) modulus. The prepared 
copolymers were additionally characterized by 1H NMR and GPC. Surface and HAp particles 
size was determined by both SEM and Laser Particles Size Analyzer. 

Both unmodified and ITA or HAp modified PLGA—PEG—PLGA copolymers exhibited 
sol-gel transitions induced by increasing temperature. Rheological properties of copolymers’ 
6 to 24 wt % water solutions investigated either by TTIM or by rheometer were in good 
agreement. Evaluating by rheometer, the copolymers showed two cross-points, where 
G´= G´´. The first one very well corresponded with the first sol-gel transition found via 
TTIM. The maximum values of G´ representing the highest gel stiffness lie in the white gel 
observed by TTIM. The second cross-point constituted to the gel-suspension transition where 
white polymer is precipitated from the water. The gel stiffness grows with increasing polymer 
concentration in water. In comparison, ITA modification or addition of HAp (0, 10, 20, 30, 
40, 50 wt %) caused increasing the gel stiffness of unmodified PLGA—PEG—PLGA 
copolymer  and approximating the temperature of G´max closer to body temperature (37 °C).  

Investigated both ITA/PLGA—PEG—PLGA/ITA copolymer and PLGA—PEG—
PLGA/HAp composite were proved to be suitable candidates as injectable systems for drug 
delivery or regenerative medicine in orthopedics or dental applications, respectively. 

KEY WORDS 

biodegradable polymers, sol-gel transition, hydroxyapatite, rheology, bone adhesive  
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ABSTRAKT 

Hlavním cílem p�edložené diplomové práce byla p�íprava, charakterizace a reologická 
studie "inteligentních" injektovatelných hydrogel�, které jsou biodegradovatelné, 
biokompatibilní a s �ízenou životností sestávajících se z hydrofilního polyethylenglykolu 
(PEG) a hydrofobního kopolymeru kyseliny polymlé�né a polyglykolové (PLA/PGA). 
Výsledný termosenzitivní PLGA—PEG—PLGA kopolymer, který geluje p�i teplot� lidského 
t�la, byl dále funkcionalizován anhydridem kyseliny itakonové získané z obnovitelných 
zdroj�, p�inášející jak reaktivní dvojné vazby tak i funk�ní —COOH skupiny na konce 
kopolymeru. Navíc byl PLGA—PEG—PLGA kopolymer modifikován bioaktivním 
anorganickým hydroxyapatitem pro použití jako injektovatelné kostní adhezivum. Oba 
modifikované kopolymery jak ITA/PLGA—PEG—PLGA/ITA tak i PLGA—PEG—
PLGA/HAp ovliv�ují reologické vlastnosti p�vodního PLGA—PEG—PLGA kopolymeru 
rozhodující o tom, zda by mohly být nové polymerní materiály vhodné jako injektovatelné 
nosi�e lé�iv nebo kostní lepidla v léka�ských aplikacích. Experimentální �ást této práce je 
zam��ena p�edevším na charakterizaci viskoelastických vlastností jak nemodifikovaného 
PLGA—PEG—PLGA  kopolymeru tak i s p�idáním ITA nebo HAp metodou obrácených 
testovacích vialek (TTIM) a dynamickou reologickou analýzou. Výhodou TTIM je 
vizualizace p�echodu sol-gel, ur�ení kritické gela�ní teploty a kritické gela�ní koncentrace. 
Reologická m��ení poskytují informace o viskozit� a vizkoelasticit� gelu zm�nou elastického 
(G´) a ztrátového (G´´) modulu. P�ipravené kopolymery byly také charakterizovány 1H NMR 
a GPC. Povrch a velikost �ástic HAp byl popsán pomocí SEM a laserového analyzátoru 
�ástic.  

P�vodní PLGA—PEG—PLGA kopolymer i kopolymer  modifikovaný ITA a HAp 
vykazovaly sol-gel p�echod vyvolaný zvýšením teploty. Reologické vlastnosti kopolymer�
v koncentra�ním rozmezí 6 až 24 hm. % ve vod� byly studovány bu� TTIM nebo užitím 
reometru a získané výsledky spolu velmi dob�e korespondovaly. Reologické vyhodnocení 
prokázalo dv� „p�ek�ížení“, kde G´ = G´´. První p�ek�ížení velmi dob�e korespondovalo s 
prvním sol-gel p�echodem nalezeným prost�ednictvím TTIM. Maximální hodnota G´ 
odpovídající nejvyšší tuhosti polymerního gelu byla situována v bílém gelu. Druhý fázový 
p�echod p�edstavuje p�echod mezi gelem a suspenzí, kdy je bílý polymer odd�len od vody. 
Tuhost gelu roste s rostoucí koncentrací polymeru ve vod�. Pro srovnání, kopolymer 
modifikován jak ITA, tak i p�idáním HAp (0, 10, 20, 30, 40, 50 hm %) vykázal zvýšení 
tuhosti gelu oproti p�vodnímu kopolymeru PLGA—PEG—PLGA a p�iblížení teploty 
maximální hodnoty G´ t�lesné teplot� (37 °C).  

Bylo prokázáno, že jak ITA/PLGA—PEG—PLGA/ITA kopolymer tak i PLGA—PEG—
PLGA/HAp kompozit jsou vhodnými kandidáty na injekovatelné systémy pro �ízené 
uvol�ování lé�iv �i kostní adhezivum pro ortopedii nebo zubní aplikace. 

KEY WORDS 

biodegradabilní polymery, sol-gel p�echod, hydroxyapatit, reologie, kostní adhezivum  
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1 INTRODUCTION 

Biodegradable synthetic polymers offer a number of advantages over materials for 
developing scaffolds in tissue engineering. The key advantages include the ability to tailor 
mechanical properties and degradation kinetics to suit various applications. Synthetic 
polymeric biomaterials are easy to produce in various shapes, reasonable cost and in wide 
range of physical and mechanical properties. Hence biodegradable polymers are attractive 
candidate materials for short-term medical applications like sutures, drug delivery devices, 
orthopedic fixation devices, wound dressings, temporary vascular grafts, stents etc. [1]. 

Thermosensitive copolymers based on the poly(ethylene glycol) and poly(lactic-co-
glycolic acid) (PLGA–PEG–PLGA) have been extensively studied. Copolymers are 
biocompatible and biodegradable in the human body and thus applicable for the controlled 
drug delivery system or injectable materials for regenerative medicine. These bioresorbable 
polymers that are fully degradable into the body’s natural metabolites by simple hydrolysis 
under physiological conditions are the most attractive scaffold materials. PLGA—PEG—
PLGA copolymers have been extensively investigated as biomaterials for bone tissue 
regeneration and reconstruction [2].  

In recent years, the search for innovative bone substitutes for developing this new 
therapeutic concept has concentrated on non-metallic composite materials such as 
polymer/ceramic composites. These materials link the advantages of polymers (structural 
stability, strength, biocompatibility, desired shape) with properties of ceramics that resemble 
those of bone structure. One of the most important groups of polymer/ceramic composites are 
polymer/HAp materials. HAp has excellent biocompatibility and bioactivity and has been 
widely used in medical, dental, and other health-related fields as material for damaged bones 
or teeth, important implant and scaffold materials and drug delivery agents due their 
biological similarity to natural tissues. [3]. 

The aim of presented work is study of the rheological properties of poly(D,L-lactic acid–
co–glycolic acid)–b–poly(ethylene glycol)–b–poly(D,L-lactic acid–co–glycolic acid) 
(PLGA—PEG–PLGA ), which was either functionalized with itaconic anhydride or modified 
by hydroxyapatite. The gel point of newly synthesized thermosensitive copolymers were 
evaluated by both test tube inverting method (TTIM) and rheometer. Comparisons these two 
methods help us to better understand the sol-gel transitions in polymer systems and to 
determine whether or not these materials are appropriate as an injectable biomedical 
hydrogels. 
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2 THEORETICAL PART 

2.1 Biodegradable Polymers  

Polymeric biomaterials firstly introduced into clinical use in 1960s as sutures, plates and 
fixtures for fraction fixation devices [4, 5, 6, 7]. The advantages of polymeric biomaterials, 
compared to metallic or ceramics materials, are simple manufacturing of orthopedics products 
in various shapes, adequate cost and wide range of physical and mechanical properties [8, 99].  

Biodegradable polymers are materials with the ability to function for a temporary period 
and subsequently degrade, under a controlled mechanism, into products easily eliminated in 
the body’s metabolic pathways. In this way, biodegradability not only eliminates the risk 
of complications associated with the long-term presence of a foreign material and the need for 
a second surgery for implant removal. In the last decade are utilized most frequently for tissue 
engineering, controlled drug delivery system or injectable materials in regenerative 
medicine [4]. Polymers may be obtained from natural sources or synthetic processes. 

2.1.1 Natural Polymers 

The natural-based materials are biopolymers which include proteins such as collagen, 
gelatin, fibrin and polysaccharides (alginic, hyaluronic acid, agarose, chitosan) (Fig. 1). 

Collagen occurs as major component of connective tissue (such as bones, cartilage, blood 
vessels), giving strength and flexibility. However, collagen has been actively investigated as 
the favorable artificial microenvironment for bone ingrowth [10, 11, 12].  

Gelatin is denatured protein obtained by acid and alkaline processing of collagen. There 
are two types of gelatin types - acid pretreatment (Type A gelatin) uses pigskin whereas 
alkaline treatment (Type B gelatin) makes use of cattle hides and bones [13].  

Fibrin (protein matrix produced from fibrinogen) is utilized in research in tissue 
engineering due to their innate ability to induce improved cellular interaction e.g. substrate for 
cell adhesion, spreading, migration and proliferation [14, 15].  

Fig. 1 Natural polymers. 

Polysaccharides are class of biopolymers constituted by simple sugar monomers. 
Differences in the monosaccharide composition, chain shapes and molecular weight 
dictate their physical properties e.g. solubility, gelation, surface properties and degradation 
time [16, 17]. 
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2.1.2 Synthetic Polymers 

Synthetic materials indeed provide excellent chemical and mechanical properties than 
natural polymers. One of the greatest advantages is the ability to manage process of synthesis 
such as molecular weights, functional groups, configuration and conformations of polymer 
chains. Tailoring polymer structure can determinate the length and degradation 
characteristics. Degradation of synthetic polymers may be caused via hydrolytic pathway or 
enzymatic cleavage [18].  

Polymers of �-hydroxy esters as PLA (from D,L-LA or L-LA), PGA or their copolymers 
(PLGA) are the most widely investigated synthetic biodegradable polymers for tissue 
engineering. The other polymers are poly(�-caprolactone) [19], poly(propylene fumarate) 
(PPF) [20, 21], poly(phosphazene) [22], poly(hydroxyethyl methacrylate) (PHEMA) [23].  
The typically synthetic biodegradable polymers are summarized in Table 1.  

Table 1: Physical properties of biodegradable polymers [24, 25] 

 Melting 
point °C 

Tg (°C) 
Degradation 
time (month) 

Polymer repeats unit structure 

L – PLA 
(Semicryst.) 

173 - 178 60 - 65 > 2 years 

D, L – PLA 
(Amorphous)

- 55 - 60 12 - 16 

PGA 225 - 230 35 - 40 3 - 4 

PLGA* 173 - 200 
** 50 - 55 

< 3 
3 - 6b

PEG 43a -  - 
  

PCL 50 - 63 -60 < 24 

PPF 30 - 50 -60 > 24 

Tg – glass transition temperature  
a for PEG with molecular weight Mn = 1500 g.mol-1

b degradation time change according to the ratio of LA and GA 
* PLGA consists of PGA and L-LA form [26] 
** PLGA melting point depends on the composition molar ratio of PLA and PGA 
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2.1.3.1 Diblock Copolymers (AB) 

Block copolymers consisting of a hydrophilic A segment (PEG) and hydrophobic polyester 
segment B (PLLA, PLGA, PCL, PPO). Hydrophobic blocks are separated from the aqueous 
surrounding to form an inner core and hydrophilic segments consist of a wall around it [34].  

Choi et al. synthesized via ring opening polymerization PEG—PLLA, PEG—P(LLA/GA) 
and PEG—P(DLLA/GA) diblock copolymers and the sol-gel transition properties of these 
diblock copolymer were influenced by the hydrophilic/hydrophobic balance. Aqueous 
solutions of PEGx—PLLAx diblock copolymers exhibited gel-to-sol transition with increasing 
temperature [35].  

2.1.3.2 Triblock Copolymers (ABA/BAB) 

The ABA-type triblock copolymers with central PEG demonstrated an interesting 
reversible sol to gel and gel to sol transition in aqueous solution, where A stands for 
hydrophobic blocks and B for hydrophilic blocks (Fig. 3). 

Fig. 3 Formula of ABA-type triblock copolymer PLGA—PEG—PLGA. 

Lee and Shim [36, 39] studied the solubility of triblock copolymers with central PEG 
(Mn = 1000 g·mol-1) block with different molecular weight of PLGA block. The PLGA with 
(Mn = 1 600 g·mol-1) was insoluble in water, while triblock copolymer with PLGA block 
(Mn = 900 g·mol-1) and lower was soluble in water but do not form hydrogel in water. 
The solubility of polymer depends strongly on the molecular weight of PLGA block.  

The subject of study were also triblock copolymers with different PEO/PLGA ratios and 
a constant D,L—LA/GA ratio. The longer PLGA chain in the triblock copolymers causes 
the stronger hydrophobic interaction, leading to an increase in the association tendency. 
In other words the CGC increases with an increasing PEO/PLGA ratio. Critical gelation 

concentration (CGC) defined as the minimum copolymer concentration in aqueous solution at 
which the gel is observed. They investigated changes in phase transition temperature at 
varying D,L—LA/GA ratios with same PEG/PLGA ratio (PLGA/PEG = 2.7). The CGC 
increases and critical gelation (CGT) goes to lower temperature with decreasing  
D,L—LA/GA ratios. The CGT is lowest temperature above which the formation of the gel. 
With increasing content of GA block increases hydrophilicity whole PLGA block. The CGC 
for ABA-typ is determinated by PEG/PLGA ratio [36] (Fig. 4).   



13 

Fig. 4 A typical phase diagram of ABA-type PLGA-block-PEO-block-PLGA triblock 

copolymer in water [36]. 

In 2010 Yu and coworkers studied rheological behavior of PLGA—PEG—PLGA 
copolymers, which were separated in a good solvent (chloroform or methylene chloride) and 
precipitated in poor solvent (methanol, hexane, diethyl ether). Products separated via different 
precipitate agents might exhibit significantly different physical behaviors. The obtained 
products exhibited significantly different macroscopic states in water: some were sols, some 
were precipitates and some underwent sol–gel transition upon heating. It were observed that 
the different precipitated agent used in polymer separation have a significant influence on 
the gel stiffness detected by shear storage modulus (G´) [37].  

The same authors studied the effect of polymer degradation on the gelation properties 
of PLGA—PEG—PLGA by dynamic rheological measurements or by the test tube inverting 
method. Aqueous copolymer solution of 20 wt % synthesized at 130 and 160 °C 
spontaneously formed opaque gel and transparent gel at body temperature. After degradation 
process storage modulus decrease with time and maximum of G´ was shifted to the higher 
temperature [38].  

2.1.4 Micelle Formation 

Micellar gelation mechanism of formation was studied by dynamic light scattering (DLS). 
Shim and coworkers studied the micellar formation of the most used PLGA—PEG—PLGA 
triblock copolymer with commercial name Regel® [39].  

The mechanism is illustrated in Fig. 5. At low temperature (in sol state) lower than GCT 
unimers and individual micelles were observed (A). With the increasing temperature the grow 
size of micelles (B) and the micelles’ aggregates formed a close packed structure leaded to 
a sol-gel transition (C). The aggregation and packing interactions between micelles increase 
along with changing the color from translucent to white gel (C and D). Further raising in 
temperature leads to corona-decomposition (E) caused by dehydration of PEG-block. 
The over shrunk micelle groups in water were observed (F) [36, 39]. 
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Fig. 5 Micellar gelation mechanisms for ABA-type triblock copolymer in aqueous solution. 

  

2.1.5 Determination of Critical Micelle Concentration  

Critical micelle concentration (CMC) is defined as the concentration of copolymers above 
which micelles are spontaneously formed. The micellization was studied by the hydrophobic 
dye, 1,6-diphenyl-1,3,5-hexa-triene (DPH) in low-concentrated polymer solution. The critical 
micellization concentration (CMC) value for PLGA—PEG—PLGA copolymers 
by absorbance at 378 nm relative to 400 nm was determined [37, 40].  

2.1.6 PLGA—PEG—PLGA Functionalization  

While PLGA—PEG—PLGA thermoreversible gels increase the hydrogel applicability 
as injectable implants and biodegradable matrix for the controlled drug delivery systems 
without surgery, on the other hand, the reversible physical network, the phase-transition 
temperature range and low degree of functionality limit the application for other branches. 
Therefore, functionalization (even by inorganic material) and chemical cross-linking of these 
polymers is being of great interest because it might expand the possible applications. In order 
to obtain crosslinkable functionalization, hydroxyl-terminated poly(�-caprolactone), PLA and 
PGA have been modified with maleic anhydride [41] and [42], fumaric acid [41], acrylates 
[43], methacrylic anhydride [44] and (3-isocyanatopropyl)triethoxysilane [45] and [46]. 
The use of itaconic anhydride (ITA) has been published only in case of modifying  
poly(ε-caprolactone) [42] or recently by our group, where functionalization conditions  
of PLGA—PEG—PLGA by ITA were studied [47]. 

2.1.6.1 Itaconic Anhydride  

Itaconic anhydride (ITA) can be gained from renewable resources by pyrolysis of citric 
acid or by fermentation of polysaccharides by Aspergilus terreus. [48]. It is known that ITA 
undergoes degradation at physical condition to non-toxic products. At the beginning the 
itaconic anhydride hydrolyses in water to itaconic acid. Adler et al. studied the complete 



15 

oxidation of itaconic acid by Mitochondria from guinea pig liver in the presence of Mg2+.

They observed acetate, lactate and carbon dioxide as main degradation products [49]. 
ITA brings carboxyl groups for bioactive compounds bonding and double bonds suitable 

for chemical cross-linking to the ends of copolymer. We have reported [47] the positive effect 
of the presence of –COOH groups at the end of ITA/PLGA—PEG—PLGA/ITA on 
the physical cross-linking and thus on sol-gel phase transition in comparison with unmodified 
PLGA—PEG—PLGA. Prepared ITA/PLGA—PEG—PLGA/ITA macromonomers (see 
Fig. 6) are light, temperature and pH sensitive and can be cross-linked either chemically 
by covalent bonding through the double bonds (e.g. via photopolymerization) and/or 
physically (by hydrogen bond or ionic interactions) in order to produce new functionalized 
3D-hydrogel network. Moreover, functional –COOH groups can be used as coupling sites for 
increasing hydrogel’s biocompatibility, bioinductivity, adhesion or other physical properties 
and thus might be “tailored” for a certain type of biomedical applications such as injectable 
polymer drug delivery systems, tissue implants or resorbable bone adhesives.  

Fig. 6 Chemical structure of ITA/PLGA—PEG—PLGA/ITA, where Mn(PEG) = 1 500 g·mol
-1

Moreover, the PLGA—PEG—PLGA copolymer might be modified by bioactive inorganic 
particles in order to prepare polymer/ceramic composite as a bone cell supporting matrix. 
This biocompatible heterogeneous polymer composite with suitable mechanical properties are 
useful for bone regeneration in tissue engineering.

2.2 Resorbable Composites for Bone Tissue Engineering 

The main goal of bone tissue engineering has been to develop biodegradable materials 
as bone graft substitutes for filling large or small bone defect [23, 50, 51] which can be caused 
by disease, tumor, infections or fractures [52, 53]. The biocomposites could be classified 
based on their biodegradability as fully or partially resorbable and nonresorable.  

Resorbable biocomposites could be used for internal fracture fixation applications 
with degradation inside the body in a controllable rate. Partially resorbable composites could 
be composed of a non-absorbable reinforcing materials and fully resorbable matrix materials 
(e.g. PLA with HAp, PHB and alumina or calcium carbonate). Non-resorbable biocomposites 
provide specific mechanical properties and stability (knee joint prostheses, dental posts, stems 
of hip) (Fig. 7). 
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Fig. 7 Clasiffication of non-resorbable, partially and fully resorbable composites [10]. 

2.2.1 Bone Structure  

The bone is an anisotropic, heterogeneous, viscoelastic material and their composition 
depends on a large number of factors: the age, sex, type of bone tissue (trabecular, cortical 
etc.) or the species. Mechanical properties of tissue are summarized in Table 2. 

  
Table 2: Mechanical properties of hard and soft tissue [10, 54]. 

 Type of tissue 
Elastic modulus 

(GPa) 
Tensile strength 

(MPa) 

Hard tissue 

cortical bone 12.8 – 17.7 52 – 133 

enamel 84.3 10 

dentine 11 39.3 

Soft tissue 

cartilage 10.5 27.5 

ligament 303 29.5 

tendon 401.5 46.5 

collagen (dry) 1.8 – 2.25 -

Substitutes 

PGA - 57 

L-PLA - 59 – 72 

D,L-PLA - 44 
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Human or animal bones are an inorganic/organic material consisting from collagen, 
calcium phosphate and water [54, 55]. Organic components of bone include cells (osteocytes) 
collagen fibers, which contribute to the flexibility and tensile strength of bone. Inorganic 
components make up 65% of bone by mass, and consist of hydroxyapatite, a mineral salt that 
is largely calcium phosphate, which accounts for the hardness and compression resistance 
of bone (Fig. 8). 

Fig. 8 Skeletal system structure of a human bone [6]. 

Bones support the body and cradle the soft organs, protect vital organs, store minerals such 
as calcium and phosphate, and house hematopoietic tissue in specific marrow cavities [6].
   

2.2.2 Inorganic Component  

The regeneration of load-bearing bones, the use of biodegradable polymer scaffolds is 
challenging because of their low mechanical strength. This gave rise to inorganic/organic 
scaffold. The commonly reinforcement of biodegradable polymers is hydroxyapatite [56], 
bioceramics [57], bioglass [58], glass-ceramics [59] and metals [60].  

Metallic materials and ceramics have been used, as bone implants for long time but 
disadvantages are high elastic modulus, loosening of the prosthesis, lack of biodegradability 
in biological environment which have led to the development of materials that would be far 
more tolerant of human bone [50, 61]. 
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2.2.2.1 Bioactive Glass 

Bioactive glass has an amorphous structure, whereas are crystallized glasses, consisting 
of a composite of a crystalline phase and a residual glassy phase. The bioactive glass-
scaffolds with interconnected porosity undergoes specific surface reactions when implanted 
into the body leading to the formation of an HA-like layer that is responsible for the formation 
of a firm bond with hard and soft tissues [62]. The most commonly bioglass is designed from 
silicate, borate or phosphate glasses. The commercial name Bioglass® has been the most 
widely researched glass for biomedical applications [63]  

2.2.2.2 Ceramics 

The first generation is formed by inert ceramics consisting from alumina and zirconia. 
They are primarily used to replace damaged of femoral heads [4]. Although the ceramics’ 
implants are biocompatible, the body will react against them for their foreign nature and these 
ceramics are surrounded by collagen capsule which is isolated from the body. These 
ceramics’ implants have never HAppened equivalent substitute for bone [64].  

Research in bioceramics brought promising results in 1980. One of common characteristics 
of bioceramics is their surface reactivity. During implantation, reactions occur at 
the material/tissue interfaces that lead to time-dependent changes in the surface characteristics 
of the implanted materials. It contributes to their bone bonding ability and their enhancing 
effect on bone tissue formation [65]. There are many forms of ceramics for medical 
applications e.g. powders, porous pieces and injectable mixtures [66].  

2.2.2.3 Bioactive Glass-Ceramics  

On the other hand, glass ceramics containing crystalline apatite (Ca10(PO4)6O,F2) and 
wollastonite (CaO·SiO2) in MgO-CaO-SiO2 glassy matrix has unique mechanical strength. 
These materials usually possess a very fine microstructure, containing few or no residual 
pores, these features resulting in improved mechanical properties in the end-product [3, 67]. 
They are used in orthopedics, neurosurgery or in dentistry. Bioactivity of glass-ceramics is 
attributed to apatite formation on its surface. Dissolution of calcium and silicate ions from 
the glass ceramics plays very important role in the forming the surface apatite-layer [67, 68]. 
The commercial products of glass-ceramics are Japanese Cerabone® or Czech BAS-O 
[69,70]. 

2.2.2.4  Metal  

Metal alloys used in surgical implants must exhibit unique properties such a good 
mechanical strength, high corrosion and wear resistance, biocompatibility and safety. 
The most frequently used alloys like stainless steel [71, 68], cobalt-chromium [72] and 
titanium alloys [73] and Ni-alloys [74, 75] are utilized in biomedical and dental applications 
(Fig. 9). The elastic moduli of current metallic biomaterials are not well matched with that 
of natural bone tissue resulting in reduced stimulation of new bone and remodeling [76, 77].  
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 Fig. 9 (a) Metal prosthesis [77], (b) ceramic othopaedic implants [78], (c) 3-dimensional 

biomas-scaffold [79], (d) glass-ceramic crown used in dental applications [80]. 

2.2.2.5 Hydroxyapatite  

Hydroxyapatite (HAp) Ca10(PO4)6(OH)2 is one of the most bioceramics that is chemically 
similar to human inorganic hard tissue and used in medical and dental applications. 
The natural sources of HAp are animal bones and corals or can be synthetized from 
appropriate substrates. HAp materials made from animal bones inherit some properties such 
as chemical composition and structure [81, 82]. Synthetically produced HAp is preferable for 
their controlled microstructure, uniform composition and high biocompatibility [83]. It has 
been used clinically in a nanostructure form - powders (Fig. 10), which facilitates its fine 
dispersion in the polymer matrix, porous matrix or bioactive coating on the total hip 
prostheses. It exhibits excellent biocompatibility, bioactivity, bone-bonding and 
osteoconductive properties [50, 84]. 

   

Fig. 10 Hydroxyapatite. 

Polymer/ceramic compositions were used as a bone cell supporting matrices due their 
biocompatibility and mechanical properties, which are indispensable for bone regeneration. 
However, the using of HAp in the biomedical application as a substrate to stimulate bone in-
growth is limited due to its brittleness [85, 86]. 

(a) (b) (c)
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2.2.3 Biodegradable Polymer/hydroxyapatite Composite  

2.2.3.1   HAp/polymer Solution 

In 2004, alloplastic materials for the treatment of odontogenically caused bone defect were 
studied. Copolymer based on poly(ethylene glycol) and poly(D,L-lactic-co-glycolic acid) was 
implanted into the bone defect in three different forms: powder, gel and gel with HAp. 
The most suitable form of material for application in bone defects is a combination of gel and 
powder in a weight proportion of 50:50) [87]. 

Lee et al. prepared PLGA/HAp composite films by solvent-casting method. PLGA powder 
with HAp (5, 10 and 15 wt %) was dissolved in chloroform. The solvent was evaporated 
overnight. The composites based film was placed into the incubator and chondrocyte were 
added. Enhance of cell attachment and proliferation on the surface of the film was observed 
[88]. 

In 2010 nanofibrous PLGA/gelatin/HAp were fabricated by an electrospinning method. 
PLGA and gelatin (in various ratios) were dissolved in hexafluoroisopropanol (HFIP) a then 
HAp nanoparticles (20% of total weight) were added. The nanofibrous composites improved 
mechanical properties, osteoconductivity and biocompatibility and may be used as scaffolds 
for bone tissue engineering [89]. 

2.2.3.2 Silanization of HAp-surface 

Oliveira et al. in 2005 developed a hybrid material using 	-methacryloxypropyltrimethoxy-
silane (	-MPS) as a coupling agent between the organic (polymer) and inorganic phase (glass 
reinforced hydroxyapatite) registered as Bonelike. Hybrid materials when exposed to an 
aqueous physiological environment can lose strength rapidly at the inorganic-organic 
interface. Polymer phase was prepared using PLGA (with the molar ratio of D, L-lactide to 
glycolide equal to 85:15). Silanized or non-silanized discs of Bonelike were soaked  
in 1 - 20 wt % of PLGA polymer solution. Bonelike silanized surface acted as more effective 
coupling agent [90]. 

2.2.3.3 Synthesis of Core-shell Nanospheres 

Xiangan et al. prepared core-shell nanospheres of hydroxyapatite/chitosan (HAp/CS) in 
multiple emulsions. In the preparation of HAP/CS core-shell nanospheres, the mixed solution 
of Ca2(NO3)2.4H2O, chitosan and (NH4)2HPO4 were used. Amino groups of the chitosan 
interacted with –OH groups of the HAp nanospheres by hydrogen bonds to form a shell. 
This way of preparing inorganic/organic core-shell nanospheres have potential application 
in bone tissue recovery [91]. 

Experimental part of this thesis describes mainly characterization of viscoelastic properties 
of both unmodified and ITA or HAp modified PLGA—PEG—PLGA copolymer by test tube 
inverting method (TTIM) and dynamic rheological analysis. The next chapter briefly 
describes the introduction to rheology of polymers.
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2.3 Polymer Rheology 

The word “rheology” was coined by Prof Bingham in 1920s [92]. Rheology, a branch 
of mechanics, is the study of those properties of materials which determine their response to 
mechanical force. The measurement of rheological properties is applicable to all material 
types – from fluids to semi-solids and solid systems (e.g. polymer solution, polymer melts, 
composites). Properties of material are linked with their molecular structure and conditions 
(temperature) [93]. 

The polymeric systems often display very viscoelastic properties and they have a wide 
range of used. We find the polymer in every-day situation, whether in the human body such 
as blood proteins or in the nature resins and gums. This includes polymeric product that 
surround us every-day life - plastic articles or consumer product packing [92]. 

2.3.1 Polymeric Liquids 

Polymeric liquids exhibit both liquid and solid like behavior. Their dynamic properties 
cannot be thermodynamic constants because they have dependence on the history of forces 
acting on it (e.g. shear rate or shear stress). Solution of high-molecular weight polymer 
already at low concentration can flow only slowly. Addition of a small amount of polymer 
into the solution, make the fluid very viscous. The primary motivation to study polymeric 
fluids (or polymeric liquids) comes from commercial and industrial application. Generally, 
properties of polymeric solution help to formulate a polymer system in respect to its 
processing characteristics [93]. 

2.3.2 Newtonian Fluids 

Polymer solution (sol phase) displayed the characteristics of a Newtonian fluid. 
The viscosity of a Newtonian fluid is dependent only on temperature but not on shear rate and 
time. The response of a Newtonian fluid is characterized by a linear relationship between 
the applied shear stress (
) and the shear rate ( γ� ) (1) [ref]:  

  )(
.

sPa
xy

⋅=

γ

τ
η   (1) 

where �xy is the shear stress γ�  is the shear rate. 

For most the Newtonian fluids, the viscosity decreases with temperature and increases with 
pressure.  

2.3.3 Non-Newtonian Fluids 

Polymer melts or the most polymer solutions are among the Non-Newtonian fluids. 
The apparent viscosity is not constant but is a function of (shear stress) 
 or (shear rate) γ� . 

The viscosity is not only a function of flow conditions, but also depends on the kinetic history 
of the fluid element under consideration.  

Time independent fluids are characterized by the change of an apparent viscosity with 
changing shear rate. Depending on previous conditions, there are three possibilities: shear-
thinning (pseudoplastic), viscoplastic behavior with or without shear-thinning behavior, shear- 
thickening (dilatant fluid) (Tab. 3). The fluids have no memory of their past history [94]. 
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Table 3: Newtonian and Non-Newtonian fluid [95]  
Newtonian fluid   milk, water, mineral oil 

Non-Newtonian  
fluid 

time dependent 
thixotropic yogurt, paint 

rheopectic gypsum paste 

time independent 

shear thinning slurries, shampoo 

shear thickening wet sand, concentrated starch 

suspension 

plastic tooth paste, grease 

The apparent viscosities in time dependent fluids are not function of the applied shear 
stress or the shear rate, but the viscosity of fluids change with the duration of shearing which 
are connected with previous kinematic history. This group includes thixotropic and rheopectic 
fluids [93]. Flows curves are showed in Fig. 11. 

Fig. 11 Flow curves for different types of fluids. 

2.3.4 Viscoelastic Behavior of Polymeric Solution 

Rheological measurements are used for characterization of viscoelastic properties 
of polymeric melts or solutions. Viscoelastic properties are investigated using rheological 
experiments such as dynamic mechanical testing, which offers a convenient way to assess 
time or temperature dependence of mechanical properties of polymers [96]. 

Depending on the viscosity of testing material size or HAp of the geometry in dynamic 
rheological analysis can be selected. For measurements of very low viscosity (to medium 
viscosity) materials Concentric Cylinders geometry is used. Cone Plate geometry was found 
to be suitable for the measurement of low viscosity (to high viscosity or filled system with 
very small particles) and Parallel Plate geometry is  in principle used for Soft Solid (or filled 
system with bigger particles than in Cone Plate) [97, 98] (Fig. 12). 
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Fig. 12 The most commonly used geometry in dynamic rheological analysis. 

2.3.4.1 Linear Viscoelastic Region  

The method used for measuring linear viscoelastic response is oscillatory testing, 
i.e. applying an oscillating stress or strain as an input to the (co)polymer and monitoring 
the resulting oscillatory strain or stress output. Other method very often used is frequency 
sweep, time or temperature sweep [96].  

Strain or Stress Sweep 

If a sinusoidal stress (or strain), � (force acting over an area) a sinusoidal displacement will 
result which is in phase with the applied stress (strain). The material response to increasing 
deformation amplitude (strain or stress) is monitored at constant frequency and 
temperature (Fig. 13). 

Fig. 13 Increasing value of sinusoidal amplitude (strain or stress).  

Shear strain 	 is represented via a sinusoidal form (2) [ref]: 

� = �0 sin (�·t) (2)

where 	0 is the strain oscillatory amplitude, � = angular frequency and t is time.  
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However, the shear stress 
 is also described with the sinusoidal amplitude with a phase 
angle (3) [ref]: 

� = �0 sin (�·t + �)  (3)

where �0 is stress oscillatory amplitude and � is a phase angle. 

  
Frequency Sweep 

The constant strain (or stress) used in frequency sweep should be in linear region. 
The samples have to be stable. The frequency sweep changing time to complete of one 
oscillation (Fig. 14). For instance, the typical resting heart rate in adults is 60–80 bpm (beats 
per minute) whereas the children have heart rate up to 200 bpm. This number depends on 
the child´s age [99].   

Fig. 14  Frequency sweep. 

In frequency sweep are used two units - angular frequency (rad/s) or frequency (Hz). 
The relationship between then can be expressed as follows. One hertz (Hz) is equal 
to 6.28 rad.s-1. 

2.3.4.2 Oscillatory Tests with a Maxwell Model 

If we oscilate an ideal spring, all frequencies G´ = G the spring modulus and G´´ is zero. 
On the other hand, when we oscillate a perfect dashpot, the loss modulus is given by 
G´´ = �· and the G´ is zero. Viscoelasticity is a combination of these two cases. 
The response of the simplest combination of these two elements in series - the Maxwell model 
- gives a far more complex and interesting behavior over a range of test frequencies as show 
in Figure 15. 
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Fig. 15 Typical Maxwellian behavior in oscillatory testing, with the crossover point indicated 

[92].

Viscoelastic moduli are dependent on angular frequency which is given mathematically by 
equation (4).  At very low frequencies, G´´ is higher than G´ and liquid-like behavior 
dominates. With increasing testing frequency, G´ takes over and solid-like behavior prevails. 
The G´´ is much more dependent on the angular frequency [92, 98].   

 (4) 
In oscillatory testing, great care has to be taken to ensure that the experiment takes place in 

the linear region where G’ and G’’ are independent on the maximum amplitude of strain or 
stress of the oscillation and frequency. In the linear region G*1 is constant, but in the non-
linear region G* is a function of shear rate ( γ� ) or angular frequency () (Fig. 16) [95].  

Fig. 16 Evalution of G* with the increasing value of shear rate.
1

                                                

Complex modulus measures of materials overall resistance to deformation. 1G* = G´+ iG´´ 
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The non-linear behavior of polymers can cause a local shear thickening proceeding 
or pronounce shear thinning. In the linear viscoelastic range a Maxwell model, corresponding 
to a single relaxation time and an elastic plateau modulus, generally describes dynamic 
moduli [92]. 

In 1968, Winter and Chambond presented viscoelastic phenomenon of the crosslinking 
polymers. Measurements were performed on polydimethylsiloxane (PDMS) model networks. 
The study described viscoelastic behavior of a crosslinking polymer near the gel point. 
In their theory the gel point were determined as G´= G´´ a crossover that depends on 
the angular frequency (Fig. 17) [100]. 

Fig. 17 Evalution of the storage modulus G´ and the loss modulus G´´ of a crosslinking 

polymers. 

2.3.5 Gelation Behavior of PLGA—PEG—PLGA 

The gelation behavior of aqueous solution of commercial PLGA—PEG—PLGA named 
ReGel® was characterized by rheological measurement and by test tube inverting method. 
However, it was investigated degradation rate which depends strongly on the temperature. 
ReGel® fills important drug delivery duration of 1–6 weeks ReGel® and was selected 
as a suitable material for controlled drug delivery or candidate for intratumoral injectable 
material [101]. 

2.4 Goal of the Work 

The main goal of the diploma work is to observe changes in viscoelastic properties 
of the original PLGA—PEG—PLGA copolymer, which gels at body temperature, in 
comparison with those, modified by the ITA or HAp and deciding whether or not would be 
the new polymeric material suitable as injectable drug carrier or bone adhesive in medical 
applications. 
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3  EXPERIMENTAL PART 

3.1 Chemicals 

• PEG (Mn = 1 500 g�mol-1) and Sn (II)2-ethylhexanoate (95 %) were purchased from 
Sigma-Aldrich (Germany). 

• D,L-lactide (LA, 99.9%) and glycolide (GA, 99.9%) were supplied from Polysciences 
(Pennsylvania, USA). 

• Itaconic anhydride (ITA 97 %) were obtained from FLUKA (Switzerland) 
and sublimated prior the use. 

• Ultrapure water (ultrapure water of type II according to ISO 3696) was prepared 
on Millipure Elix 5 UV Water Purification System (Millipore, Merck spol. s r. o.). 

• Phosphate buffer saline with pH = 7.48 and phosphate buffer saline with pH = 9.00 were 
prepared using KCl, KH2PO4, NaCl and Na2HPO4, where pH was adjusted by HCl 
(c = 1 mol·dm-3) and NaOH (c = 1 mol.dm-3). 

• Hydroxyapatite was purchased from Reicke 

3.2  Equipments 

• Rheometer AR-G2 (TA Instruments) 
• Millipore (Elix 5) 
•  Micropipette (Laborgeräte Hirschmann) 
•  Laboratory freeze dryer (2-4 Alpha LSC Christ) 
•  pH Meter (S2K712, IsfetCom)   
•  Thermoblock (HLC TK 23, BioTech) 
•  Gel Permeation Chromatography (Agilent Technologies 1100 Series) 
•  Analytical scale (Mettler Toledo) 
•  Laser Particle Size Analyser (ANALYSETTE 22 Microtec plus, Fritsch) 
•    Scanning electron microscope (ZEISS EVO LS 10 with EDS-detector) (SEM) 
•  Proton Nuclear Magnetic Resonance (500 MHz NMR spectrometer Bruker AVANCE III,  

Masaryk University)  



28 

3.3 Methods  

3.3.1 Synthesis of PLGA—PEG—PLGA Copolymer 

The PLGA—PEG—PLGA triblock copolymers with weight ratio of PLGA/PEG equal to 
2.0 or 2.5 and molar ratio of LA/GA equal to 3.0 were synthesized via ring opening 
polymerization method in a bulk under nitrogen atmosphere as described elsewhere [47]. 
Briefly, PEG (Mn = 1500, 2.3 mmol) was degassed and dewatered at 130 °C for 3 h under 
the vacuum and D,L-lactide (48 mmol) and glycolide (16  mmol) monomers were added 
against the nitrogen outflow. After the homogenization by stirring, Sn(II)2-ethylhexanoate 
(0.22 mmol) as organic catalyst was injected in order to start up the copolymerization 
at 130 °C. 

3.3.2 Preparation of ITA/PLGA—PEG—PLGA/ITA Copolymer  

Functionalization of the PLGA—PEG—PLGA triblock copolymer proceeded with 
sublimated ITA (2.5 molar ratio to polymer) at 110 °C for 2 hours in “one pot” reaction (see 
Fig. 6).  

3.3.3 Samples Purification  

The obtained crude copolymer was purified by three purifying agents PBS (pH = 7.48 or 9) 
and ultrapure water. After being completely dissolved, the polymer solution was heated to 
80 °C to precipitate the polymer product and remove water-soluble low-MW polymers and 
unreacted monomers. The purification process was repeated 3x times. The residual water 
in the precipitated copolymer was frozen at –18 °C over night and lyophilized at –70 °C in 
freeze dryer until the constant weight. 

3.3.4 Preparation of Copolymer Water Solution 

The homogenous polymer solution with a given concentration was prepared by dissolving 
the polymer in 1 mL of ultrapure water and stirred in cold water bath (4 – 8 °C). The time 
of complete dissolving is depended on the hydrophobic/hydrophilic ratio (PLGA/PEG). After 
being completely dissolved, the polymer solution was used to test tube inverting (TTIM) 
method and for rheological properties characterization.  

3.3.5 Preparation of PLGA—PEG—PLGA/HAp Composites 

Hydroxyapatite was mixed directly into the sol phase at laboratory temperature. 
The mixture was stirred until became homogenous and after that was kept at 4 °C. 

3.4 Characterization  

3.4.1 Scanning Electron Microscope (SEM) 

For surface characterization of microstructure of HAp scanning electron microscope 
ZEISS EVO LS 10 with EDS-detector was used. The specimens of powder were performed 
on the carbon tape and coated with gold before examination. Accelerating voltage (10 and 
5 kV) and working distance (7.5 and 8.5 mm) were used.  
  



29 

3.4.2 Laser Particle Size Analyser 

The particle size distribution and mean particle size were measured using laser particle size 
analyser ANALYSETTE 22 Microtec plus. Distilled water was employed as the dispersion 
medium and small amount of HAp powder was added into the wet dispersion unit.  

3.4.3 Proton Nuclear Magnetic Resonance (
1
H NMR) 

Molecular weight and ITA functionalization were evaluated using proton nuclear magnetic 
resonance (1H NMR) spectroscopy on 500 MHz Bruker AVANCE III instrument using 
128 scans in CDCl3 solvent. 

3.4.4 Gel Permeation Chromatography (GPC) 

Number-average molecular weight (Mn) and polydispersity index (Mw/Mn) 
of the copolymers were measured using gel permeation chromatography (GPC) method using 
Agilent Technologies 1100 Series instrument equipped with isocratic pump, autosampler, RI 
and UV-VIS detector, fraction collector, guard column 50 × 4.6 mm and column 
250 × 4.6 mm both PLgel 3 �m MiniMIX-E thermostated up to 80 °C with THF as the eluent 
at a flow rate of 0.1 mL�min-1 against linear polystyrene standards. 

3.4.5 Test Tube Inverting Method (TTIM) 

The test tube inverting method (TTIM) was used to determinate the sol-gel phase transition 
temperature. The vials containing polymer solutions were immersed in a thermoblock 
at designated temperature for 7 min (Fig. 18) Condition of flow (sol phase) or no flow (gel 
phase) were observed by inverting a vial vertically. The sample was regarded as a “gel” in 
the case of no visual flow within 30 s by inverting the vial with a temperature increment 
of 1 °C per step. 

Fig. 18 Thermoblock used for test tube inverting method.  
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3.4.6 Dynamic Rheological Analysis 

The sol-gel transition and other rheological properties of the copolymer aqueous solution 
was investigated in a dynamic stress-controlled rheometer with Cone Plate geometry 
(angle 2°, diameter 40 mm and gap 60 µm). Cold polymer solution (600 µL) was transferred 
to the Peltier (temperature control system) by micropipette. Rheometer was prepared to 
the working position. Before each measurement the solvent trap was filled with distilled water 
and the liquids were used to prevent evaporation of the sample (Fig. 19). 

Fig. 19 (a) adding cold polymer solution (b) working position (c) lid was used to prevent 

evaporation of the sample. 

Experiments were carried out at constant angular frequency of 1 rad·s-1 with temperature 
ramp from 15 to 60 °C and a rate of 0.5 °C.min-1. The temperature delay time was set 
to 30 sec and stress was fixed at 0.4 Pa. 
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4  RESULTS AND DISSCUSSION 

The main idea of the research is preparation of polymer composites based 
on heterogeneous core/shell submicron-sized particles dispersed in a thermogelling aqueous 
sol of degradable polymeric matrix (e.g. PLGA—PEG—PLGA). The inorganic core 
(e.g. hydroxyapatite) of submicron-sized particles might be coated by degradable 
multifunctional copolymer from renewable resources (e.g. ITA/PLGA—PEG—PLGA/ITA). 
Copolymer modified by ITA can be cross-linked either chemically by covalent bonding 
through the double bonds (e.g. via photopolymerization) and/or physically (by hydrogen 
bonds or ionic interactions with Ca2+ cations from HAp) in order to produce new 
functionalized 3D-hydrogel network. After being crosslinked, core-shell microspheres could 
be mixed with thermogelling PLGA—PEG—PLGA solution in order to achieve prolonged 
and controlled hydroxyapatite release in bone fixing, healing or regeneration. 

However, main aim of the proposed diploma work was synthesis, characterization and 
rheological study of thermogelling polymers based on the PLGA—PEG—PLGA either 
functionalized with ITA or modified with HAp. The effect of ITA or HAp modification 
on themogelling properties of original PLGA—PEG—PLGA copolymer has been evaluated 
and is discussed below.  

4.1 Characterization of Copolymers 

Based on previous experiences of our group, ITA was used to functionalize  
PLGA—PEG—PLGA copolymer with PLGA/PEG weight ratio equal to 2.0 and LA/GA 
molar ratio of 3.0 (A and B samples), while HAp was mixed with the PLGA—PEG—PLGA 
copolymer having same LA/GA molar ratio but PLGA/PEG weight ratio equal to 2.5 
(A1 sample). When synthesized, unmodified and ITA or HAp modified  
PLGA—PEG—PLGA copolymers were characterized in the term of chemical structure by gel 
permeation chromatography (GPC) and proton nuclear magnetic resonance (1H NMR). GPC 
was used to determinate number-average molecular weight and polydispersity index (Mw/Mn) 
of both PLGA—PEG—PLGA (A; A1) and ITA/PLGA—PEG—PLGA/ITA (B) copolymers. 
PLGA/PEG weight ratio, LA/GA molar ratio and molecular weights were determined 
by 1H NMR spectroscopy from integrals of characteristic proton intensities as described 
elsewhere [47]. Molecular weight’s properties and chemical compositions of prepared 
copolymers are shown in Tab. 4. It can be seen that results obtained by both GPC and NMR 
are in very good agreement with theoretical prediction. 

Table 4: Chemical properties of prepared copolymers. 

Polymer 
Sample 

Mw/Mn
a PLGA/PEGc

(wt %) 

PLGA/PEGb

(wt %) 

LA/GAc 

(mol %) 

LA/GAb 

(mol %) 

Mn
a Mn

b Mn
c

(kg·mol-1) 

A* 1.20 2.0 N.A. 3.0 N.A.� 6.19 N.A.� 4.50 

A1 1.21 2.5 2.16 3.0 2.44 6.78 4.74 5.25 

B 1.20 2.0 2.04 3.0 2.84 5.56 4.56 4.50 
a measurement by GPC, b results obtained  from 1H NMR, c theoretical calculation 

sample A and A1: copolymer PLGA—PEG—PLGA, sample B: copolymer ITA/PLGA—PEG—PLGA/ITA 
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* Prepared PLGA-PEG-PLGA polymer was devided into two parts. One part of unmodified ABA polymer is 

labeled as sample A whereas second part was additionally modified by ITA labeled as sample B. The presence 

of the ITA was verified by 1H NMR method, thus sample A was characterized only by GPC.  

4.1  Characterization of HAp Particles  

HAp powder used for polymer/HAp composites was characterized by scanning electron 
microscope and laser particle size analyser. A scanning electron microscope was used to 
analyze the microstructure of HAp powder. For observation, low acceleration voltage 
of 10 kV (Fig. 20 A) or 5 kV (Fig. 20 B) and short working distance (7.5 or 8.5 mm) was 
used, respectively. The picture (A) shows particles with diameter at around 6 - 7 µm. Higher 
magnification of surface depicts more details of non-spherical particles.  

Fig. 20 SEM micrographs of the HAp powder. 

  

(A) (B) 
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The size of particulate HAp powder was as well characterized using laser particle size 
analyser. Fig. 21 shows particle size range from 1 to 26 µm. Distribution curve exhibits 
monomodal distribution. The mode/mean of particles size was determined on 6.32 and 
7.00 µm. 

Fig. 21 Particle size analysis of HAp powder. 
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4.2  Gel Point Determination 

The thermosensitive triblock copolymers are soluble in water at low temperature and when 
the temperature increases above the critical gelation temperature the physical hydrogel is 
formed. The sol-gel and gel-suspension transition of unmodified PLGA—PEG—PLGA 
copolymers and ITA or HAp modified copolymers were observed by both test tube inverting 
method (TTIM) and rheological analysis with a view to compare determined gel points. 

4.2.1 Test Tube Inverting Method 

The test tube inverting method (TTIM) was used to determinate the sol-gel phase transition 
temperature. Advantage of TTIM is sol-gel visualization with determination of the critical 
gelation concentration (CGC) and critical gelation temperature (CGT). All changes (viscosity, 
solubility and color) observed by test tube inverting method describes phase transition 
diagram. The typical phase diagram of a polymer solution concentration is a function 
of temperature showing three regions – sol, gel and suspension.  

Focusing on the 22 wt % concentration of PLGA—PEG—PLGA (sample A1) at 
temperature much lower than critical gelation temperature, the solution behaves as transparent 
sol (20 °C). The first sol-gel transition has appeared at 22 °C followed by transparent gel up to 
25 °C at which the gel turned to turbid gel. The turbid gel turned to white gel at 32 °C. 
The copolymer exhibited the second phase transition from white gel to suspension at 41 °C 
after which the polymer was precipitated from the water (see Fig. 22). 

Fig. 22 Evalution of gel with increasing temperature for PLGA—PEG—PLGA triblock 

copolymer (c = 22 wt %). 

4.2.1.1 PLGA—PEG—PLGA Copolymers 

Fig. 23 and 24 shows sol-gel phase transition diagrams of A and A1 samples prepared 
acording to TTIM data, where “gel phase” is divided into transparent, turbid and white gel. 
The critical gelation temperature (CGT) and critical gelation concentration (CGC)  
of PLGA—PEG—PLGA triblock copolymers with PLGA/PEG ratio of 2.0 and 2.5 (sample A 
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and A1, respectively) were determined. While sample A exhibited CGT equal to 39 °C and 
CGC of 14 wt %, sample A1 showed CGT at 30 °C keeping same CGC as sample A. When 
compared A and A1, the higher the PLGA/PEG ratio the lower CGT was obtained. Both 
diagram curves demonstrated that with increasing polymer concentration the gelation 
temperature decreased.  

Fig. 23 Phase transition diagram of PLGA—PEG—PLGA triblock copolymer (sample A). 

Fig. 24 Phase transition diagram of PLGA—PEG—PLGA triblock copolymer (sample A1).
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4.2.1.2 ITA/PLGA—PEG—PLGA/ITA Copolymer 

The CGT and CGC of ITA/PLGA—PEG—PLGA/ITA triblock copolymers water 
solutions of 6 – 24 % concentration were determined as 33 °C and 10 wt %, respectively (see 
Fig. 25). ITA modification (sample B) causes the decreasing in critical gelation concentration 
of sample A (from 14 to 10 wt %) for the current decrease in critical gelation temperature 
(from 39 to 33 °C). The ITA functionalized copolymer gels earlier (at lower temperature) 
probably due to the contribution of new ionic interactions of –COOH bonds within a physical 
gel. As discussed later in the thesis, the ITA modified hydrogel was even more stiff in 
comparison to hydrogel from unmodified PLGA—PEG—PLGA copolymer.  

Fig. 25 Phase transition diagram of ITA/PLGA—PEG—PLGA/ITA (sample B). 

4.2.1.3 PLGA—PEG—PLGA/HAp Composite 

HAp microparticles were mixed directly with PLGA—PEG—PLGA water solution and 
prepared copolymer/HAp composite rheological properties were evaluated using TTIM. 
During gelation process the system did not go from low viscosity liquid via high viscosity 
liquid towards to hard viscoelastic solid, but goes from the low viscosity to hard viscoelastic 
gel. Copolymer with adding amount of HAp exhibited liquid-like behavior up to 32 °C 
observing the gel already at 33 °C. It can be caused by rapid increase in gel stiffness due to 
HAp modification where ionic interactions took place. 
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4.2.2 Dynamic Rheological Analysis  

Rheological measurements of unmodified and ITA or HAp modified triblock copolymers 
bring accurate temperature of phase transitions, maximum values of G´, G´´, tan � (G´/G´´) 
and complex viscosity. The linear region of dynamic rheological analysis was evaluated 
by stress and frequency sweep measurement. 

4.2.2.1 Linear Region 

During temperature sweeping, stress amplitude was set at the appropriate value determined 
from pre-test to achieve linearity of viscoelasticity. The dynamic viscoelastic functions such 
as the dynamic shear storage modulus (G´) and loss modulus (G´´) were measured 
as a function of angular frequency, temperature and stress.  

4.2.2.2 Stress Sweep 

The experiments were carried out using a controlled stress rheometer. The rheological 
behaviors of polymer samples were monitored with the changing stress amplitude  
(0.1-100 Pa) at constant frequency (1 rad·s-1) and temperature (37 °C). The values of stress 
amplitude were checked to ensure that all measurements were carried out within viscoelastic 
region. For the oscillation testing (stress sweep) the PLGA—PEG—PLGA water solution 
having concentration of 22 wt % was prepared. The sample was weakly dependent 
on the oscillatory stress (see Fig. 26). 

Fig. 26 Dynamic moduli of sample A1 (c = 22 wt %) at a fixed frequency of 1.0 rad·s
-1

 and 

temperature 37 °C.  

As for the oscillatory testing of polymer/HAp composite sample A1 (c = 22 wt %) 
containing 20 wt % HAp was prepared. The measurements showed that sample having higher 
degree of elasticity was strongly dependent on the oscillatory stress. (Fig. 27) 
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Fig. 27 Dynamic moduli (polymer concentration c = 22 wt %) at a fixed frequency 

of 1.0 rad·s
1
 and temperature 37 °C for sample with Hap. 

This linear viscoelastic range is defined by constant dynamic moduli G´ and G´´. For all 
measurements oscillatory stress of 0.4 Pa was selected as a range in which is no or 
infinitesimal evidence of changing in dynamic moduli.  

4.2.2.3 Frequency Sweep  

Polymeric solution of sample A1 (c = 22 wt %) was prepared with/without adding HAp to 
determine the linear viscoelastic region where the values of the moduli are independent 
of the applied frequency. The experiments were performed at constant temperature of 37 °C 
and frequency range between 0.0628 - 62.8 rad·s-1 (0.1 - 10 Hz). Both G´and G´´ 
exponentially grows with the frequency except the low values (see Fig. 28).  
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Fig. 28 Dynamic moduli of sample A1 (c = 22 wt %) at 37 °C and fixed oscillatory stress at 

 0.4 Pa.  

Sample A1 (modified with 20 wt % of HAp) shows elastic dominant behavior in whole 
select frequency range. (see Fig. 29). 

Fig. 29 Dynamic moduli of sample A1 (c = 22 wt % ) with 20 % of  HAp at 37 °C and fixed 

oscillatory stress at 0.4 Pa.  

For the other experiments, frequency was set on the 1 rad·s-1 in which is no evidence 
of intersection G´ and G´´.  
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4.2.3 PLGA—PEG—PLGA Copolymers 

4.2.3.1 Influence of Puryfying Agents  

The PLGA—PEG—PLGA copolymer purified via different agents (ultrapure water, PBS 
7.48 and PBS 9) might exhibit significantly different physical behaviors. After purifying, 
the precipitated and dried sample A was further dissolved in cold ultrapure water (4 °C). 
Changes in viscoelastic properties were measured by dynamical rheological experiments 
(Fig. 30). 

Fig. 30 Storage modulus G´ of sample A (18 wt %) purified via ultrapure  water, PBS 9 and 

PBS 7.48.  

  
The maximum value of gel stiffness (443 Pa) exhibited copolymer purified via PBS 7.48, 

the lower gel stiffness (258 Pa) showed copolymer purified in PBS 9 and the copolymer 
purified in ultrapure water exhibited almost half value of gel stiffness (258 Pa) compared to 
G´max. in PBS 7.48. As a results, purifying agents significantly changed the gel stiffness and 
the temperature of G´ max. values. Copolymer dissolved in PBS 7.48 or 9 exhibits higher value 
of G´ max. It may be explained by polymer-solvent ionic interaction. 

Rheological properties of series of PLGA—PEG—PLGA thermogelling copolymers 
(sample A and A1) with different concentrations (6 – 26 %) were studied in ultrapure water. 
The viscosity, gel stiffness (elasticity) and the range of applicability grow with the increasing 
polymer concentration (Fig. 31). It is evident, that higher PLGA/PEG ratio not only decreased 
the G´maximum but very significantly increased the gel stiffness (666 vs. 93 Pa).  
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Fig. 31 Evalution of elastic modulus (G´) of different concentration of PLGA—PEG—PLGA 

solution in ultrapure  water – sample A1 (PLGA/PEG = 2.5) and sample A 

(PLGA/PEG = 2.0).  

Copolymers show sol-gel (first transition) and gel-suspension transition (second 
transition). The sol-gel phase transition of PLGA—PEG—PLGA triblock copolymers was 
observed by both TTIM and rheological analysis. In rheology the gelation temperature can be 
defined by the first intersection of G´ and G´´ (1) (Fig. 32) and in the case of TTIM this 
temperature was noted determined when no visual flow of polymer within 30 s was observed.  

Fig. 32 Rheological measurement of sample A water solution (c = 24 wt %), where (1) is sol-

gel transition and (2) is gel-suspension transition . 
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Second intersection of G´ = G´´ (Fig. 32 second cross-point) at 40 °C (A) or 34.5 °C (A1) 
(c = 24 %) found via rheological measurement corresponding with gel-suspension transition. 
It should be attributed to the collapse of elastic gel, which relates with the rapid decrease 
of G´ that falls below G´´ forming suspension without viscoelastic behavior. Thermogelling 
behaviors were determined by TTIM and rheology (Fig. 33). It is evident, that maximum 
stiffness (G´max) exhibited white gel (not clear one) and that the change between 
the transparent and white gel very well corresponded with the temperature of tan � minimum. 
This process is not a phase transition but only bigger size of compacting micelles turned 
the clear gel to the more stiff white one.  

Fig. 33 Thermogelling behaviors by TTIM and rheology of different concentration of PLGA—

PEG—PLGA solution in ultrapure water – sample A (PLGA/PEG = 2.0).  

The accurate temperature of precipitation the polymer from water was detected by 
rheometer, because it is very difficult to establish loss of elastic properties of gel visually 
using TTIM. The gelation temperatures of sample A1 are compared in Table 5. 

Table 5: Comparison of cross-points noticed by TTIM and rheological analysis  

Polymer 
concentration 
(wt %) 

TTIM Rheology 

pH 
gel color 

1.cross 2.cross 1.cross 2.cross 

6 - - 30.5 32.5 3.5 - 

8 - - 29.2 37 3.4 - 

10 - - 26.8 37 3.4 - 

12 - - 26.5 36 3.3 - 

14 29 35 25.8 35.5 3.2 turbid 

16 25 35 25.8 35.5 3.2 turbid 
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Polymer 
concentration 
(wt %) 

TTIM Rheology 

pH 
gel color 

1.cross 2.cross 1.cross 2.cross 

18 24 36 25.5 35.2 3.2 transparent 

20 23 38 25.5 34.7 3.1 transparent 

22 22 39 25.3 34.5 3.1 transparent 

24 22 43 gel* 34.5 3.1 transparent 

gel* - the sample was already a gel before measurement (high polymer concentration), thus the first cross 

point is missing. 

4.2.4 ITA/PLGA–PEG–PLGA/ITA Copolymer 

The gel point of newly synthesized thermosensitive ITA/PLGA—PEG—PLGA/ITA 
copolymer was characterized by both test tube inverting method (TTIM) and rheometer. 
The preliminary experiments showed that weight ratio PLGA/PEG = 2.0 and molar ratio 
of LA/GA = 3.0 is appropriate for ITA modification. Rheological properties of series 
of ITA/PLGA—PEG—PLGA/ITA copolymers with different concentrations (6 – 24 wt %) 
were studied in ultrapure water. The gel stiffness and the range of applicability grow with 
the increasing polymer concentration by moving the first gel point of copolymer to the lower 
temperature and maximum G´ to body temperature (37 °C) (see Fig. 34). 

Fig. 34 Elastic modulus of ITA/PLGA—PEG—PLGA/ITA (sample B) at different 

concentration in ultrapure water.   
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Where compared thermogelling behaviors of sample B obtained by TTIM or rheometer, 
it can be seen that G´max. belongs to the white gel stiffness and fluctuates around 37 °C. In that 
case, the tan � minimum corresponds very well with the situation where the turbid gel 
changes to the more stiff white gel – as similarly described at sample A (see Fig. 35). 

Fig. 35 Thermogelling behavior by TTIM and rheology of different concentration 

of ITA/PLGA—PEG—PLG/ITA solution in ultrapure water – sample B (PLGA/PEG = 2.0).  

 In comparison, the unmodified PLGA—PEG—PLGA copolymer exhibited two times 
lower max. values of G´ than the ITA modified copolymer (e.g. 93 Pa vs. 203 Pa for 22 wt % 
concentration) (see Fig. 36). Unmodified copolymer shows the first cross point at higher 
temperature (36.7 °C, at c = 22 %) while ITA modified copolymer starts to gel at lower 
temperature (31.2 °C) but loss viscoelastic properties earlier (37.5 °C vs. 40 °C). 
The observed effects can be explained by ionic interaction of carboxyl-terminated sample B. 
In table 6 there are summarized elastic moduli for both copolymers detected by rheometer. 
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Fig. 36 Evalution of elastic modulus (G´) of different concentration of PLGA—PEG—PLGA 

solution in ultra pure water – sample A (PLGA/PEG = 2.0) and sample B 

(PLGA/PEG = 2.5). 

Table 6: Viscoelastic properties of PLGA—PEG—PLGA (Sample A) and ITA/PLGA—

PEG—PLGA/ITA (Sample B) copolymers solutions with c = 22 wt % 

 G´ (Pa) G´ (°C) 1. cross (°C) 2. cross (°C) 
Sample A 93 40.5 36.7 40 
Sample B 203 37 31.2 37.5 
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4.2.5  PLGA—PEG—PLGA/HAp Composites 

Polymer water solutions of sample A1 (concentration 10, 18 and 22 wt %) were mixed 
with HAp powder (0, 10, 20, 30, 40, 50 wt %). Figure 37 shows elastic modulus as a function 
of temperature and adding amount of HAp for 10 wt % of polymer. HAp modification 
changed the original rheological properties of sample A1 significantly.  

Fig. 37 Elastic modulus (G´) as a function of temperature and adding amount of HAp-

powder, c = 10 wt % of PLGA—PEG—PLGA in ultrapure water.  

All samples showed increasing in gel stiffness after adding HAp. The values of G´ max.

of sample A1 polymer solution (c = 10 wt %) increased from 11.9 Pa (at 33.5 °C) up to 
7 204 Pa (at 39 °C) by adding 50 wt % of HAp to the PLGA—PEG—PLGA copolymer.  

In comparison of 10 and 22 wt %, higher polymer concentration exhibited much higher gel 
stiffness with HAp addition. While unmodified PLGA—PEG—PLGA copolymers of 10 and 
22 wt % have max. values of G´ at 33.5 °C equal to 12 Pa and at 32.7 °C equal to 497 Pa, 
respectively, after adding 50 wt% of HAp the value of G´max. moved to the higher temperature 
(39 and 36.7 °C) and much higher stiffness (7204 and 86 200 Pa), respectively. 
All rheological measurements are summarized in table 7.  

Table 7: Changing of G´and pH with adding amount of HAp. 
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40 wt % 2 554 38.7 6.2 6 456 37.5 6.1 

50 wt % 7 204 39 6.3 86 200 36.7 6.1 
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Figure 38 shows dependence of elastic modulus (G´) on the amount of HAp powder in 
semi-logarithmic moduli axe plot for 10, 18 and 22 wt % concentration of sample A1. As can 
be seen, the gel stiffness grows significantly with increasing polymer concentration and added 
amount of HAp. Higher gel stiffness may be caused by strong ionic interaction between —OH 
groups of both HAp and copolymer. In all cases, elastic moduli increases very slowly up to 
30 wt % content of HAp, but higher addition of HAp ( 40 or 50 wt %) exhibited much higher 
elastic moduli but very rough curves. Samples with 40 and 50 wt % of HAP were as well 
more viscous in sol state and high amount of HAp in gel state probably distorted 
the measurement where the gel is too stiff and very solid. 

Fig. 38 Dependence of elastic moduli on adding amount of HAp-powder. 
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As can be seen in Fig. 39, in all cases the temperature of max. values of G´ increased 
of about 5 °C after HAp addition, even at low HAp concentrations (e.g. from 32.7 °C up to 
37.5 – 38 °C at c = 22 wt %). Finally, the optimal polymer concentration for HAp 
modification is 18 wt %, since HAp addition increase the temperature of G´max very close to 
body temperature (37 °C). 

Fig. 39 Influence of added amount of HAp (wt%) on the temperature of maximum gel stiffness 

( G´max).  
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5 CONCLUSION 

The aim of presented work was to evaluate rheological properties of thermosensitive 
PLGA—PEG—PLGA copolymers functionalized by ITA or HAp by both test tube inverting 
method (TTIM) and dynamic rheological analysis. Prepared copolymers’ water solutions  
(6 -24 wt %) exhibited sol-gel transitions induced by increasing temperature.  

As for unmodified PLGA—PEG—PLGA copolymer, the CGT decreased (from 39 to 
33 °C) with PLGA/PEG weight ratio increasing (from 2.0 to 2.5), whereas the CGC remained 
14 wt %. The polymer having PLGA/PEG equal to 2.5 exhibited much higher gel stiffness 
(666 Pa) than polymer with PLGA/PEG = 2.0 (93 Pa) probably due to the much stronger 
hydrophobic interactions between longer PLGA polymer ends. The storage (elastic) modulus 
G´ increased proportionately with higher polymer concentration. Purifying the polymer 
by PBS at pH = 7.4 increased the gel stiffness almost two times comparing to ultra pure water 
purification because of newly formed ionic interactions. 

ITA functionalization of PLGA—PEG—PLGA increased G´max (from 93 to 203 Pa,  
c = 24 wt %) and moved the G´max temperature closer to body temperature (from 40.5 to 
37.3 °C) in comparison with unmodified copolymer  due to the new strong ionic interactions  
of –COOH groups. 

When HAp was added to PLGA—PEG—PLGA water solutions, gelation of the polymer 
composites started later at the temperature higher of about 5 °C and closer to 37 °C, whereas 
the gel stiffness increased significantly (from 497 up to 86 200 Pa for polymer of c = 22 wt % 
and HAp = 50 wt %) and pH was moved from acidic (3.1) to more neutral (6.3) values. 

In conclusion, both TTIM and dynamic rheological measurement helped us to better 
understand the thermogelling process of modified biodegradable PLGA—PEG—PLGA 
copolymers. Either ITA functionalization or HAp modification increased the gel stiffness 
of original unmodified PLGA—PEG—PLGA while approaching the temperature of G´max to 
body temperature, which makes them suitable as injectable hydrogels for drug delivery or 
bone regenerative medicine, respectively. 
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7.3 The List of Abbreviations 

BIS-GMA  bis-fenol A glycidyl methacrylate 
CF   carbon fiber 
CGC critical gel concentration 
CGT critical gelation temperature 
CMC critical micelle concentration 
CS chitosan 
DPH 1,6-diphenyl-1,3,5-hexa-triene 
GF glass fiber 
HAp (HA) hydroxyapatite  
HDPE high-density poly(ethylene) 
1H NMR proton nuclear magnetic resonance  
HFIP hexaflouoroisopopanol 
ITA itaconic anhydride 
KF kevlar fiber 
	-MPS   methacryloxypropyltrimethoxy-silane 
PBS phosphate buffer saline 
PBT poly(hydroxybutyrate) 
PC poly(carbonate) 
PCL poly(�-caprolactone) 
PDMS  polydimethylsiloxane  
PE poly(ethylene) 
PEEK poly(etheretherketone) 
PEG poly(ethylene glycol) 
PET poly(ethyleneterephalate) 
PHEMA poly(hydroxyethyl methacrylate) 
PGA poly(glycolic acid) 
PLA poly(lactic acid)  
PLDLLA poly(L-D,L-lactide) 
PLLA poly(L-lactic acid) 
PLGA poly(D,L-lactic acid-co-glycolic acid) 
PMA  poly(methacrylate) 
PMMA poly(methylmethacrylate) 
PPO poly(propylene oxide) 
PP poly(propylene) 
PS poly(styrene) 
PTFE poly(tetrafluoroethylene) 
PU poly(urethane) 
ROP ring-opening polymerization 
TTIM  test tube inverting method 
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7.4  The List of Symbols 

G´ shear storage modulus 
G´´ shear loss modulus  
G* complex modulus  
tan � loss tangent 
Mn  number-average molecular weight
Mw  mass-average moleculat weight
Mw/Mn polydispersity index 
Tg  glass transition temperature (°C) 
Tm  melting point (°C) 
�  strain 
�0  strain oscillatory amplitude 
γ�   shear rate (s-1) 

�  phase angle 
�

*  complex viscosity (Pa·s) 
�  stress (Pa) 
�  shear stress (Pa) 
�0  stress oscillatory amplitude (Pa) 
�  angular frequency (rad·s-1) 
t  time (s) 


