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Abstract 

In the past years stem cells have been recognized as a promising source to treat a wide spectrum 

of human diseases. Stem cell fate of adult stem cells is mainly controlled by the stem cell 

microenvironment which is also called a stem cell niche. The stem cell niche is composed of 

the extracellular matrix (ECM), other small molecules and other cells. The extracellular matrix 

provides the scaffold for cell adhesion and therefore biochemical and biophysical aspects of the 

ECM have a huge influence on stem cell fate.  

  Five types of hydrophobically modified (HM) copolymers have been investigated in this 

work that are able to form physical hydrogel networks with tunable stiffness to mimic the 

natural extracellular matrix of adult stem cells. The first group was composed of N,N’-

dimethylacrylamide (DMAM) and lauryl methacrylate (LMA) (1.25 to 10 mol %)  or stearyl 

methacrylate (SMA) (1.25 to 2.5 mol %). These copolymers served as water-soluble, neutral 

reference copolymers. The second copolymer group contained an additional cationic monomer, 

the third group an additional zwitterionic monomer, the fourth group a RGD-peptide-

functionalized monomer and the last group mono and polyunsaturated fatty acids. These 

copolymers were synthesized by free radical polymerization and the solution and gel-like 

properties investigated and compared by rheology measurements. 

  

 

 

 

               

 

Figure 1. Schematic diagram for HM copolymer containing a) functional groups and b) fatty acids. 
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Kurzfassung 

In den vergangenen Jahren wurden Stammzellen als vielversprechende Quelle für die 

Behandlung eines breiten Spektrums menschlicher Erkrankungen angesehen. Das Schicksal 

von adulten Stammzellen wird hauptsächlich durch die Mikroumgebung der Stammzelle 

gesteuert, die auch Stammzellennische genannt wird. Die Stammzellnische besteht aus der 

extrazellulären Matrix (EZM), anderen kleinen Molekülen und weiteren Zellen. Die 

extrazelluläre Matrix ist das Gerüst für die Zelladhäsion. Daher haben biochemische und 

biophysikalische Aspekte des EZM einen großen Einfluss auf das Schicksal der Stammzellen. 

   In dieser Arbeit wurden fünf Arten von hydrophob modifizierten (HM)-Copolymeren 

untersucht, die in der Lage sind, physikalische Hydrogelnetzwerke mit einstellbarer Festigkeit 

zu bilden, um die natürliche, extrazelluläre Matrix von adulten Stammzellen nachzuahmen. Die 

erste Gruppe bestand aus N,N'-Dimethylacrylamid (DMAM) und Laurylmethacrylat (LMA) 

(1,25 bis 10 Mol-%) oder Stearylmethacrylat (SMA) (1,25 bis 2,5 Mol-%). Diese Copolymere 

dienten als wasserlösliche, neutrale Referenzcopolymere. Die zweite Copolymergruppe enthielt 

ein zusätzliches kationisches Monomer, die dritte Gruppe ein zusätzliches zwitterionisches 

Monomer, die vierte Gruppe ein RGD-Peptid-funktionalisiertes Monomer und die letzte 

Gruppe einfach und mehrfach ungesättigte Fettsäuren. Diese Copolymere wurden durch 

radikalische Polymerisation synthetisiert und die Eigenschaften in Lösung bzw. im Gel durch 

Rheologiemessungen untersucht und miteinander verglichen.  

 

 

 

 

 

 

Abb. 1. Schematische Abbildung für hydrophob-modifizierte Copolymere mit a) funkitonellen Gruppen 

und b) Fettsäuren. 
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Chapter 1. Introduction  

 

The reciprocal interactions between cells and their microenvironment play a fundamental role 

in multiple cellular processes which are essential for regeneration, homeostasis and tissue 

development. Growth factors, cytokines and the extracellular matrix (ECM) are the 

microenvironment key players. ECM is composed of polysaccharides, proteins and soluble 

factors which surround cells and regulate stem cell fate within the niche. Recently, polymeric 

biomaterials have attracted much attention to understand the contribution of extracellular matrix 

properties on the cell behavior. Among the various forms of polymeric biomaterials, hydrogels 

have been extensively utilized as artificial extracellular microenvironment because of their 

biophysical similarity to the natural ECM. By developing artificial ECMs, much progress has 

been achieved in regenerative medicine and tissue engineering [1,2]. 

Hydrogels are three-dimensional (3D) crosslinked hydrophilic polymer networks with 

the potential to absorb large amounts of water. The crosslinks can be made by physical or 

chemical interactions. Physical hydrogels are formed by non-covalent associations through 

molecular entanglement and crystallization and/or secondary forces such as H-bonding, ionic 

or hydrophobic interactions. Chemically crosslinked hydrogels can be prepared either by 

copolymerization of mono-functional and multi-functional monomers or by the reaction of 

precursor polymers with complementary functional groups e.g. via click chemistry, Michael-

type addition, photo-crosslinking, Schiff-base crosslinking, enzyme-mediated chemistry or 

disulfide crosslinking [3,4]. Hydrogels have been applied to support both two-dimensional (2D) 

and three-dimensional (3D) cell culture model [5].  

Tissues in the human body have different mechanical properties, with a stiffness ranging 

from soft tissues like that of the brain to hard tissues like collagenous bones. Therefore, the 

study of the mechanical properties of the matrix is essential to understand tissue and cell 

functions. The hydrogel stiffness can be controlled by the crosslink density  [1,6]. Additionally, 

the matrix stiffness has been shown to have a direct influence on different cell functions like 

adhesion, proliferation and differentiation [6,7].  

Hydrophobically modified (HM) polymers composed of a hydrophilic polymer 

backbone with a small amount of hydrophobic associative (stickers) moieties have attracted 

considerable attention over the past few decades. These polymers can self-organize in aqueous 

solution and form a transient network above a critical concentration. Thus they show unique 

rheological behavior that make them very valuable rheology modifiers in coating and 

cosmetics, drug carriers, pharmaceutical formulations, injectable hydrogels and other water-
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based applications [8,9]. The thickening ability of HM polymers can be controlled by the 

chemical structure of the hydrophilic groups, varying the molecular weight, the content and the 

nature of the hydrophobic moieties, or/and the distribution of hydrophobic groups along the 

backbone [10].  

The incorporation of charged groups to hydrophobically modified polymers have some 

advantages. The presence of both non-polar hydrophobic and charged groups in the chain make 

hydrophobically modified polyelectrolytes good candidates to study the role of the hydrophobic 

and electrostatic interactions in the polymer solutions and have shown to be promising materials 

in medical, pharmaceutical and biological research [11,12].  For example, cationic copolymers 

are used as agents to increase the delivery of RNA or DNA into cells [13] or polyzwitterions 

are recognized as effective anti-fouling materials and implanted zwitterionic hydrogels resist a 

foreign-body reaction. Decreasing the foreign-body reaction to implanted compounds increases 

their in vivo application in tissue engineering [14]. In this study hydrophobically modified 

copolymers with various functional groups were prepared by free radical polymerization using 

N,N’-dimethylacrylamide (DMAM) as hydrophilic monomer and their rheological properties 

in aqueous medium were studied. 
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Chapter 2.    Literature Review  

2.1. Introduction to stem cells 

The increasing number of patients suffering from organ function failure because of disease, 

aging or injury leads to enhancement of financial burdens worldwide and also have remarkable 

impact on the quality of life of patients. For example, spinal cord injury (SCI) is a disability 

that results in a loss of function like feeling or mobility and it costs $9.7 billion each year only 

in the United States [15,16]. Therefore, the demand for methods to fabricate synthetic tissues 

outside the body has steadily increased [17]. Tissue engineering is a new potential approach in 

the biomedical field, which combines materials and life sciences for the purpose of repairing, 

replacing or regenerating diseased or damaged tissue [18]. To achieve the particular purpose in 

tissue engineering, stem cells and polymeric materials have been shown to be the best choices 

because of their unique properties [17]. Stem cells are cells with the ability to self-renew (make 

copies of themselves) and differentiate into specialized cell types in the body during early life 

and growth [19,20]. Stem cells can commit to particular cell lineage under proper stimuli, 

resulting in great regenerative potential of the final tissue. According to the stem cells 

differentiation potential in the area of tissue engineering, they are classified in two categories, 

(i) pluripotent stem cells and (ii) multipotent stem cells [15]. Embryonic stem cells (ESC) and 

induced pluripotent stem cells (iPSC) belong to the pluripotent stem cells category [21]. ESC 

are obtained from the inner cell mass of embryos and the isolation is carried out during 

embryological development. Therefore their application in tissue engineering is more limited 

due to ethical reasons. More recently, much attention has been paid to iPSCs because they can 

be obtained from reprogrammed somatic cells [22]. In general, pluripotent cells can self-renew 

indefinitely in comparison to multipotent stem cells such as adult stem cells. Adult stem cells 

are detected in various adult tissue such as peripheral blood, nervous tissue, muscles, bone 

marrow, dermis, adipose tissue and others. They show limited capacity to differentiate anymore 

in specialized cells and the concentration in the tissue is rather small with exception of the bone 

marrow. For any therapeutic application they need to be expanded in vitro before they can be 

applied  [23,24].  

Polymers have attracted increased attention in the wide field of biomaterials because 

they can be biodegradable and biocompatible with wide range of mechanical properties. 

Therefore, they are perfectly suited to fabricate well-defined three-dimensional scaffolds to 

control cell adhesion and proliferation [15,17].  
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In vivo stem cell fate is regulated by signals from the surrounding microenvironment, the stem 

cell niche. The extracellular matrix (ECM) is the scaffold material that provides mechanical 

stiffness and biological cues and is the main component where the cells residue. The ECM is a 

3D network composed of proteoglycans, glycosaminoglycans and fibrillar proteins. The control 

of stem cell behavior in a reproducible way outside the body is a major challenge in the tissue 

engineering field. Therefore, the design of a novel synthetic microenvironment to regulate stem 

cells fate is important and researchers have devoted much effort to mimic the natural stem cell 

ECM. One of the most interesting class of materials to achieve this goal are hydrogels [25,26].  

 

2.2 Hydrogels  

A hydrogel is a network of polymer chains, which can retain large quantities of biological fluids 

or water. In most cases, the network is made from water-soluble macromolecular chains 

(gelators) that are crosslinked. These crosslinks can be permanent covalent bonds (= chemical 

hydrogels) or temporary junctions (= physical hydrogels). Hydrogels have unique properties 

that make them attractive in the biomedical fields. First of all, they are biocompatible due to 

their high water content. Moreover, due to their physiochemical similarity to the native 

extracellular matrix they can imitate the biophysical nature of soft tissue in the body. 

Mechanical stress and damage to surrounding tissue is limited by the soft and pliable nature of 

hydrogels. Finally, they exhibit  good permeability for nutrients and metabolites which makes 

hydrogels excellent candidates to support the survival and growth of encapsulated cells [3,9, 

,27,28,29,34].  

 

2.2.1 Hydrogels classification  

Hydrogels can be classified according to their synthesis route, type of ionic charges and 

crosslinking, physical structure, sources and physical appearance [30]. 

 Route of their synthesis  

- Homopolymeric hydrogels, crosslinked network with only one type of hydrophilic monomer, 

such as polyvinyl alcohol (PVA) [31] and polyacrylic acid (PAA).  

- Copolymeric hydrogels, prepared by copolymerization of two or more monomers with at least 

one hydrophilic unity. They can be formed in a random or blocky structure, such as three block 

ABA poly(L-lactic acid)-block-poly(ethylene oxide)-block-poly(L-lactic acid) triblock 

copolymers [32].  
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- Semi interpenetrating network (Semi-IPN), where a linear polymer can penetrate a polymer 

network without any chemical bonding like starch-g-poly(acrylic acid-co-acrylamide)/PVA 

semi-IPN hydrogels [33]. 

- Interpenetrating networks (IPN), that can be formed by a combination of two or more 

polymers with at least one system being prepared in the presence of another network like 

poly(N-isopropylacrylamide) (PNIPA) and chitosan [34]. 

 Type of ionic charges 

- Nonionic hydrogels (neutral) [35] 

- Ionic hydrogels (containing anionic or cationic charges)  

- Amphoteric electrolyte (ampholytic) composed of both acidic and basic groups  

- Zwitterionic hydrogels (polybetaines) contain positive and negative charges in the same 

repeating unit  

 Hydrogels source  

- Natural 

- Synthetic  

 Physical structure  

- Amorphous, with randomly arranged chains 

- Semicrystalline, dense regions of ordered network 

- Crystalline, exist as hydrogen-bonded hydrogel or hydrocolloidal aggregates  

 Type of crosslinking  

- Chemically crosslinked hydrogels, covalently bonded hydrogels with permanent junction. 

- Physically crosslinked hydrogels, with transient networks which are held together by physical 

interaction like hydrogen bonds, ionic and hydrophobic interactions. 

 Physical appearance  

With respect to the polymerization technique, hydrogels can be applied as matrix, film or 

microsphere.  

 

2.2.2 Hydrogel applications 

After the establishment of the first synthetic hydrogels by Whichterle and Lim in 1954, it is 

more than half a century that they have been widely applied for diverse biological and industrial 

applications [36]. Some of the applications are shown in Figure 2.1. As it is obvious for 

hydrogel applications, they are mainly used in biomedical research, due to a number of reasons: 

(i) A proper semi-wet, three dimensional environment can be prepared by hydrogels for well-

defined biological interactions. (ii) Some hydrogels show antifouling properties, which 
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prevents non-specific protein adsorption due to their inert surfaces. (iii) With well-established 

chemistries, biologically-active molecules can be covalently attached to hydrogel networks. 

(IV) Hydrogels can be designed with tunable physical and mechanical properties. (V) 

Hydrogels can be prepared to undergo property changes such as swelling/collapse or solution- 

to-gel transition, which may occur in response to different physical stimuli like temperature, 

electric/magnetic field, light, pressure and sound or chemical stimuli like pH, solvent, small 

(bio) molecules and ionic strength [37].      

 

    

 

                                                                                                                                            

 

 

 

 

 

 

 

 

 

Figure 2.1. Applications of hydrogels. 

 

With respect to the hydrogel composition, it is possible to define natural and synthetic 

hydrogels. Collagen, chitosan, alginate, hyaluronic acid (HA) are natural hydrogels. The 

advantages of the natural hydrogels are the biodegradability and intrinsic cell interactions. High 

water content, mechanical properties and inherent chain flexibility make them ideal candidates 

to mimic the natural ECM. Additionally, in the cellular microenvironment, natural polymers 

have the potential to degrade by occurring cell-secreted enzymes which helps to mimic the 

dynamic nature of ECM [38]. Although hydrogels derived from natural biomacromolecules 

display excellent biocompatibility, they show very often only low mechanical strength and may 
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change in their composition due to batch-to-batch variation [39]. To overcome these problems 

well-defined synthetic polymers have been developed over the past decades for different 

medical applications. However, synthetic materials need further functional groups to show 

biocompatibility and only selected polymers are biodegradable. To address these drawbacks, 

many studies have been conducted especially in tissue engineering to create biomimetic 

hydrogels that mimic the biological properties and physiochemical of natural materials [40]. 

Biomaterials play an essential role in the success of tissue engineering, they may be synthesized 

to control cell behavior with incorporating bioactive ligands. Among the functional bioactive 

moieties, the Arg-Gly-Asp (RGD) peptide sequence derived from fibronectin (a protein of the 

ECM) is the most well-known example. Cells attach to hydrogels functionalized with RGD by 

special interactions between the RGD-peptide and integrin receptors located on the cell 

membrane (Figure 2.2 i) [41,42]. 

One emerging concept is the incorporation of biology-to-material interactions into 

synthetic hydrogels, whereby cells or biomolecules trigger a macroscopic response, like 

swelling/collapse or sol-gel transition. However, the presence of receptors for biomolecules in 

these bioresponsive networks can lead to localized or bulk changes when they are exposed to 

stimulation [42,43]. Specially, these materials can be used to discover disease signs and reply 

to them to repair the diseased region. Ulijn et al. [42] have published a review on bioresponsive 

hydrogels that respond to three types of stimuli. (Figure 2.2 ii) A) Hydrogels can be modified 

to bear small biomolecules which are able to selectively attach to biomacromolecules, 

containing antibodies or protein receptors. This attachment leads to a macroscopic transition in 

hydrogels. B) In this fashion, hydrogels are improved with enzyme sensitive substrates, for 

example short peptides. Chemical change occurs with a molecular recognition event which 

includes making or breaking of substrate-molecules bonds. C) In the last category, 

biomacromolecules are incorporated into the hydrogel network. Biomacromolecules such as 

enzymes have the potential to identify small biomolecules and turn them into a system with 

variety of physical properties such as different acidity and so on. The resulting response can 

generate swelling or collapse of the hydrogels, and the signals can be used for biosensing goals.  
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Figure 2.2. (i) Bioactive hydrogel, (ii) bioresponsive hydrogel in three different types with varying the 

properties in response to A) small molecules through receptor or ligand interactions, B) enzymes by 

cleavable linkers, C) small molecules that are changed by immobilized enzymes. The macroscopic 

transition like swelling or collapse of the hydrogels are illustrated. (adapted from [42]) 

 

2.3 Hydrophobically modified polymers 

Over the last decades, considerable attention has been paid to the development of polymers for 

use as associative thickeners. Associative thickeners are copolymers composed of a hydrophilic 

monomer and a hydrophobic comonomer with a long alkyl side chain. Areas of application 

include coating fluids, cosmetics, water-borne paints and personal care goods, drug delivery 

systems and water treatment. However, they also have attracted significant interest because of 

their relevance to biological macromolecular systems [44-52]. With attention to the synthesis 

method or hydrophobic comonomer distribution, associative polymers are divided in two 

groups: (i) the simplest classes are telechelic polymers which have comonomers only at their 

,-ends, (ii) multisticker polymers, with stickers anchored onto the polymer backbone in a 

blocky or random way depending on the method of synthesis. These hydrophobically modified 

polymers (HM) show unusual behavior in aqueous solution due to hydrophobic interactions 

that minimize water-hydrophobe contact [45] (Figure 2.3). 

                                                                                                

(i) Bioactive 

(ii) Bioresponsive 

A 

B 
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Figure 2.3. Schematic drawing of associating copolymers, a) telechelic and b) multisticker polymers 

with the hydrophobic units (in green) and the solvophilic blocks (in black). (adapted from [46]). 

 

The presence of hydrophobic moieties leads to intramolecular and intermolecular association 

of these polymers in aqueous medium. In aqueous solution, above a certain concentration 

hydrophobic moieties form intermolecular association and create a transitory three-dimensional 

network which is accompanied by the change of important parameter such as the increase of 

viscosity, elasticity and gelation behavior. Therefore, most applications of HM mentioned 

before arise from their unique solution properties [47]. To define the viscoelastic behavior of 

associative polymers solution, three different concentration regimes can be distinguished 

(Figure 2.4). 

(i) Dilute regime (c<c*): In this regime hydrophobic chains have little chance to interact with 

each other because small aggregates with small hydrodynamic volume are formed in solution. 

In this low polymer concentration regime intramolecular association are dominant over 

intermolecular one, consequently, chain contraction occurs due to intramolecular association. 

Hence, solution viscosity would be expected to be similar or even lower compared to 

unmodified polymer analogs [48,49]. 

(ii) Semi-dilute unentangled regime (c*<c<c**): In this regime the reptation model can be 

used to analyze the dynamic properties of pairwise associating polymers. Rubinstein and 

Semenov [50] predicted a dependence of the viscosity as a function of polymer concentration 

when the possibility of intermolecular interactions enhance at the expenses of the 

intramolecular one. Three different scaling regimes can be expected when studying the 

viscosity of the polymer solution as a function of polymer concentration. According to the 

a) 

b) 

   Increasing concentration  
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Rubinstein and Semenov model in the semi-dilute unentangled regime: (1) The exchange from 

intra- to intermolecular association, shows a concentration dependence (η~c4.2), (2) increasing 

the viscosity by a factor of c5.9, owing to a high conversion of intra- to intermolecular 

association, whereas a lifetime normalization of the associations is required due to the 

probability enhancement that two hydrophobic side chains associate and disassociate many 

times before finding new partners, (3) according to the situation that most of the pairwise 

aggregations are interchain, with a power law: η~c1.1. 

(iii) Semi-dilute entangled regime (c>c**): The reptation model in this regime still holds, but 

the scaling behavior is different. With attention to renormalized bond lifetime in a good solvent, 

the power law viscosity dependence on concentration possesses two exponents. If the network 

strands between stickers are entangled, the power law exponent is predicted to be 4.72, but 

when the stickers are overlapping the power law exponent theoretically decreases to 3.75. 

 

 

 

 

 

 

     

 

Figure 2.4. Schematic illustration of hydrophobically modified polymer solution viscosity as a function 

of concentration in three different regimes (black line), unmodified polymer (red line).  

 

In addition to the viscosity, viscoelastic behavior is another important parameter which can be 

influenced by the hydrophobically modified polymers. G// (loss modulus) and G/ (storage 

modulus) indicate the viscosity and elasticity of polymer solutions under dynamic oscillatory 

measurements. In oscillatory frequency sweep measurements, the moduli are determined as a 

function of frequency at constant strain. Many researchers have studied [49-51] the frequency 

dependence of the elastic and viscous modulus and obtained similar behavior for associative 

polymers in semi-dilute unentangled and entangled regimes (Figure 2.5A). Both moduli 
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enhance with increasing the frequency, at lower frequencies G// is higher than G/ and after a 

certain frequency (ωcross) the elastic modulus (G/) becomes larger than the loss modulus (G//).  

After the crossing point these copolymer solutions display an elastic character and behave like 

a weak viscoelastic gel. Volpert and coworkers [52] compared viscoelastic properties of 

hydrophobically modified (HM) copolymers with unmodified polymers. They found that HM 

polymers have higher elastic and viscous modulus in the same frequency range whereas 

unmodified polymers show a higher G// over the entire frequency area (Figure 2.5B). The 

dynamic storage and loss modulus show a totally different behavior when copolymers form a 

chemically cross-linked hydrogel (Figure 2.5C) because the elastic modulus (G/) is larger than 

the viscous modulus (G//) in the entire frequency range. This behavior is consistent with the 

elastic nature of the hydrogels. Hao and coworker [53] prepared hydrogels from N,N’-

dimethylacrylamide (DMAM) and 2-(N-ethylperfluorooctane sulfonamido) ethyl acrylate 

(FOSA) with different amount of FOSA. They observed in all hydrogels that G/ is larger than 

G// at room temperature over the whole frequency range.  

 

 

 

                     

 

 

 

Figure 2.5. Schematic diagrams of storage (G/) (blue line) and loss (G//) (black line) modulus as a 

function of frequency for A) hydrophobically modified polymers, B) unmodified polymers, C) 

hydrogels, at the same frequency range. 

 

Strauss and Jackson synthesized the first HM copolymers as model to mimic conformational 

behavior of proteins [54]. Strauss and coworkers also developed polysoaps which are the 

original HM water-soluble polymers by utilizing hydrophobic moieties such as n-dodecyl 

bromide and decyl vinyl ether [55-57]. McCormick et al. [58], Winnik et al.[59] and Morishima 

et al. [60] have done much research on such polymers to investigate the rheological properties. 

Although many monomers have been used to design associating polymers, acrylamide is the 

most commonly used hydrophilic monomer [61]. Up to now, most of HM polyacrylamides and 
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other associative polymers have been prepared by a free radical micellar polymerization 

technique. In this method, a surfactant like sodium dodecyl sulfate (SDS) is used in aqueous 

solution to solubilize the hydrophobic monomer. The hydrophobic monomer in this procedure 

is distributed along the backbone in a blocky fashion. Therefore, the rheological properties of 

the polymer solution can be controlled by varying the amount of hydrophobic monomer to 

surfactant. The results illustrate that longer hydrophobic blocks lead to higher viscosity of the 

solution [62]. Regalado and coworkers [63] synthesized hydrophobically modified 

polyacrylamides with N,N-dihexylacrylamide (DiHexAM) as a hydrophobic monomer which 

can be dissolved in aqueous medium by sodium dodecyl sulfate (SDS). They calculated the 

number of hydrophobes per micelle (NH) by the following equation:  

 

                                                                                                                                                                                       

 

[H] is the hydrophobic content which is equal to the monomer feed in the reaction, Nagg is the 

aggregation number, [SDS] is molar surfactant concentration and cmc its critical micelle 

concentration. The prepared multiblock copolymers have variable viscoelastic properties with 

three characteristic parameters: First, molecular weight (Mw~4.2 ˣ 104 – 2.7 ˣ 106 g/mol), 

secondly, hydrophobe content ([H] = 0.5-2 mol%) and thirdly, hydrophobic block lengths (NH= 

1-7 units for each block). The effect of one parameter was examined while two other parameters 

were kept constant. The zero-shear viscosity was studied as a function of concentration. For all 

systems the same behavior was observed: Above a certain concentration (C*) the viscosity 

increased sharply, but C* is independent of NH and H whereas Mw has a strong effect on C*. 

The concentration (C*) decreases with increasing Mw. Hill et al. [64] synthesized acrylamide-

based copolymers with N-4-ethylphenylacrylamide (eɸAM) as a hydrophobic monomer. The 

hydrophobicity of eɸAM is not too high so they could study different preparation methods, with 

or without surfactant. The methods are divided into three techniques: (1) Micellar 

polymerization with surfactant, allows to dissolve the hydrophobic monomer, (2) a 

‘‘homogeneous’’ technique with a miscible co-solvent, (3) a ‘‘heterogeneous’’ method where 

the hydrophobic monomer is being dispersed in the aqueous medium due to the absence of 

additives.  Their study demonstrated that different methods have a significant influence on the 

final copolymer solution properties. The copolymers obtained by the second and third approach 

without surfactant do not form hydrophobic associations, hence, these copolymers act like 

polyacrylamide homopolymer. The micellar process with a rather blocky structure (Figure 2.6) 

NH= 
([H] Nagg) 

[SDS]- cmcSDS 

eq. [2.1] 
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promotes the intermolecular hydrophobic aggregation and leads to the thickening properties of 

the aqueous polymer solution. Consequently, the rheological properties can be controlled by 

the degree of association that resulted from the hydrophobic moieties per micelle, which were 

calculated from the surfactant-monomer composition.  

 

                                                                                                                                

 

 

 

 

 

Figure 2.6. Scheme of the micellar copolymerization reaction medium. (adapted from [65]). 

 

The micellar polymerization is the most applied method for fabricating HM polymers, due to 

the excellent thickening ability of the blocky structure of the hydrophobic monomer. However, 

the main disadvantages of this method are the rather low initial concentrations of the reaction 

medium due to the gel effect as conversion increases. Moreover, due to the low water solubility 

of the final HM polymer, it is difficult to employ them for practical applications [66]. These 

disadvantages can be solved with the use of inverse emulsion and inverse microemulsion 

polymerization, however, these techniques require a large amount of surfactant which limits 

their applications [67]. Gong and coworker [66] used inverse miniemulsion polymerization 

(IMEP) to synthesize water-soluble HM copolymers. This method can be carried out with a 

rather low surfactant content. They investigated the inverse miniemulsion of acrylamide with 

the cationic monomer dimethyloctane (2-acrylamidopropyl) ammoniumbromide (DOAB) 

which is also used as a hydrophobic moiety and polyacrylic acid (PAA) as a template. The 

robust interaction between opposite charged DOAB and PAA leads to the formation of tight 

complexes. In addition to inverse miniemulsion (IME)/oil interface droplets, the complexes 

were present in the IME interior droplets. The viscosity study of the obtained polymer 

demonstrated excellent thickening ability. 
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Although different techniques containing surfactant have been reported to prepare HM 

acrylamide copolymers, Cram et al. [68] employed an easier process to design associative 

polymers without the use of surfactant with interesting rheological behavior. They used N,N/-

dimethylacrylamide (DMAM) instead of acrylamide because of the higher solubility in organic 

solvents, hence, the hydrophobic moieties can be incorporated into DMAM in a homogenous 

reaction medium. Dodecyl acrylate (DA) and octadecyl acrylate (ODA) were used as 

hydrophobic moieties with 12 and 18 carbons in the side chain, respectively, to examine the 

effect of chain length on the copolymers properties Figure 2.7.  

 

Figure 2.7. DMAM associative copolymer containing dodecyl acrylate (DA) or octadecyl acrylate 

(ODA). 

 

The copolymers were prepared via free radical polymerization with AIBN as an initiator in 

homogenous solution of toluene. The copolymers in this case have a random structure which 

exhibit lower thickening ability in comparison to the HM polymers with microblock structure. 

Apart from the simplicity of the method, the copolymerization can be carried out without 

surfactant, therefore, the final product shows high purity. Furthermore, the viscoelastic 

properties can be easily changed with varying the hydrophobic content and the chain length. 

Due to these advantages this copolymer was chosen as reference system in this study.  

 

2.4 Polyelectrolyte 

Polyelectrolytes are water-soluble polymers that are categorized into three main types 

according to their charges: cationic, anionic and amphoteric which are carrying positive, 

negative and equal numbers of positive and a negative charges, respectively. These charges can 

be located on the side chain or distributed along the backbone [69].  

The great advantage of polyelectrolyte based gels is the special response to environmental 

stimuli like electrically-induced chemomechanical contraction resembling a biological 

response. Moreover, biological tissues include polyelectrolytes that show properties originating 
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from their polyelectrolyte nature. Consequently, polyelectrolyte based hydrogels have  

significant potential as scaffold for cellular adhesion, differentiation and proliferation and can 

be utilized as artificial tissues for replacement of injured ones [70]. In the following section the 

polyelectrolytes are described which have been used in this research.  

 

2.4.1 Cationic polymers 

Macromolecules with positive charges are classified as cationic polymers. They have been 

widely studied for different therapeutic applications [71]. Polymeric chain flexibility, 

hydrophobic interactions, pKa-value, electrostatic forces, H-bond formation, amine group and 

its neighboring functionality in addition to the nucleophilic character are the factors which 

determine the properties of cationic polymers  [71]. According to their origin they are classified 

into two categories: natural and synthetic (Figure 2.8). 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8. Classification of cationic polymers. 

 

 

2.4.1.1 Natural cationic polymers 

Natural cationic polymers are obtained from renewable resources, they are biodegradable and 

biocompatible with mostly low immunogenicity and low toxicity. Additionally, they have 

reactive sites which can be functionalized to improve their physiochemical properties [71,72].  
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Gelatin  

Gelatin is a natural polymer extracted from porcine or bovine bone, its excellent 

biodegradability makes it a good candidate for pharmaceutical and medical applications [73]. 

Tseng and coworkers [74] found that cationic gelatin nanoparticles (GPs) can be a promising 

new medical material for ocular disease due to the ability to encapsulate dye/drug/gene. 

Research shows that GPs with less than 200 nm lead to high cellular uptake in tumor cells, 

which can result in greater drug accumulation in tumor tissue and induce a stronger therapeutic 

effect [75]. Chou and coworkers [76] created cationic polyethyleneimine (PEI)-modified GPs 

with approximately 135 nm particle size. Their study proved that the particles were stable under 

different pH and temperature conditions with high protein loading efficiency. Additionally, the 

promising cell results make PEI-modified GPs systems a good candidate for use in regenerative 

medicine and cancer therapy.  

  

Chitosan 

Randomly distributed N-acetyl-D-glucosamine and D-glucosamine are the main components of 

the natural cationic polymer chitosan. Chitosan has attracted increasing interest due to its very 

good biodegradability, low allergenicity, biocompatibility and non-toxicity [77]. Furthermore, 

antimicrobial [78], antioxidant [79] and antitumor [80] activities have been associated with 

chitosan in different applications. Chitosan has been also studied in stem cell research especially 

in the field of nerve repair [81,82]. Yang and coworkers [83] studied the effect of three types 

of biomaterials on rat neural stem cells, (i) a collagen gel membrane, (ii) a chitosan membrane 

and (iii) a chitosan-collagen membrane. All three materials revealed low cytotoxicity with the 

potential to promote adhesion, migration, differentiation and proliferation of neural stem cells. 

But the results showed also that the neurospheres are able to attach more onto the chitosan-

collagen membrane which led to a higher degree of differentiation. 

 

Cationic Cyclodextrin  

Cyclodextrins (CDs) are obtained by enzymatic degradation of starch, they are essentially sugar 

derivatives that include 6-8 α-1,4-connected glucose unit. These cyclic molecules are divided 

into α, β and γ groups according to their glucose unit amount. Every cyclodextrin unit with 

hydrophobic cavity can behave as a host for small hydrophobic molecules. The great 

biocompatibility, low immunogenicity and low toxicity of cyclodextrin in addition to its 

excellent functionalization capacity due to a high amount of hydroxyl groups make CDs an 
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excellent candidate for medical applications [84,85]. Many CD-polymer conjugates were 

designed by chemical modification of CDs. Polycationic amphiphilic CDs have been reported 

[86] as efficient gene delivery system. They can be modulated to alter the cationic charge 

density and introduction or removing of hydrogen bonding functionalities can change the 

polymer chain flexibility.  

 

Functionalized cationic dextran derivatives 

Dextran is the homopolysaccharide of glucose units which becomes cationic after appropriate 

functionalization and is utilized in gene delivery and tissue engineering. Dextran emerges to 

apply for polymeric carrier because it is biodegradable, broadly available and can be easily 

modified. Cohen and coworkers [87] reported a new delivery vehicle made of spermine 

modified acetalated-dextran (Spermine-Ac-DEX) that is able to deliver siRNA to cancer cells. 

Mai et al. [88] developed a novel dextran-based system with efficient gene delivery abilities. 

The system was designed by poly(amidoamine) dendrons conjugation onto dextran to deliver 

plasmid DNA successfully to human embryonic kidney cells (HEK293). 

 

Functionalized cationic cellulose 

Cationic cellulose is the most abundant biopolymer which possesses a polysaccharide structure. 

Renewable cationic cellulose-based materials with outstanding characteristics including 

biodegradability, hydrophilicity and antibacterial properties have been used in therapeutic 

fields. The cellulose hydroxyl units can be further functionalized that resulted in an expanded 

set of applications [89]. The functionalization is usually done by cellulose esterification 

utilizing glycidyl ammonium salts or epoxidation reactions [90]. Properties such as antibacterial 

activity or hydrophobicity can be achieved with these modifications.  Littunen et al. [91] and 

Chaker and coworkers [92] prepared cationic nanofibrillated cellulose with quaternary 

ammonium groups which presented antibacterial activity. In another study [93], quaternized 

cellulose (QC) nanocomposite hydrogels containing cationic cellulose nanocrystals (CCNCs) 

and β-glycerophosphate (β-GP) as a crosslinking agent was synthesized. This injectable 

hydrogel (QC/CCNC/β-GP) system showed mild inflammatory reactions with no obvious 

cytotoxicity.  

 

2.4.1.2 Synthetic cationic polymers 

Synthetic cationic polymers as well as natural groups have been studied for therapeutic 

applications. The important drawback of natural polymers is batch-to-batch variation which can 
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be solved by synthetic polymers. The disadvantage of the synthetic polymers is that a high 

cationic charge density leads to increased cytotoxicity. However, this can be overcome by the 

incorporation of bioactive functionalities and biodegradable linkers [71,72]. In Figure 2.9 the 

most commonly used synthetic cationic polymers structures are shown but in the upcoming 

paragraphs only PDMAEMA is investigated.  

Quaternary ammonium groups of cationic polyelectrolyte are divided into two 

categories, according to the synthetic routes: (i) appropriate monomers are polymerized through 

step or chain polymerization (Figure 2.9 i) or (ii) reactive precursor polymers are functionalized 

[94] (Figure 2.9 ii). 

The obtained polymers of method (i) have 100% functionality but it is difficult to 

characterize the polycations because of their conformational sensitivity in aqueous solution 

towards ionic strength and because of interactions with other materials like chromatography 

column material that disturb efficient separation [95]. The advantage of using method (ii) is that 

the precursor monomers can be easily polymerized and the resulting polymers can be 

characterized by conventional methods. The quaternization reaction is then carried out in a 

polymer-analogous fashion with high conversions. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9. (i) Typical polymerization methods to form polycations, (ii) reactive precursor polymers 

and their quaternization. (adapted from [94]). 

 

Chain polymerization of cationic vinyl monomers results in most cases in polyelectrolytes with 

the cationic charge located in the side chain (Figure 2.9 i-a). Step polymerization usually creates 
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cationic polymers with the positive charge in the polymer backbone (Figure 2.9 i- b-e). Cationic 

polymers through ring-opening polymerization have only be obtained in very few cases (Figure 

2.9 i-b).  

When the cationic charge is a quaternary ammonium group it can be synthesized by 

utilizing a quaternization reaction (Figure 2.9 ii). This can be accomplished via (i) addition of 

tertiary amine to a polymer containing alkyl halogens, (ii) the quaternization of the polymer 

including tertiary amine groups using aryl or alkyl halides, (iii) quaternization based on the 

Mannich reaction which is followed by modification of polymeric amides with a secondary 

amine and aldehyde and (iv) polymers including OH-groups can be quaternized with agents 

such as 2,3-epoxypropyltrimethylammonium chloride.  

 

Poly[2-(N,N-dimethylamino)ethyl methacrylate] (PDMAEMA) 

Aqueous solutions of PDMAEMA have been widely studied because of their sensitivity to 

variation in pH or temperature. PDMAEMA has tertiary amine groups which may be protonated 

at physiological pH. Therefore, the charge density of this weak polyelectrolyte can be changed 

by varying the pH. The amine groups of the polymer has a pka value of around 7.0. Hence, at 

pH < 7 the tertiary amine groups are protonated and PDMAEMA behaves like a polycation. 

The quaternized nitrogens can interact with enzymes or pure polyanion such as DNA by 

electrostatic attraction [96,97].  

  pH-responsive polymers are useful to exploit the various pH gradients that exist in the 

body, for example between cell compartments and extracellular tissue or between normal tissue 

and tumor tissue [98,99].  Car and coworkers [98] synthesized a series of block copolymers of 

the type PDMS-block-PDMAEMA through atom transfer radical polymerization (ATRP). Self-

assembly of these block copolymers created micelles between 80-300 nm in size, which are 

able to encapsulate doxorubicin (DOX). Their cell experiment results showed that the 

PDMAEMA block lengths have a direct effect on cell viability. Micelles based on block 

copolymers with 5 units PDMAEMA resulted in excellent cell viability whereas block 

copolymers with 13 and 22 units of PDMAEMA showed increasing cytotoxicity. Interestingly, 

the release of DOX is controlled by the pH-value of the surrounding solution. At pH 7.4, the 

DOX loaded micelles kept 80 wt% of the drug for 72 h, while at pH 5.5 more than 80 wt% of 

the encapsulated DOX was released within 48 h.  
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2.4.2 Zwitterionic polymers  

By definition, polyzwitterions or polybetains possess equal numbers of anionic and cationic 

groups along the same polymer chains [100]. The combination of oppositely charged moieties 

is responsible for the ultra-hydrophilicity of the polymer, while at the same time retaining an 

overall neutral state. Figure 2.10 shows the several possibilities to introduce ion pairs within a 

polymer to prepare zwitterionic polymers.  

 

 

 

 

 

 

 

Figure 2.10. Possible distribution of ionic moieties within zwitterionic polymers. (adapted from [100]). 

 

Type c has been recognized as the most widespread type of zwitterionic polymers. From their 

synthesis, it was proven that polyzwitterions containing ionic moieties in the polymer side chain 

(type a-e) are easier to prepare than the polyzwitterions with ionic groups in the polymer main 

chain (type f-i). Additionally, for polymer-analogues reaction, the required chemical 

functionalization is more easily and versatile accomplished for organic cationic moieties, 

especially for ammonium groups than for anionic moieties. Zwitterionic polymers of type c are 

commercially accessible and have thus attracted more interest in comparison to other 

zwitterionic polymers, except phosphobetaines which have been used for synthetic cell 

membrane [100].  

After implantation of a material, the first contact will occur with the blood independent 

of the implantation site. Consequently, the investigation of the biomaterials blood compatibility 

is very important for blood-inert devices [101,102]. The improvement of non-fouling surfaces 

is very important in biomedical fields which contain blood-contacting devices [103,104].  

However, there is very limited availability of synthetic biomaterials which have potential to be 

used as hemocompatible materials. Zwitterionic polymers are composed of an equal number of 

cationic and anionic moieties which can control non-fouling properties through a hydration 

layer generated from solvation of the ionic terminal moieties, in addition to hydrogen bonding 
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[105,106]. According to Sin and coworkers [102], non-fouling materials development can be 

divided into three groups: first generation is based on 2-hydroxyethylmethacrylate (HEMA) 

polymers, the second generation is based on PEGylated polymers and the third generation is 

polyzwitterions. In Table 2.1 their chemical structures are presented. 

 

Table 2.1. Evolution of anti-fouling materials: a) 2-hydroxyethyl methacrylate, b) poly(ethylene glycol) 

or oligo(ethylene glycol), c) poly(ethylene glycol) methacrylate, d) phosphobetaine methacrylate, e) 

sulfobetaine methacrylate, f) carboxybetaine methacrylate. (adapted from [102]). 

1st Generation 1960s ͂ 
HEMA-based systems 

-OH 
HEMAa 

 

2nd Generation 1970s ͂ 

PEGlyated systems 

 

PEG or OEGb 

 

 

PEGMAc 

 

 

3rd Generation 1990s ͂ 
Zwitterionic systems 

 

PBMAd 

 

 

SBMAe 

 

 

 

CBMAf 

 

 

 

 

 

  

 

HEMA-based polymers 

PolyHEMA is recognized to prevent protein adsorption due to their hydrophilicity originating 

from their –OH functional groups which enable it to build hydrogen bonds (H bonds) with each 

other and water molecules. Consequently, they have the potential to create a strongly bound 

hydration layer to suppress any nonspecific protein adsorption on biomaterials. However, 

polymers based on HEMA revealed insufficient antifouling performance in undiluted human 

blood plasma and serum [102,107].  

 

 

 

 



 
 

23 
 

PEGylated polymers  

Since the early 1980s, modified surfaces with poly(ethylene glycol) (PEG) or oligo(ethylene 

glycol) (OEG) have been widely investigated for their antifouling properties to decrease or to 

prevent the non-specific adsorption of soluble proteins [108-110]. Such antifouling behavior is 

based on steric repulsion resulting from hydrated neutral PEG chains [111]. The key factors 

include the molecular weight (Mw) and graft density of PEG chains that determine the ability 

of PEG functionalized surface to display antifouling behavior. Another important factor is the 

PEG chain conformation which is related to the surface graft density [112]. Mushroom or brush 

conformation are typically expected for a low or high graft density, respectively [113]. The 

polymer chains form a pancake-like conformation at very low graft density. PEG self-

assembled monolayers (SAMs) have shown to prevent nonspecific protein adsorption best 

when they are in the brush conformation. However, PEGylated surfaces have the chemical 

stability problem due to the decomposition of OEG and PEG groups in the presence of transition 

metal ions and oxygen detected in most biochemically related solutions. It was also reported 

that grafted PEG brushes show reduced protein adsorption at physiological temperature. 

Therefore, numerous studies have been done to find an alternative material with antifouling 

properties which possess higher stability in comparison to PEG/OEG systems [102].  

 

Zwitterionic polymers 

When the cationic charge of zwitterionic monomer is provided by ammonium NR4
+, and the 

negative charge are sulfonate SO3
-, phosphonate PO4

- or carboxylate CO2
- groups, the 

zwitterionic polymers can be classified as sulfobetaine, phosphobetaine and carboxybetaine, 

respectively [114].  

Poly(sulfobetaine methacrylate) (PSBMA) containing methacrylate as the main chain 

and taurine betaine analogue as a pendant group [CH2CH2N
+(CH3)2CH2CH2CH2SO3], has been 

widely investigated due to its facile synthesis. Previous work has shown that surfaces modified 

with PSBMA are good candidates for the preparation of efficient and stable antifouling 

materials when the chain length and surface density of the zwitterionic moieties are controlled 

[115]. Chang and coworkers [116] synthesized three types of diblock copolymers composed of 

PSBMA and poly(propylene oxide) (PPO) as a hydrophobic group on methyl-terminated self-

assembled monolayers (CH3-SAM) surfaces. The copolymers were prepared by atom transfer 

radical polymerization (ATRP) in order to control the chain length of PSBMA with a narrow 

polydispersity, while the PPO chain length was fixed. Their results showed the dependence of 

the protein adsorption on the Mw of the copolymers. Moreover, the diblock copolymers revealed 
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good protein resistance when the surface densities of SBMA was well controlled. In another 

report [117] the influence of synthetic poly[2-(methacryloyloxy) ethyl dimethyl-(3-

sulfopropyl) ammonium hydroxide] (PMEDSAH) on the self-renewal capacity of human 

embryonic stem cells (hESCs) was studied. The polymerization was carried out by ATRP to 

control the thickness of the polymer layer. By increasing the reaction time PMEDSAH 

thickness was enhanced retaining its overall chemical architecture while its internal hydrogel 

structure was modified. When the PMEDSAH coating had a 105 nm thickness, a remarkable 

increase in the hESCs expansion rate was observed, suggesting that the physical properties of 

the PMEDSAH layer have the ability to support hESC expansion.  

Phosphobetaine such as poly(2-methacryloyloxyethyl phosphorylcholine) (PMPC) have 

attracted much attention because of their resemblance to the hydrophilic head group of the cell 

membrane lipid [118]. MPC can be used for drug solubilization like amphotericin B and 

paclitaxel [119].  A diversity of different PMPC based nano-carriers have been reported 

containing combined systems with DNA and other polymers like PLA to design a system with 

gene delivery potential. Some other systems have the potential to be used for drug-carrier 

application because they can self-assemble into polymersomes and micelles. They are mostly 

prepared by ATRP or RAFT polymerization in order to have more controlled polymer 

architectures and molar mass and polymer dispersity [120,121].  

Carboxybetaine (CBMA) is another group of zwitterionic compounds. The difference 

between sulfobetaine and carboxybetaine is the negative charge from the carboxylic acid (- 

COOH) functional group. Therefore, CBMA has the ability to be easier functionalized with 

higher surface packing density [122]. Zhang and coworkers [123] prepared a biomimetic 

structure based on grafted polyCBMA on a gold surface utilizing initiators through the surface-

initiated ATRP technique. This system can play two roles, first the protein resistance and second 

the protein immobilization. Actually, the presence of carboxyl groups within the 

carboxybetaine methacrylate can be used to covalently attach proteins via their amino groups. 

Such dual functional properties are only detected for carboxybetaine groups and are not met in 

other non-fouling materials like ethylene glycol, sulfobetaine and phosphobetaine.  

 

2.4.3 Peptide based polymers 

Arginine-glycine-aspartic (RGD) (Figure 2.11) defines a cell adhesion motif presented on many 

plasma proteins and components of ECM. The RGD peptide has attracted much attention since 

it was first peptide derived from fibronectin that resembles the cell adhesive properties from 

the fibronectin (FN) glycoprotein. Glycoproteins like fibronectin (FN), vitronectin (VN), 
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laminin, osteopontin or the von Willebrand factor (vWF) have been detected in the ECM. They 

all contain the RGD sequence within their structure as the main source of their cell adhesive 

properties. RGD sequences are recognized to play a fundamental role in cell recognition and 

cell adhesion can be utilized in tumor therapy to target integrin receptors on cancer cells and 

tissue engineering application such as bone cement or artificial blood vessels [124].   

 

Figure 2.11. RDG sequence structure.  

 

2.4.3.1 Chemical methods for synthesis of peptide 

Solution phase synthesis (SPS) and solid phase synthesis (SPPS) are two important methods 

for peptide production. Solution SPS method is based on coupling of amino acids to longer 

peptides in solution under homogeneous conditions. The long peptides sequence can be 

synthesized by the fragment condensation technique. In the first step of this method, short 

fragments of the needed peptide are prepared before they are coupled together to form a longer 

peptide. The advantage of SPS method is that the desired peptide has high purity due to the fact 

that intermediate products can be deprotected and purified. Oxytocin (a neuropeptide and main 

sexual reproduction hormone), human insulin (containing 51 amino acid sequence which 

control the metabolism of carbohydrate in the body) and porcine gastrin releasing peptide 

(GRP) (a hormone which stimulating the release of gastric acid from the stomach) are examples 

of peptides that were fabricated by the solution SPS technique. While scaling up in SPS can be 

done in an inexpensive and easy manner the long reaction time is the main limitation of this 

method [125].  

The solid-phase peptide synthesis (SPPS) technique, which was developed by Merrifield 

in 1963 enables the fabrication of short peptides with 20-30 amino acids in length. In this 

method Merrifield applied an N-protected amino acid generating an ester bond when reacting 

it with a partially chlorinated polystyrene resin. In the next step, the protecting group is removed 

and the free amino group is available to be attached to the next N-protected amino acid by using 

coupling agents that have been developed for the SPPS. Therefore, the SPPS method is based 

on a coupling-washing-deprotection-washing repeating cycles. The immobilized peptide onto 

the solid-phase will remain attached during this process while side products and liquid-phase 
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reagents are flushed away. The procedure is completed by cleaving the peptide from resin and 

purify it eventually by HPLC (Figure 2.12) [126,127]. In general, SPPS has the advantages to 

do wash cycles after each step and eliminating excess of reagents which leads to growing 

peptide chains remaining covalently linked to the insoluble resin. In this technique the peptide 

can be synthesized in a fully automated fashion utilizing peptide synthesizer. But SPPS can 

only be used to produce polypeptides with less than 50 amino acid residues because of some 

reasons: (i) low coupling efficiency when the peptide length enhances, (ii) low purity products 

are normally achieved when large polypeptides are prepared, (iii) to assure the maximum 

coupling efficiency using an excess of coupling reagents and amino acids are necessary, (iv) 

protected peptide solubility is often challenging and complete deprotection of long peptides is 

not easy to achieve [127]. Therefore, solid-phase peptide synthesis is typically limited to the 

preparation of polypeptides with up to 50 amino acids. 

 

 

Figure 2.12. Scheme of the solid-phase peptide synthesis (SPPS) developed by Merrifield and 

coworker. (adapted from [127]). 

 

2.4.3.2 RGD interaction with cell surface integrins 

Cell interactions play a crucial role in numerous physiological process. They are also essential 

in embryonic development that is really an important period in a multicellular organism life 

[128,129]. Embryonic cells begin interactions with the ECM from the earliest stage of 

development, and these are prerequisite for cell migration and proliferation as well as cell 

differentiation into various lineages [130,131]. Integrins comprise a major family of cell surface 

receptors which are known to mediate cell-ECM interaction, and it has been reported that they 
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have direct or indirect influence on cell behavior [132,133]. Integrins are a large group of 

heterodimeric transmembrane glycoprotein receptors that consist of a non-covalent association 

of α and β subunits. 18 α and 8 β subunits can be expressed in mammals which can form 24 

different αβ dimers. Each subunit includes a large extracellular globular head, a single 

transmembrane helix and a mostly short cytoplasmic tail. One side of the integrin is directed to 

the extracellular space and can interact with particular ligands that exist on protein surfaces like 

LDV and RGD, whereas the other side binds to the intracellular part and is involved in 

propagation of signals in the interior of the cells [134,135]. Until now, nearly half of the 24 

known integrins are able to bind to RGD containing protein ligands [136]. Additionally, RGD 

peptides have some advantages that make them attractive for practical applications and 

scientific research:  

- compared to monoclonal antibodies the tripeptide RGD is much smaller in size, therefore 

RGD conjugates can eventually access tumor tissue via specific biomarkers much easier  

- the RGD peptide synthesis procedure is relatively inexpensive and simple compared to the 

production of human antibodies  

Therefore, peptide-polymer conjugates represent a very useful class of materials with the ability 

to be applied at the materials-biology interface. These macromolecules combine the properties 

of synthetic polymers like control over molecular weight, composition, architecture and 

stiffness with those of peptides that offer very particular biofunctionalities via well-defined 

amino acid sequences [137].  

 

2.5 Polymeric Materials for Cell Culturing Applications 

As has been mentioned in the previous chapter 2.2 there are many different applications of 

hydrogels due to the fact that their chemical, physical and biological properties can be fine-

tuned by the polymer composition. One important application of hydrogels that will be 

explained in more detail is the use as a matrix for cell culture application [138]. 

Traditionally, many cell-based experiments are performed on flat and stiff materials 

such as polystyrene and glass dishes. Although these systems are very easy to handle, cells 

cultured in these environments tend to display unusual behaviors such as a flattened shape, loss 

of differentiated phenotype or abnormal polarization [139].  Different scientists have assumed 

that the reason for this behavior has to do with the two-dimensional (2D) cell culture conditions 

in contrast to the cells natural tissue environment that receive signals in all three dimensions. 

Hence, there is a huge need for culture systems that better mimic the biological environment of 
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cells to bridge the gap between conventional culture dishes and complex in vivo three-

dimensional microenvironments of natural cells [140,141]. (Figure 2.13) 

 

 

Figure 2.13. Comparison of tissue culture plates and hydrogels for cell culture applications. 

 

The latter topic has recently attracted considerable attention in stem cell research since well-

defined materials are required to store and maintain large numbers of cells in a quiescent, non-

differentiated state or to provide materials that enable the reproducible differentiation into 

defined lineages [142-144]. Although many reports exist that culturing adult stem cells is 

relatively simple and can be carried out on conventional polystyrene tissue culture dishes, 

human pluripotent stem cells (hPSCs) require more sophisticated conditions and materials such 

as (i) MatriGel [145] or (ii) on top of a layer of feeder cells [146]. Especially MatriGel, that is 

derived from mouse tumor cells represents a rather complex protein mixture that is able to grow 

embryonic stem cells and retain them in an undifferentiated, pluripotent state [145]. Synthetic 

polymers can be a valuable alternative owing to their well-defined composition and 

functionalities, that are reproducible and can be easily scaled-up. More recently, Alexander and 

Denning have synthesized a large polymer library of 909 unique homo- and copolymers from 

141 monomers that was screened to identify optimized polymeric substrates for cultivation of 

human pluripotent stem cells and induced pluripotent stem (iPSCs) cells as potential MatriGel 

substitutes [147]. Best results in hPSC expansion studies were obtained for poly(HPhMA-co-

HEMA) coatings with the monomer. monomer N-(4-hydroxyphenyl)methacrylamide 

(HPhMA) and hydroxyethylmetharylate (HEMA) [147]. A similar approach of combinatorial 

polymer matrix development has been used by Hong et al. to fabricate optimized substrates for 
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iPSC derived cardiomyocytes by testing three components, poly-ε-caprolacton (PCL), 

polyethylene glycol (PEG), and carboxylated PCL (cPCL) in different ratios as synthetic 

substrates. Best results were obtained when iPS cells were cultured on a 4%PEG-96%PCL 

where each % indicates the corresponding molar ratio [148]. Although both combinatorial 

polymer matrix approaches were very successful to find better substrates for cell culturing in 

2D these polymers cannot be used for 3D cell encapsulation experiments.  

 Hydrogels for cell culturing have some advantages in this respect as they can be easily 

synthesized with well-defined composition and functionalities [149,150] and enable cultivation 

in two dimensions (2D) on top of a hydrogel film and in three dimensions (3D) by 

encapsulation. Apart from the cell cultivation that is possible with a certain hydrogel these 

materials can also be divided by their origin (synthetic polymers or naturally derived polymers) 

and their gelation mechanism which will be explained in more detail.   

 In previous years, many different hydrogels have been developed for cell cultivation 

that are either of natural origin, either polysaccharides or proteins. Many natural-polymer based 

hydrogels such as alginate [151], hyaluronic acid (HA) [152,153], gelatin (denatured type I 

collagen) [154], chitosan [155,156],  fibrin [157-159] and others are widely used due to their 

excellent biocompatibility and commercial availability. Table 2.2 provides a summary of 

important naturally derived polymers that are used as matrix for cells, their gelation mechanism 

and degradability. Hyaluronic acid (HA) is one of the most frequently used one in cell 

experiments. HA is a linear, high molar mass (6 to 8 MDa) glycosaminoglycan (GAG) found 

in the extracellular matrix. It contains one carboxylic acid per repeat unit and is therefore 

negatively charged. The half-life time in the epidermis of skin is around one to two days and in 

more inert cartilage tissue one to three weeks. Hence, when HA is used as a scaffold for tissue 

engineering application, several strategies have been developed to avoid rapid degradation such 

as the combination with other naturally derived polymers (e.g. gelatin, chitosan or cellulose) 

[160-162], chemical crosslinking [163] or the usage together with non-degradable polymers 

such as PEG [164]. In general, there are some notable difference between the polysaccharides 

and proteins mentioned in Table 2.2 Polysaccharides do not exhibit modes of specific cell 

engagement such as integrin-ligand interactions. Rather cells that are encapsulated in a 

polysaccharide gel experience a hydrated and soft matrix with some similarity to ECM 

physically. However, to enhance the properties of polysaccharide based gels cell-specific 

binding motifs derived from fibronectin, laminin or collagens need to be incorporated. 
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Table 2.2. Overview on naturally-derived polymers and their mechanism of gelation and degradation. 

 

 

In contrast, gelatin or fibrin based gels present native cell adhesion ligands. Besides the limited 

cell adhesive properties and long-term stability of almost all polysaccharides and their 

hydrogels other limitations are low stiffness, limited options to modify material properties, 

batch-to-batch variability and possible disease transmission [165,166]. 

 On the other side many synthetic hydrogels have been developed in academia based on 

soluble precursor copolymers with complementary reactive functional groups and employing a 

bioorthogonal crosslinking reaction that does not interfere with the biological system. Typical 

reaction include Staudinger-Ligation [167], Cu(I) mediated  click reaction between alkynes and 

azides [168],  the metal-free click reaction between cyclooctyne and azides [169], the inverse-

demand Diels-Alder with tetrazines, and the Michael-addition between thiols and ,-

unsaturated carbonyl compounds [170,171]. However, some of these reactions face limitations 

such as the use of metal catalysts, elaborative synthesis of functional monomers or oxygen-

sensitive moieties which is probably the reason why the Michael addition is still one of the most 

favored crosslinking reactions for hydrogel formation. In terms of commercial availability only 



 
 

31 
 

polyacrylamide- and polyethylene glycol (PEG) based hydrogels among synthetic polymers can 

be bought in various kits, explaining their widespread application [138]. Polyacrylamide-based 

hydrogels can be easily fabricated from acrylamide / N,N’-methylene bisacrylamide with 

tunable mechanical properties and can be modified with peptides or proteins [149,172]. 

However, these gels cannot be used to encapsulate cells in 3D due to cell toxicity of the 

monomers and therefore are limited to 2D cell experiments. Typical parameters that can be 

controlled are substrate stiffness and to some extent also substrate functionalization. In contrast, 

PEG offers considerably more possibilities and can be employed for 2D and 3D cell 

experiments [173-175]. Crosslinking and hydrogel formation can be achieved under very mild 

conditions by mixing PEG-polymers with appropriate end groups such as thiols and maleimides 

or acrylates. SigmaAldrich offers more than fifty 4-arm PEG-derivatives and another forty 8-

arm PEG polymers with molar masses ranging from 5 to 40 kDa and a huge variety of functional 

end groups (Fig. 2.14). However, introduction of functional groups is limited since PEGs carry 

their reactive functional groups at the ,-ends of the PEG chains. Moreover, the 

polymerization of gaseous ethylene oxide remains challenging and requires special equipment 

to minimize any risk of poisoning also for lab scale polymerization and thus makes it difficult 

to develop novel PEG-based polymers beyond commercially available ones [176]. 

 

 

Figure 2.14. Examples for PEG polymers to form hydrogels with different functionalities and molar 

masses (commercially available by SigmaAldrich). 
 

Another major difference for hydrogels being used in 3D versus 2D cell experiments is due to 

their crosslinking mechanism and degradability. In general, hydrogels that are used as a 

substrate for 2D application should be stable during the cell experiments for several days to 

weeks and degradation is not desirable. In contrast, when cells are encapsulated in a 3D gel, 

hydrogel degradability is an important feature that is required to create space for encapsulated 

cells to spread, migrate and generate cell-cell interactions besides other matrix properties (Fig. 

2.15) [177]. In synthetic polymers this can be achieved by the introduction of cleavable sites 

such as ester groups [178] or specific peptide sequences [179] that enable a local degradation 
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of the gel via proteolytic enzymes such as matrix metalloproteinases (MMPs). Another 

possibility is to use gels that are not chemically but rather physically crosslinked. 

 

 

Figure 2.15. Design consideration for biomaterials to mimic a 3D cell microenvironment and general 

cell/matrix requirements for 3D culture systems.  
 

Gelation methods can be based on temperature changes such as the well-known lower critical 

solution temperature (LCST) of poly(N-isopropylacrylamide), PNIPAM [180],  at 32 °C in aqueous 

solutions, pH changes [181] or ionic interactions [182]. Other polymers that exhibit a sol-gel 

transition in water with increasing temperature are triblock copolymers of polyethylene glycol 

(PEG) in combination with polyesters such as poly(lactic-co-glycolic acid)-PEG-poly(lactic-co-

glycolic acid), PEG-poly(L-lactic acid)-PEG, poly(-caprolactone)-PEG-poly(-caprolactone), 

poly(-caprolactone-co-lactic acid)-PEG- poly(-caprolactone-co-lactic acid) and PEG-poly(-

caprolactone)-PEG. Table 2.3 gives an overview on physical, chemical and enzymatic crosslinking 

methods and their advantages and disadvantages. Although physically crosslinked gels seems to 

be favorable for 3D cell encapsulation experiments they may not be stable when such samples are 

processed for histology. Typical sample preparation for cryosectioning involves the hydrogel or 

tissue sample to be places in a sugar-based solution for some hours which may lead to dissolution 

of the gel structure if no fixation is done before.  
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Table 2.3. Methods of in situ gelation of biomaterials based on their gelation mechanism.  

 

 

Polymers that display a temperature-sensitive gelation behavior have found also 

increasing attention as injectable gels to improve the rather low percentage of 1 to 20 %  cell 

survival after transplantation [183-185] Heilshorn et al. have summarized the challenges in 

stem cell survival after cell transplantation to deliver functional cells that depends mainly on 

the transplant phase. The reasons for the low cell survival with stem cells are manifold and 

include prolonged exposure to non-physiological encapsulation environment (pre-injection 

phase), cell damage during injection due to shear stress (injection phase), poor nutrient 

transport, hypoxia, cell death for anchorage-dependent cells when they detach, immune 

response (acute pre-injection phase) and limited proliferation, migration and differentiation 

(long term function). Therefore, highly sophisticated, cell protective gels are required to 

overcome these challenges and improve the therapeutic efficacy of stem cells [186]. 
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Table 2.4. Selected examples of injectable gels for human mesenchymal stem cell delivery. 

 

 

As an alternative to injectable gels, the process of microencapsulation has been developed by 

embedding cells in micro-sized hydrogels that enable the direct injection of the stem cells to 

the targeted tissue though a needle in a minimally invasive fashion [186]. Different methods 

have been studied to fabricate such cell loaded microcapsules either by electrospraying, droplet-

based microfluidics, photolithography and emulsification. Cell supportive moieties that lead to 

cell-matrix binding are desirable to promote cell viability. The main gel forming materials that 

were used are alginate, hyaluronic acid, gelatin, agarose and PEG, either as homopolymers 

combinations thereof. However, many of these methods have only been developed and tested 

for stem cell encapsulation at a small laboratory scale and it remains unclear if they are also 

suitable for large scale application considering the large amount of stem cells (about 107–1010 

cells) required for a patient. 
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Chapter 3. Objective of the Thesis  

 

 

Hydrogels play an important role today to culture stem cells in two (2D, on top) and three 

dimensions (3D, by encapsulation). While it has been shown that the fabrication of well-defined 

2D hydrogel coatings can be realized by many different methods, encapsulation of stem cells 

in a 3D hydrogel material is much more challenging. In the past, this was accomplished mainly 

with hydrogels that were chemically crosslinked but biodegradable to allow the cells to migrate 

through the hydrogels matrix.  Few examples exist where physically crosslinked gels based on 

their thermo-responsive behavior, ionic interactions or changes in pH-value were used. 

The main objective of this thesis was to investigate hydrophobically modified 

copolymers as a synthetic material to form physical hydrogels with tunable mechanical and 

biological properties for 3D cell encapsulation. In order to achieve this goal, hydrophobically 

modified copolymers should be prepared by free radical polymerization using N,N’-

dimethylacrylamide (DMAM) as hydrophilic unit and lauryl (LMA) or stearyl (SMA) 

methacrylate as a hydrophobic comonomer. While these non-ionic copolymers should serve as 

a reference system, different functional moieties such as cationic groups, peptide-units and 

unsaturated fatty acid should be introduced in such copolymers with the goal to analyze their 

composition and molar mass and to elucidate effect of these functional groups on their 

rheological behavior in PBS buffer solution. The main focus is to better understand how 

solution and gel-forming properties are influenced by these functional groups.  
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Chapter 4.   Synthesis and Rheological Studies of Functionalized, 

Hydrophobically Modified Cationic Polymers 

 

 

4.1 Introduction  

Polymeric systems bearing positive charges, which can be incorporated in the polymer 

backbone and/or the side chains, are defined as cationic polymers. During the past two decades 

cationic polymers have been subject of investigation for their application in regenerative 

medicine. They are promising compounds in pharmaceutical, biological and medical research 

such as carriers for genetic material like DNA or RNA into cells [187,188]. Poly(ethylene 

imine) (PEI) poly(L-lysine) (PLL) and poly(2-dimethylamino) ethyl methacrylate 

(PDMAEMA) are well known examples of water-soluble, cationic polymers which are able to 

bind and condense DNA and RNA (negatively charged nucleic acids) by ionic interaction [189], 

or cationic polymer such as polybrene [190] can increase significantly adenovirus-mediated 

transgene delivery into mesenchymal stem cells (MSCs). Liu and coworkers [191] 

demonstrated that hydrophobic modification of polycations have promising effect in gene 

delivery. The interaction of polycations with biological component can  take place through two 

mechanisms: (i) electrostatic attraction between positive charges of the cationic polymers and 

negative charges on the surface of cells or blood, and (ii) lipid bilayers in cell membrane can 

interact with hydrophobic units in amphiphilic polycations via hydrophobic interactions [192].   

De Rosa et al. [193] synthesized poly(hydroxyethyl methacrylate) (pHEMA) derived-

polymers with different amount of 2-methacryloyloxyethyltrimethyl ammonium chloride 

(METAC). They showed that positively charged moieties on the polymer surface have a direct 

effect on the substrate adhesion of primary human fibroblast cells, as well as proliferation, 

triggering signals that regulate cell survival, cell cycle progression and expression of tissue-

specific phenotypes. Although many research has been done to exploit Coulomb forces between 

charged polymers and oppositely charged biological macromolecules, many basic aspects of 

these interactions are not very well understood up to now. De Luca et al. [194] demonstrated 

for the first time how cationic polymer surface charge density which provide a synthetic 

extracellular microenvironment are able to regulate the fate of mesenchymal stromal cell 

(MSC), affecting cell-cell EphB4/epharin B2 signaling. They have illustrated that the cationic 

copolymer poly(HEMA-co-METAC) can modulate the interaction of potent signaling proteins 

like Ephs. 
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Although cationic polymers can be easily synthesized with great structural flexibility which 

makes them good candidates as non-viral gene delivery systems, undesirable cytotoxicity and 

low transfection properties are limitations. Different modifications have been used to overcome 

these disadvantages. Among various system, hydrophobic modification of polycations have 

become of great interest, particularly, for their potential to modify gene delivery efficacy of 

polycations. It can be explained by hydrophobic chains that increase cellular uptake through 

the lipophilic cell membrane [191]. Additionally the presence of hydrophobic groups can create 

associative polycations with the ability to build intermolecular interactions in aqueous solution, 

that results in interesting rheological properties like viscosity increase or gelation [10]. 

The rheological properties of associative, nonionic polymers and anionic polymers have 

been characterized in the literature in detail but the viscoelastic properties of cationic 

associative polymers are less known [195]. In the current chapter, free radical polymerization 

has been used to prepare hydrophobically modified cationic copolymers containing quaternary 

ammonium moieties in their side chain. The copolymers were characterized by 1H NMR 

spectroscopy and GPC measurements. The rheology behavior in aqueous medium has been 

analyzed to get information about the influence of cationic charge on the thickening ability of 

these associative copolymers.  

 

4.2 Results and Discussions 

This chapter focuses on the synthesis and characterization of two types of hydrophobically 

modified copolymers via free radical polymerization in a non-blocky fashion. (i) Pref was 

prepared as a reference polymer according to a previously reported method in the literature 

[68], which is a non-ionic copolymer based on N,N’-dimethylacrylamide (DMAM) containing 

either lauryl methacrylate (LMA) (1.25-10 mol %) or long chain stearyl methacrylate (SMA) 

(1.25-2.5 mol%), (ii) cationic copolymer (P1) which contains additional 2-methylamino ethyl 

acrylate (DMAEA) which was further quaternized into the cationic form. For each set of 

cationic copolymer, its non-ionic reference polymer was prepared in order to better understand 

the effect of cationic charge on the copolymer solution properties in aqueous medium. 

 

4.2.1 Cationic copolymers preparation  

Numerous cationic polymers possess the amino group and they exist in different forms 

(primary, secondary, tertiary and quaternary). Among these forms the quaternary ammonium 

groups attracted a lot of attention because they can provide a permanent positive charge. 

Therefore, the methylation reaction plays a key role to generate cationic polymers [72]. 
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Polycations used in this study differ by the mole percentage and the chain length of the 

hydrophobic monomer. Precursor copolymer poly(DMAM-stat-SMA/LMA-stat-DMAEA) 

was methylated with methyl iodide to obtain P1 (Figure 4.1). The reaction of the precursor 

copolymers with methyl iodide in dioxane transformed the precursor copolymer into its 

permanently polycationic species. This conversion was quantified with 1H NMR spectroscopy 

by disappearance of the methyl protons of the tertiary amine (peak at 2.2 ppm) and the 

appearance of a new peak at 3.1 ppm that can be assigned to the methyl protons of the 

quaternary ammonium ion (Figure 4.4). The degree of quaternization was nearly quantitative 

for all copolymers.  

 

 

Figure 4.1. Schematic diagram for the synthesis of the precursors and P1 copolymers of different 

composition. 

 

The analytical data of the references copolymers and P1 are listed in Table 4.1 and 4.2, 

respectively. Polycations that were used in this study have a constant charge density (10 mol 

DMAEA 
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%) and differ by the amount of the hydrophobic comonomers (LMA, SMA). The molecular 

weight of all cationic copolymers has been determined by SEC in DMF. The sample code of 

the copolymers refers to the hydrophobic monomer LMA or SMA and its content. For example, 

P1LMA1.25 stands for the cationic copolymer P1 containing 1.25 mol% of LMA. Solution 

studies of the resulting cationic copolymers were carried out with a focus on the rheological 

behavior and compared with its references copolymers. 

 

Table 4.1. Analytical data for the reference copolymers. 

Sample 
Copolymer composition (mol%) 

(DMAM : LMA/SMS) a,b) 

Mn 

(g/mol) c) 
Đ c) Yield (%) 

PrefLMA1.25 98.96 (98.75): 1.04 (1.25) 37520 2.5 84 

PrefLMA2.5 97.9 (97.5): 2.1 (2.5) 32290 2.2 79 

PrefLMA3.75 95.88 (96.25): 4.12 (3.75)  37050 2.9 85 

PrefLMA5.0 93.7 (95): 6.3 (5) 42620 3.1 93 

PrefLMA7.5 90 (92.5): 8 (7.5) 40860 2.02 87 

PrefLMA10 89.9 (90): 10.1 (10) 45470 2.7 84 

PrefSMA1.25 99.16 (98.75): 0.85 (1.25) 35550 3.3 80 

PrefSMA2.5 98.3 (97.5): 1.7 (2.5) 39200 2.87 88 

a) All polymerization were carried out with 0.01 mol/L AIBN; at T= 65 oC for 20 h, b) copolymer composition was 

determined by 1H NMR, in brackets: theoretical values, DMAM (N,N’-dimethyl acrylamide), LMA (lauryl 

methacrylate), SMA (stearyl methacrylate), c) determined by SEC in DMF with 5 g L-1 LiCl, T= 60 oC. 
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Table 4.2. Analytical data of the cationic copolymers. 

Sample 
Copolymer composition (mol%) 

(DMAM: LMA/SMS: DMAEA) a,b) 

Mn 

(g/mol) c) 
Đ c) Yield (%) 

P1LMA1.25 86.25 (88.75): 1.65 (1.25): 12.1 (10) 25490 3.27 75 

P1LMA2.5  86.5 (87.5): 2.7 (2.5): 10.8 (10) 30250 3.39 80 

P1LMA3.75 85.05: 3.6 (3.75): 11.2 (10) 38580 3.37 78 

P1LMA5.0 82 (85): 5 (6.1): 11.9 (10) 32260 3.35 88 

P1LMA7.5 80.9 (82.5): 8 (7.5): 11.1 (10) 38360 3.41 83 

P1LMA10 79.6 (80): 9.5 (10): 10.9 (10) 37120 3.17 72 

P1SMA1.25 87.65 (88.75): 1.05 (1.25): 11.3 (10) 33490 3.66 86 

P1SMA2.5 87.1 (87.5): 2.2 (2.5): 10.7 (10) 42600 2.36 80 

a) All polymerization were carried out with 0.01 mol/L AIBN; at T= 65 oC for 20 h. b) copolymer composition was 

determined by 1H NMR, in brackets: theoretical values, DMAM (N,N’-dimethyl acrylamide), LMA (lauryl 

methacrylate), SMA (stearyl methacrylate), DMAEA (2-dimethyamino ethyl acrylate), c) determined by SEC in 

DMF with 5 g L-1 LiCl, T= 60 oC.  

 

Figure 4.2 illustrates the 1H NMR spectra of the precursor copolymers with different mole 

percentage of LMA. The final hydrophobic monomer content of LMA (mol%) was obtained by 

comparing the integration of backbone methylene groups of DMAM with LMA methylene 

groups in the side chains (Figure 4.3). The results show relatively good agreement of the mole 

percentage of LMA in the final products and the reaction feed.  
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Figure 4.2. 1H NMR of precursor copolymers with various mole percentage of LMA (d-MeOD). 

 

 

Figure 4.3. 1H NMR analysis of LMA (mol%) as a function of initial molar percentage of LMA in 

monomer feed in precursor copolymers.   
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Figure 4.4. 1H NMR of P1LMA1.25 and P1LMA2.5, the conversion was quantified by comparing peak 

integrals at 2.2 ppm (methyl groups of the tertiary amine) and 3.3 ppm (methyl groups of the quaternary 

ammonium group).  

 

4.2.2 Solubility of the copolymers  

In this part, solubility characteristics of reference copolymers and their cationic analogue were 

compared in the concentration range from 1 to 25 wt% in phosphate-buffered saline solution 

(0.01 M molar PBS buffer) at room temperature. For all samples, the final desired copolymers 

were directly prepared in a screw-capped vial and the proper amount of buffer solution was 

added, the samples were kept at room temperature without stirring and heating. In Table 4.3 the 

copolymers solubility after 48 h are summarized. According to the literature [68], the solubility 

of the reference copolymers in buffer solution decreases with increasing hydrophobicity of the 

samples. It can be seen that the hydrophobe content and chain length, copolymer concentration 

and positive charge are the main parameters which have an effect on copolymer solubility. With 

respect to the hydrophobe content, the reference copolymers are water soluble up to 5 mol% 

LMA, this amount decreased to 2.5 mol % for long chain stearyl methacrylate, confirming the 

more hydrophobic character of the side chains in the SMA samples. Furthermore, the maximum 
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polymer concentration that could be dissolved in an aqueous buffer solution decreased with 

increasing hydrophobe content. For example, PrefLMA1.25 (with 1.25 mol% hydrophobic 

monomer) can be dissolved up to 22.5 wt% while it decreases to 7.5 wt% for PrefLMA5.0 (with 

5.0 mol% hydrophobic monomer). The obtained results illustrate that the whole set of 

polycations are soluble in buffer solution. It can be seen from Figure 4.5 that P1SMA1.25 is 

soluble in buffer solution up to 40 wt % at room temperature whereas the maximum solubility 

is just 12.5 wt% for its reference polymer. Additionally, PrefLMA7.5 and PrefLMA10 were 

insoluble even after they were heated to 100 oC, therefore more investigation on these two 

copolymers were not done.  

 

Table 4. 3. Solubility of Pref and P1 copolymers in aqueous buffer solution.  

Reference 

copolymer 

Max. solubility of 

references copolymers 

(wt%) 

Cationic 

copolymers 

Cationic copolymers 

(wt%) 

PrefLMA 1.25 22.5 P1LMA1.25 > 40 

PrefLMA 2.5 15 P1LMA 2.5 > 40 

PrefLMA 3.75 12.5 P1LMA 3.75 > 40 

PrefLMA 5.0 7.5 P1LMA 5.0 > 40 

PrefLMA 7.5 Insoluble P1LMA 7.5 > 40 

PrefLMA 10 Insoluble P1LMA 10 > 40 

PrefSMA 1.25 12.5 P1SMA 1.25 > 40 

PrefSMA 2.5 7.5 P1SMA2.5 > 40 

The final desired copolymers were prepared in a screw-capped vial and the proper amount of PBS buffer solution 

was added. The solubility was determined by visual inspection at room temperature without stirring after 48 h.  
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Figure 4.5. P1SMA1.25 in aqueous PBS buffer solution from 15 to 40 wt%. 

 

4.2.3 Rheological Studies  

In this part, the effect of cationic charge, hydrophobe content and the length of hydrophobic 

chains on the rheological properties of aqueous copolymer solutions is discussed. The 

viscoelastic properties of P1 series were compared with their reference non-ionic copolymer 

Pref in the concentration range of 1 to 25 wt%. The difference in charge and hydrophobic 

monomer resulted in significant changes in the solution characteristics when going from liquid 

to gel-like samples (Figure 4.6). Therefore, the viscosities of the liquid and low viscous 

copolymer solution were measured with an Ubbelohde viscometer situated in a thermostat-

control water bath at 37 oC whereas high viscous samples were measured by oscillatory 

rheometry with a 150 mm cone-plate and 1000 mm plate-plate geometry for gel-like samples. 

For all rheological studies, the desired copolymers were directly prepared in a screw-capped 

vial and the proper amount of buffer solution was added, the samples were kept at room 

temperature without stirring. For homogenization, the copolymers were heated to 100 oC before 

conducting the rheological measurements.  

                                                                              

 

 

 

 

 

Figure 4.6. Schematic diagram of the conversion from a dilute to concentrated solution for a 

hydrophobically modified polymer. 
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4.2.3.1 Steady Shear Flow Measurements   

The viscoelastic behavior of hydrophobically modified polymers appear in semi-dilute regime 

above the critical concentration when intermolecular associations start to dominate. In aqueous 

solutions steady shear flow measurements can be useful to recognize the semi-dilute regime by 

observing the steady-state viscosity as a function of shear rate at various concentrations. Figure 

4.7 summarizes the shear rate dependency of the polymer viscosity for P1LMA1.25, 

P1LMA2.5, P1LMA3.75 and P1SMA1.25 in comparison to their references analogue. All 

copolymers show a significant concentration dependence of the viscosity. With increasing 

concentration of the non-ionic and ionic copolymers, shear viscosity showed a trend to increase 

suggesting the formation of a three-dimensional transient network in these concentration regime 

through the extensive associations of LMA and SMA hydrophobic side chains. Unlike non-

ionic macromolecular coils, cationic copolymers begin to overlap at extremely high 

concentration. Consequently, the transition between dilute and semi-dilute regime spans up to 

very large concentration range, for instance for PrefLMA1.25 the intermolecular association 

starts at 12.5 wt% while it is 20 wt% for P1LMA1.25. Below these concentrations the viscosity 

was measured by Ubbelohde viscometer. It can be seen that the viscosity increases with 

increasing mole fraction and length of the hydrophobic groups. In this study, the solutions 

demonstrate Newtonian behavior which means that there is no variation in viscosity as a 

function of shear rate. No remarkable shear thinning was observed over the shear rate range 

examined (up to 100 s-1) for most copolymers solutions. This can be explained by the effect of 

the molecular weight of the copolymer solution properties. For copolymers with higher 

molecular weight the disruption of overlapping chains is faster than their capability to the 

formation of associations when the shear rate enhances. For example Volpert and coworkers 

[49] showed for HM (hydrophobically modified) copolymers that were synthesized by a 

micellar polymerization technique with  molecular weights of 106 g/mol shear thinning effect 

in copolymers containing 1 mol% hydrophobic monomer, depending on the number of 

hydrophobe per micelle (NH) and copolymer concentration [196,197]. But for this system with 

a molecular weight around 105 g/mol a Newtonian behavior was observed. Actually, lower 

molecular weight copolymers (105) have shorter relaxation times, therefore the shear thinning 

effect would be expected to appear in a wider range of our shear rate measurements. The 

interesting observation is that the PrefLMA3.75 and PrefSMA1.25 in the high concentration (20, 

22.5 and 25 wt%) regime exhibit peculiar shear thinning behavior. For these compounds the 

disorientation and disentanglement of the intermolecular associations become more pronounced 

upon increasing the shear rate. 
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Figure 4.7. Viscosity as a function of shear rate at various concentration (wt%): 25 % (–■–), 22.5 %    

(‒●‒), 20% (−▲−), 15% (− −), 12.5% (−●−), 10% (− −), 7.5% (─◊─), 6% (– –), 5% (––) for a) 

PrefLMA1.25 and P1 LMA1.25 b) PrefLMA2.5 and P1LMA2.5, c) PrefLMA3.75 and P1LMA3.5, d) 

Pref SMA1.25 and P1SMA1.25, demonstrating the effect of hydrophobic content and chain length.  

 

 

4.2.3.2 Effect of copolymers concentration on viscosity  

The aggregation behavior of the copolymers was further investigated by studying the viscosity 

as a function of polymer concentration. Typically, the concentration dependence of the specific 

viscosity can be divided in three concentration regimes: 

 

Dilute regime ηsp ~ca, c˂c* 

Semi-dilute unentangled regime ηsp ~cb, c*˂c˂c** 

Semi-dilute entangled regime ηsp~cc, c ˃c** 

 

The specific viscosity of copolymers solution was obtained using equation [4.1]: 

 

                ηsp = (ηsolution / ηsolvent)-1               eq. [4.1] 

 

The variations of the specific zero-shear viscosity as a function of polymer concentration for 

both types of copolymers are shown in Figure 4.8. In dilute regime, where the rheological 

behavior of the copolymers is generally controlled by intramolecular association, the viscosity 

of the mixture is low corresponding basically to the concentration and differences between 

cationic and reference copolymers are insignificant. Coefficient for concentration dependencies 

demonstrate that for all copolymers, the viscosity increases by a factor of C~ 0.9 in dilute regions. 

After this region, when the possibility of intermolecular interactions enhances, the viscosity of 
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solutions increases dramatically. Moreover, in the semi-dilute unentangled regime, the 

reference copolymer viscosity rises very steeply in comparison to the cationic one in the same 

concentration range. This can be seen e.g. for PrefLMA1.25. The onset of the concentrated 

regime is at 12.5 wt% while P1LMA1.25 possesses a higher onset of the concentrated regime 

of 20 wt%. In the investigated concentration range (1-25 wt%), there is not enough information 

to distinguish three different regimes for PrefLMA1.25 and P1LMA1.25. Therefore, more 

concentrations are required to obtain quantitative interpretations for copolymers containing 

1.25 mol% LMA. The value of C* is 7.5 wt% for PrefLMA2.5 with a power law exponent of 

5.8, while only two regions for P1LMA2.5 can be recognized. The concentrated regime starts 

at 10 wt % for P1LMA2.5 and the viscosity increases with scaling coefficient of 6.6. However, 

as Gillet et al. [198] mentioned the distinction between semi-dilute unentangled regime (C*) 

and semi-dilute entangled regime (C**) is not always visible from the graphs. The critical 

association concentration decreases to 5 wt% for PrefLMA3.75 and 6 wt% for P1LMA3.75 and 

their viscosity indicates a scaling law of the concentration with an exponent 6 and 4.3 

respectively. Finally, for samples containing SMA with longer chain length, more 

intermolecular association form at lower concentration of 4 wt% and 5 wt% for PrefSMA1.25 

and P1SMA1.25, respectively. For these copolymers only two regions can be identified, the 

viscosity of PrefSMA1.25 enhances by a factor of C5.3, whereas the viscosity of P1SMA1.25 

augments more slowly by a factor of C4.6. It should be noted for PrefLMA2.5, PrefLMA3.75 

and P1LMA3.75, with a visible semi-dilute unentangeld regime, their power law exponents are 

in good agreement with the first two cases of the sticky Rouse model (explained in literature 

review chapter, section 2.3). According to Cram et al. [68] in semi-dilute entangled regime, 

the power law exponents were found to be around 5 while the viscosity increases with a power 

law exponent of 7.6, 5.6 and 7.5 for PrefLMA2.5, PrefLMA3.75 and P1LMA3.75, respectively. 

The deviation between the obtained results and theoretical results expected from sticky Rouse 

model can be explained by the limited set of data in this concentration regime.   
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Figure 4.8. Specific zero shear viscosity as a function of concentration, demonstrating the significant 

effect of charge, hydrophobic content and chain length on solution properties. 

 

To better observe the effect of hydrophobe content and chain length on the viscosity of 

copolymer solution, Figure 4.9 displays the concentration dependences of the zero shear 

specific viscosity for cationic copolymers. With increasing the copolymer concentration, 

intermolecular aggregation was strengthened due to the shortening of distance between polymer 

chains, therefore viscosity rises sharply in all samples. It was observed that the viscosity 

increases and the transition concentration (from intramolecular associations to intermolecular 

one) decreases with the increase of hydrophobic monomer content. This suggests that higher 

density of hydrophobic moieties along the DMAM chain, led to a larger probability of 

hydrophobic parts that participated in aggregation. In comparison, P1LMA1.25 and 

P1SMA1.25 show the strong effect of the length of the hydrophobic chain on the viscosity. The 

critical concentration decreases from 20 wt% for P1LMA1.25 to 5 wt% for P1SMA1.25. This 

is attributed to the stronger intermolecular association by the longer hydrophobic C18 side chain.  
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Figure 4.9. Zero shear viscosity as a function of concentration for cationic copolymers. 

 

 

4.2.3.2 Complex modulus  

To gain further insight in the properties of the aqueous copolymers solutions, dynamic 

viscoelastic measurements were carried out. Plots of the rheological parameters G/ and G//, the 

shear storage modulus and shear loss modulus versus the oscillation frequency for the most 

viscous samples of P1LMA1.25, P1LMA2.5, P1LMA3.75, P1SMA1.25 and their references 

polymers were measured but only P1LMA2.5 and P1SMA1.25 and P1SMA2.5 at 20 wt% are 

presented in Figure 4.10, respectively. The typical viscoelastic, liquid-like behavior was 

observed for the copolymer solutions (except PrefSMA2.5), storage modulus G/ and loss 

modulus G// make a cross-over, denoted ωcross, that is accompanied with an increase in both 

moduli. Moreover, at lower frequencies the value of G// exceeds G/ but at high frequencies the 

value of G/ is larger than G//. Therefore, ωcross determines the transition from a liquid-like 

dominated behavior (G//>G/) to a solid-like dominated behavior of the aqueous polymer 

mixtures (G/>G//), hence, PrefLMA2.5, P1LMA2.5, PrefSMA1.25, P1SMA1.25 and 

P1SMA2.5 behave as a weak viscoelastic gel, at high frequencies above ωcross.  
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Figure 4.10. Plots of storage modulus G/ (‒●‒) and loss modulus G// (‒●‒) against frequency for 

P1LMA2.5, P1SMA1.25, P1SMA2.5 and their reference copolymers at 20 wt%. 

 

Interestingly, incorporation of 2.5 mol% SMA into the DMAM backbone resulted in solid-like 

behavior for the reference copolymer (PrefSMA2.5) at 10 wt% solution. The storage moduli G/ 

is greater than loss moduli G// in the entire measurements and a strong gel-like behavior is 

observed. The longest relaxation time is too long to be characterized within the observation 

timescale of 300 s corresponding to frequencies ω=0.1-100 rad/s. This behavior can be 

understood by the strong hydrophobic interactions between long chain stearyl methacrylate that 
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slow down the dynamics of physical interactions. Within the observation window, the pendant 

chains don’t leave its associate, the gel structure is not allowed to relax and the alkyl chains 

stay associated to the same domains. Physical crosslinked materials do not possess a permanent 

network structure but rather present elasticity if the relaxation time of the network is much 

longer than the application time of stress. For these samples, G/ is larger than G// over the entire 

frequency range which is consistent with the solid-like, elastic nature of the hydrogels. There 

is a weak dependency of the elastic and loss modulus on frequency because of the physical and 

nonpermanent nature of the network [199,200]. When the network undergoes some creep which 

results in a viscous, energy dissipative response, the gels are still elastic at room temperature 

due to the long relaxation time of the physical hydrophobic association for the most part.  

The cross-over frequencies for P1LMA2.5 at 20 and 25 wt% and for P1SMA1.25 at 15, 20 and 

25 wt% were compared with their reference copolymers and are summarized in Table 4.4. The 

shift of ωcross to lower frequencies is the evidence of a slowing system dynamics. The relaxation 

time λ is an important parameter which is affected by the molecular motions of the physical 

networks. The relaxation time is defined as the time that is required by the polymer chains to 

return to the equilibrium state after being stressed. For information about the relaxation time of 

the system equation [4.2] was used [47]: 

 

       λ = (G/. [η/]) . (ω. [η*])-1                   eq. [4.2]  

 

With storage modulus (G/), dynamic viscosity (η/) and complex viscosity (η*). As can be seen 

from Table 4.4 all copolymers display a similar behavior and with increasing copolymer 

concentration cross-over frequencies, ωcross, decrease. This can be explained by an increase of 

the elastic character of copolymers. According to equation 4.2, increasing G/ leads to higher 

relaxation time and lower frequency. Moreover, another parameter which has direct influence 

on relaxation time is the hydrophobic chain length, the relaxation time (1/ωcross) increases with 

alkyl chain length and decreases with frequency. It shows that, for SMA the elastic part (G/) of 

the system increases with the length of alkyl chain consequently, the relaxation time increases. 

Therefore, PrefSMA1.25 at 25 wt% has a lowest frequency with high value of relaxation time. 

In contrast, cationic copolymers with lower dynamic viscosity and LMA with shorter chain 

length displays a lower λ value. 
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Table 4.4. Cross-over frequency, ωcross, for a range of cationic copolymers and their references 

copolymers with various hydrophobicities and concentrations. 

 

 

 

a) Two different concentrations (20 and 25 wt%) for PrefLMA2.5 and P1LMA2.5, three different concentrations 

(15, 20 and 25 wt%) for PrefSMA1.25 and P1SMA1.25. b) cross-over frequency obtained from storage (G/) and 

loss moduli (G//) as a function of oscillating frequency of 0.1-100 rad/s, at a constant strain (𝛾=10%) at 37 oC. 

 

 

4.2.3.3 Modulus as a function of time 

The storage and loss modulus as a function of time at constant frequency (1Hz) are shown in 

Figure 4.11. The same trend was observed for all compounds. Both moduli increase with 

increasing polymer concentration as well as increasing the hydrophobic content and chain 

length. In comparison, a significant lower modulus has been found for cationic copolymers in 

comparison to their reference polymers in the same concentration regime. For the copolymers 

with shorter alkyl side chains (LMA) and 1.25 mol% SMA, liquid like (G//>G/) behavior was 

detected, while gelation (G/>G//) can be seen for PrefSMA2.5. The increase of storage modulus 

G/ suggests an enhancement of the elastic strands and expansion of a more complete network.  
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Figure 4.11. Elastic moduli G/ (blue symbols), the viscous moduli C// (black symbols) as a function of 

time at constant frequency (1Hz) for PrefLMA2.5, P1LMA1.25, PrefSMA1.25, P1SMA1.25, 

PrefSMA2.5 and P1SMA2.5 at different concentration.  
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4.2.3.4 The impact of temperature on the modulus  

The effect of temperature on the rheological behavior of hydrophobically modified polymers is 

the main factor to be taken into account for various applications such as oil recovery processes 

and cell experiments. The temperature effect on the behavior of the aqueous copolymer 

solutions was studied with the variation of the complex modulus as a function of time at various 

temperatures ranging from 25 oC to 80 oC to 25 oC at constant frequency (1Hz). 

 As shown in Figure 4.12, temperature effect on modulus behavior was investigated with 

samples P1LMA2.5 at 22.5 and 25 wt%, PrefSMA2.5 at 10 and 12.5 wt% and P1SMA2.5 at 

concentrations of 20 and 25 wt%. PrefSMA2.5 and P1SMA2.5 at both concentrations are 

characterized by an initial decrease of both loss and storage modulus with increasing the 

temperature. Obviously, even with temperature enhancement the solutions behave like elastic 

solid (G/>G//) but the cross-over between G/ and G// is obtained around 72 oC and 55 oC for 

PrefSMA2.5 and P1SMA2.5 respectively. After the cross-over point the solutions behave like 

a viscous fluid (G//>G/) and an elastic solid is obtained again with decreasing the temperature. 

The decrease in elastic behavior of the hydrogels is accompanied by increase in the viscous 

modulus. At sufficiently high temperature, storage and loss modulus become equal and finally 

the two quantities cross-over and G//, the viscous character of the gels becomes dominant. In 

the case of a viscous sample such as P1LMA2.5, the loss modulus has the same behavior and 

decreases with increasing temperature from 25 oC to 80 oC and increases again with decreasing 

temperature, while storage modulus was lower than G// in the whole range of the time-

temperature investigated. The cross-over point exhibits the transition from solid-like to liquid- 

like character of the gel, which could be due to a disruption of the physical network composed 

of hydrophobic interactions. The most of theoretical studies on crosslinked polymers noticed 

that the characteristic time of the network (ԏN) is proportional to the hydrophobe lifetime in the 

micellar junction (ԏb) [201,202]. This can be explained by equation [4.3]: 

 

 ԏN ~ԏb = ԏ0 exp (W/kT)             eq. [4.3] 

 

With ԏ0 is a microscopic time, which is related to the hydrophobe diffusion and W is the 

potential barrier corresponding to the additional activation barrier and binding energy. This 

equation illustrates the dynamics of the network will slow down either by decreasing the 

temperature or by the hydrophobicity of the sticker (binding energy). The aqueous or organic 

amphiphilic polymer solutions, which are subjected to temperature changes, show this general 
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feature; the relaxation time and viscosity reduce when the temperature increases. The higher 

the binding energy, the greater would be the viscosity decline with temperature enhancement.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.12. Temperature dependence of the storage G/ (‒●‒) and loss modulus G// (‒●‒) between 25 

and 80 oC at constant frequency (1 Hz) for P1LMA2.5, PrefSMA2.5 and P1SMA2.5.  
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4.2.4 Fluorescence measurements of the hydrophobic domains 

The sensitivity of pyrene to the polarity of the host microenvironment and long lifetime make 

it a good candidate to probe the formation of hydrophobic domains [203,204]. The information 

about the micropolarity, where the probe is located, can be obtained by the ratio of the first (I1) 

to the third (I3) vibronic peak in the pyrene emission spectrum (polarity index I1/I3). Figure 4.13 

compares the intensity ratio I1/I3 for P1SMA2.5 and P1LMA1.25 as a function of polymer 

concentration. For P1SMA1.25 the I1/I3 ratio remains rather constant up to 1.5 wt% of the 

polymer concentration and decreases afterwards with increasing copolymer concentration to a 

value I1/I3 of around 1.1 suggesting that the pyrene environment becomes more hydrophobic 

with increasing polymer concentration. The value of 1.1 is very typical for pyrene in a 

hydrophobic environment in agreement with results found for micellar solutions [205,206]. The 

higher I1/I3 value of 1.3 for aqueous P1LMA2.5 solutions can be attributed to a decrease in 

hydrophobicity with decreasing the length of hydrophobic side chain.  

  

 

 

 

 

 

 

 

 
 

 

Figure 4.13. I1/I3 intensity ratio as a function of polymer concentration for P1SMA2.5 and P1LMA2.5.  

 

 

4.3 Conclusions  

Cationic hydrophobically modified copolymers were prepared by free radical polymerization 

in excellent yields and their solution properties were compared to their non-ionic references 

copolymers (DMAM-stat-LMA/SMA) to investigate the influence of positive charge on the 

solution behavior and rheological properties. Precursor copolymers (DMAM-stat-SMA/LMA-

DMAEA) were methylated with methyl iodide. The conversion induces significant changes in 

polymer solution properties such as solubility in aqueous medium. Apart from the solubility, 

drastic changes in rheological behavior was observed compared to their references analogue. It 
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was found that P1 produced a significant lower viscosity compared to the non-ionic reference 

copolymers Pref, but both copolymers exhibit typical associative behavior of hydrophobically 

modified copolymers. Above a certain copolymers concentration threshold the dynamics of the 

copolymer solution is generally controlled by the transformation from intra- to intermolecular 

hydrophobic association. The length of hydrophobic side chain was modified by using SMA, 

resulting in samples with higher viscosity and more elastic character compared to samples with 

LMA side chains.  

 

 

4.4 Experimental  

 

4.4.1 Synthesis of cationic copolymers  

 

 

               

 

 

 

 

Non-ionic copolymers were synthesized according to a previously reported method in the 

literature [68]. Copolymers were prepared by free radical polymerization in toluene in Schlenk 

flasks with freeze- pump-thaw cycles to obtain oxygen-free atmosphere at room temperature. 

Different amounts of lauryl methacrylate (1.25- 10 mol%) and stearyl methacrylate (1.25 -2.5 

mol%) and 0.01 mol/L AIBN were added to the polymerization flasks to 1 M solution. The 

polymerization was carried out at 65 ℃ for 20 h. Before the resulting copolymers were 

precipitated in diethyl ether the solutions were let to cool down to room temperature. The 

precipitated copolymers were dried under vacuum for at least 48 h.   

To obtain cationic copolymers a series of random precursor copolymers were prepared 

by altering the mole ratio of LMA (1.25-10 mol %) and SMA (1.25 and 2.5 mol %), while the 

total amount of DMA and DMAEA (10 mol%) was kept constant. The polymerizations were 

carried out as it was already described. The yield of all precursors copolymers were more than 

80 %. 1H NMR (500 MHz, MeOD, 𝛿): 0.88 (t, CH3, SMA/ LMA), 1.29 (brs, -CH2- SMA/ 

LMA), 1.57 (brs, -CH2- backbone DMAM and DMAEA), 2.3 (brs, -N-(CH3)2, DMAEA), 2.59 
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(brs, -CH- backbone DMAM, DMAEA), 3.04 (m, -N-(CH3)2-, DMAM, -CH2-O- SMA/LMA), 

4.18 (brs, -CH2-O-, DMAEA). The variation of hydrogen was gained according to the variation 

of SMA or LMA, which quantitative analysis of the 1H NMR proved close results to the 

monomer mixture utilized for each polymerization.  To calculate the molecular weight in the 

range of (Mn= 25000-43000 g mol-1) and polydipersity (Ɖ = 2.3- 3.7), SEC was used in DMF.   

 According to the literature [207], the quaternization were done by adding iodomethane to all 

eight different copolymers. 2 mmol DMAEA were dissolved in 8 to 10 ml of dry dioxane and 

2.4 mmol of methyl iodide was added dropwise over 20 min at room temperature and the 

solution stirred for some minutes. The final yellow copolymers were precipitated in diethyl 

ether and dried under vacuum. The quaternization was confirmed by the disappearance of the 

methyl protons attached to the tertiary amine (2.3 ppm) and the appearance of new peak at 3.3 

ppm, without residual signs of di-methyl group. All copolymers were carefully purified by 

dialysis against distilled water and dried by freeze-drying before 1H NMR measurement. 1H 

NMR (500 MHz, D2O, 𝛿 = 4.75): 0.88 (t, CH3, SMA/ LMA), 1.29 (brs, -CH2- SMA/ LMA), 

1.57 (brs, -CH2- backbone DMAM and DMAEA), 2.59 (brs, -CH- backbone DMAM, 

DMAEA), 3.04 (m, -N-(CH3)2-, DMAM, -CH2-O- SMA/LMA), 3.34 ( brs, -N+(CH3)3I
--). The 

cationic copolymers yields were more than 70%. The molecular weight was in the range of 

(Mn= 25000-43000 g mol-1) and polydipersity (Ɖ = 2.3- 3.7), SEC was carried out in DMF. 
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Chapter 5.   Synthesis and Rheological Study of Functionalized 

Hydrophobically Modified zwitterionic Polymer 

 

 

5.1 Introduction  

Today it is well known that implanted devices can be recognized as a foreign object by the 

immune system and encapsulated by a dense collagen layer due to the body self-protection 

mechanism. Proper implant functioning can be prevented by this layer, because it is 

impermeable to nutrients and metabolites, resulting very often in implant failure [208,209]. The 

event of nonspecific protein adsorption onto the implant surface has been suggested to help the 

immune system to recognize the implant upon implantation into the body, and this identification 

is regarded to the first step in the foreign body reaction. Therefore, the protection resistance 

property of biological materials has a fundamental role in vivo in avoiding macrophage 

identification and the following isolation from the body. Thus, for in vivo medical application, 

this property is the most important factor [210]. During the past few years, Jiang and coworkers 

detected polyzwitterions as compounds that illustrated ultralow-fouling properties in terms of 

nonspecific protein adsorption [211,212]. The zwitterionic nature of the sulfobetaine groups 

resulted only in <0.3 ng/cm2 protein adsorption, even in pure blood [213,214]. The structure in 

the body is glycine betaine like and the highly bionic structure make them safe for in vivo 

applications. Moreover, the facile synthesis method and excellent biocompatibility [215], non-

fouling properties [216] and salt sensitivity behavior [217] make the sulfobetaine group one of 

the most widely known zwitterionic moieties. Additionally, the zwitterionic hydrogels can led 

to a reduced foreign body reaction comparable to PEG hydrogels and inhibit the formation of 

collagenous capsulate in vivo for 3 months [218].  

Polysulfobetains are zwitterionic polymers containing sulfonic anions and ammonium 

cations connected by alkyl groups. This dipolar pendant functional groups are responsible for 

strong inter- and intramolecular interactions, which makes polyzwitterionic polymers attractive 

materials due to their salt-responsive behavior (polymer chains have collapsed conformations 

and stretched conformations in water depending on the salt concentration), photoelectric 

activity, anti-fouling property and biocompatibility [219,220]. 

 Diaz and coworkers [221] synthesized six polymer coatings (Figure 5.1) by surface-

initiated graft polymerization and reported that these polymers have the ability to promote 

attachment and proliferation of undifferentiated human embryonic stem (hES) cells. They 
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obtained the best results for poly[2-(methacryloyloxy) ethyl dimethyl-(3-sulfopropyl) 

ammonium hydroxide] (PMEDSAH), which demonstrated the ability to support long-term 

culturing of undifferentiated, pluripotent hES cells. Ye and coworkers [214] also showed that 

the starch-based zwitterionic (3-[2-(methacryloyloxy) ethyl] (dimethyl)-ammonio]-1-

propanesulfonate) hydrogel exhibited excellent biocompatibility suggesting that this is a 

promising material for future in vivo applications, like cartilage regeneration. On the other hand 

[2–(methacryloyloxy)]dimethyl-(3-sulfopropyl)ammonium hydroxide with the persistent 

charged state of the quaternary ammonium and sulfonate groups gives sulfobetaine-

functionalized copolymers to retain a constant near net-zero charge irrespective of the pH of 

the medium.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1. The chemical structure of synthetic polymers for long-term growth of hES. 

Poly[carboxybetaine methacrylate] (PCBM), poly[poly(ethylene glycol) methyl ether methacrylate] 

(PPEGM), poly[2-hydroxyethyl methacrylate] (PHEM), poly[3-sulfopropyl methacrylate] (PSPM), 

poly[[2-(methacryloyloxy) ethyl] trimethylammonium chloride] (PMETA), poly[2-(methacryloyloxy) 

ethyl dimethyl-(3-sulfopropyl) ammonium hydroxide] (PMEDSAH). 

 

 

The rheology of polyelectrolyte solutions has witnessed increasing interest because of a wide 

variety of practical applications such as viscosity control additives. The molecular 

conformation of polyelectrolyte can be modified by manipulating temperature, pH and addition 

of low-molecular weight electrolytes or ionic species with the potential to have electrostatic 

interactions with polyelectrolytes (PEs). In aqueous polyelectrolyte solutions increasing the 

ionic strength causes usually the polymer coil to shrink due to the decrease of intramolecular 

repulsion between similar charges along the polymer backbone. This phenomenon can lead to 

less stretched or extended conformation, which is accompanied by a viscosity decrease of 

PCBM

A 
PPEGM

A  
PHEM

A  
PSPM

A  

PMETA

C  
PMEDSA

H 



 
 

64 
 

polyelectrolyte solutions, known as the polyelectrolyte effect [222]. In contrast to PEs, 

polyzwitterions (PZs) solutions show an anti-polyelectrolyte effect in which the physical 

attraction between equivalent cations and anions are weakened and the zwitterionic polymer 

extends therefore to a random coil conformation, with the addition of salt the PZs viscosity 

increase and makes PZs good candidates as salt-tolerant viscosifiers (Figure 5.2) [223,224]. 

Additionally, the salt concentration and ion types [225] affect such salt responsive behaviors of 

zwitterionic polymers, providing many applications for membrane separations [226], protein 

transport [227,228], controlled release [229,230] self-cleaning surfaces [231,232] and lubricant 

surfaces [233,234]. 

 

   

                                                                         

 

Figure 5.2. Structural dependence of salt-responsive polyzwitterionic brushes with an anti-

polyelectrolyte effect. 

 

In this chapter, the synthesis and characterization of hydrophobically modified zwitterionic 

copolymers has been studied, and their rheological properties in aqueous medium have been 

compared to the cationic and non-ionic hydrophobically modified copolymers.  

 

 

5.2 Results and Discussions  

A random terpolymer composed of N,N’-dimethyl acrylamide (DMAM), [2–

(methacryloyloxy)] dimethyl-(3-sulfopropyl) ammonium hydroxide (MEDSAH) and stearyl 

methacrylate (SMA) were prepared via free radical polymerization (P2) (Figure 5.3). Different 

solvent mixtures were examined, however, the best results were obtained in a solvent mixture 

containing methanol and toluene, 70/30 (v/v), respectively and just few drops of water to solve 

the MEDSAH monomer. Analytical data of P2 are listed in Table 5.1 and the successful 

copolymerization of the three monomers was confirmed by 1H NMR (Figure 5.4). 
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Figure 5.3. Synthetic route of P2 copolymer. 

 

 

 

 

Table 5.1. Analytical data of P2. 

Sample a) 
Copolymer composition (mol%) 

(DMAM: SMA: MEDSAH) b) 
Mn (g/mol) c) Đ c) Yield (%) 

P2 89.18 (88.75): 1.82 (1.25): 9 (10) 23890 2.58 88 

a) The terpolymer has been prepared by free radical polymerization with 0.1 mol/L AIBN at   T= 65 oC 

for 20 h, copolymer composition was determined by 1H NMR, in brackets: theoretical values; c) polymer 

dispersity Ɖ determined by SEC measurements with PMMA standards in DMF with 5 g·L-1 LiBr at T= 

60 oC. 

 

 

 

 

 

 

AIBN, toluene, methanol (30/70), 
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Figure 5.4. 1H NMR spectrum of P2 in D2O. 

 

 

5.2.1 The rheological behavior of P2 

The results from each rheological measurements are shown in the following section along with 

the discussion of the observed behavior based on the copolymers compositions and structures. 

The rheological study of P2 in buffer solution illustrates the similar solution behavior when 

compared to the non-ionic copolymer PrefSMA1.25. P2 is zwitterionic polymer, containing a 

cationic and anionic moiety within the same monomer side chain. The existence of two different 

charges as pendant side chain functionality may cause two different effects. First, the 

hydrophilic nature of the zwitterionic charges should increase hydrophilicity of the copolymer 

and therefore prevent hydrophobic aggregations between side chains. As a results, the viscosity 

of the solution is expected to be lower compared to copolymers based on hydrophobic side 

chains only with similar structure but without charge. On the other hand, the solution viscosity 

could rise because of the repulsion between the charged groups which encourages coil 

expansion. Therefore, polyzwitterion solution behavior may be determined by a combination 

of these two effects [222].  
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The viscoelastic properties of P2 were compared with PrefSMA1.25 and P1SMA1.25 in the 

concentration range from 1 to 25 wt%, the difference in concentration resulted in significant 

changes in solution characteristics from liquid to gel-like samples. Therefore, the viscosities of 

liquid and low viscous copolymers solutions were measured via Ubbelhode viscometer situated 

in a thermostat-control water bath at 37 oC and high viscous samples were measured by 

oscillatory rheometry with a 150 mm cone-plate and 1000 mm plate- plate geometry for gel-

like samples. For all rheological studies, the final desired copolymers were directly prepared in 

a screw-capped vial and the proper amount of buffer solution was added, the samples were kept 

at room temperature without stirring. For preparing the gels for rheology measurements the 

copolymer solutions were heated to 100 oC.  

 

5.2.1.1 Viscosity as a function of shear rate  

Viscosity profile of the HM zwitterionic terpolymer and PrefSMA1.25 and P1SMA1.25 are 

shown in Figure 5.5. P2 illustrates the greatest increase in viscosity with increasing the 

concentration, which is the normal behavior for associative polymers. The solutions of 7.5 to 

20 wt% polymers presented nearly Newtonian behavior, but significant changes in the flow 

behavior were observed for 20 and 25 wt% polymer solutions. In these concentration at higher 

shear stress the viscosity profiles were characterized by a low shear Newtonian plateau follow 

by shear thinning effect. Shear thinning is observed when disentanglement of alkyl chains can 

occur faster than the rate of formation of entanglements. For P2 and PrefSMA1.25 in more 

concentrated solution the aggregation between overlapping chains become stronger and their 

disruptions is faster than the reformation. Therefore, a shear tinning behavior was identified. 

Generally, a comparison between P2 and Pref copolymers exhibits not so much differences in 

their viscosities, however, P2 shows little higher solution viscosity. Peiffer and Lundberg [235] 

and Johnson and coworkers [224] reported that hydrophobically modified acrylamide-based 

copolymers bearing charge density of less than 10 mol% betaine generally associate 

intermolecularly, while the  high charge density polybetaine systems (greater than 10 mol%) 

associate intramolecularly. For P2 with 10 mol% zwitterionic monomer incorporation, the 

results suggest intermolecular association between similar charges and therefore the polymer 

coils expanded and the viscosity increased above the overlapping concentration. Visual 

inspection (inverted-vial test) can also prove the close viscosities of the solutions. The charge 

influence on the copolymers properties was further studied by comparison between P2 and 

P1SMA1.25. A large viscosity enhancement for P2 is detected compared to P1SMA1.25. For 
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instance, at each concentration the viscosity of zwitterionic copolymer is ~10 times larger than 

the cationic polymer. Elmalem and coworkers  [14] also showed poly(fluorine phenylene) when 

carrying zwitterions in their side chains (1,4- butane sultone) can form hydrogel above 1.1 wt%, 

however, when it possesses cationic charges in the side chains (2-bromoethan-1-ol) the same 

polymer cannot form hydrogels even at 10 wt%.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5. Presents a plot of the viscosity as a function of shear rate at various concentration (wt %): 

25 % (–■–), 20 % (–▲–), 15% (− −), 12.5% (−●−), 10 % (− −), 7.5% (─◊─) for P2, PrefSMA1.25 and 

P1SMA1.25.  
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5.2.1.2 Viscosity as a function of concentration  

The dependence of the viscosity on polymer concentration of P2 has been compared with 

PrefSMA1.25 and P1SMA1.25 (Figure 5.6). 

- 

 

 

 

 

 

 

 

 

Figure 5.6. Zero shear specific viscosity as a function of concentration for P2, PrefSMA1.25 and 

P1SMA1.25 in a) semi-dilute and concentrated regime b) in dilute regime, demonstrating the effect of 

zwitterion incorporation on the viscosity. 

 

As expected, the specific viscosity of P2 increases with increasing polymer concentration and 

above a critical concentration, when the behavior of the solution is controlled by the influence 

of intermolecular associations the viscosity increases sharply, showing the same behavior like 

Pref and P1. In the dilute regime, the viscosity of copolymers increases by a factor of c0.96, c0.85 

and c0.8 for PrefSMA1.25, P1SMA1.25 and P2 respectively. As is shown in Figure 5.6b the 

lowest viscosity value was measured for P2. One explanation could be the intramolecular 

zwitterion association between opposite charges and drop in coil size, which leads to viscosity 

decrease for P2. With increasing the concentration, where the intermolecular association of 

stearyl methacrylate starts, copolymers showing typical behavior for a semi-dilute unentangled 

regime. An increase in viscosity occurs with concentration dependence c5.3 for Pref, c4.6 for P1 

and c7.12 for P2. The results from the graph 5.6a show only two regions for P2 as was observed 

for PrefSMA1.25 and P1SMA1.25. According to the obtained data from rheology, P2 has 

higher viscosity in comparison to its reference analogue and P1SMA1.25. The viscosity 

enhancement with incorporation of zwitterionic monomer in the concentrated regime can be 

attributed to the coil expansion due to the repulsion of similar charges. The results are in a good 
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agreement with results from Che and coworkers [236]. They synthesized acrylamide-based 

hydrophobically modified copolymers containing polysulfobetaines and stearyl methacrylate 

(SMA). To determine the influence of sulfobetaine monomer a copolymer with only acrylamide 

and SMA (AS) was prepared. In the dilute polymer regime, the viscosity of copolymer 

containing zwitterionic monomer was lower than that of AS copolymer, but above the critical 

concentration, the zwitterionic copolymer shows higher viscosity. Therefore, the incorporation 

of zwitterionic monomer can promote intramolecular association in dilute regions and 

intermolecular aggregation at high concentration.  

 

5.2.1.3 Complex modulus  

Figure 5.7 depicts the variation of the storage and loss modulus as a function of frequency, for 

P2 at 20 and 25 wt% and compared with their references and P1SMA1.25 at the same 

concentrations. When the concentration is increasing, there is an overall increase in storage and 

loss modulus for all copolymers. The results indicate that the frequency dependence of the shear 

moduli corresponds to a viscous-like behavior since at low frequencies the loss modulus is 

higher than the storage modulus and only above cross-over point ωcross  G/ exceeds G//. The shift 

of the cross-over point between G/ and G// to lower frequencies prove a more elastic solution 

character. The longer mean relaxation time for the formation and breakup of the fluid 

microstructure is responsible for this cross-over frequency shift. The interesting behavior is 

observed for P2 at 25 wt% that the solution behaves as an elastic solid since G/ and G// are 

frequency independent in the entire frequency range of experiment. The elasticity arises from 

chain expansion of the zwitterionic units. Therefore, the hydrogel that is formed from P2 at 25 

wt% is defined by G/˃G// while PrefSMA1.25 and P1SMA1.25 display at 25 wt% still a viscous 

character.  
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Figure 5.7. Elastic moduli G/ (−●−) and viscous moduli C// (−●−) as a function of frequency for a) P2 

b) PrefSMA1.25 and C) P1SMA1.25 at 20 wt% and 25 wt%. 

 

5.2.1.4 Complex modulus as a function of time  

Dynamic oscillatory measurements (time sweep experiments) were carried out for P2 to get 

more information about the stiffness of the hydrogel network in aqueous medium. Figure 5.8 

shows the elastic and viscous modulus as a function of time at 37 oC, 10 % strain and constant 
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frequency (1Hz) were applied for P2, PrefSMA1.25 and P1SMA1.25. The results show an 

increase in storage and loss modulus with increasing copolymers concentration. It is clear that 

the values of G/ and G// for P2 in these concentrated regime are higher than their references 

analogue and cationic copolymers. These schematic diagrams illustrate that P2 formed a gel at 

25 wt% due to the predominant elastic character while below 25 wt % and also for the other 

polymers PrefSMA1.25 and P1SMA1.25 G// is always higher than G/. Visual inspection 

(inverted-vial test) indicate also that the zwitterionic polymer forms a hydrogel at 25 wt%, 

whereas PrefSMA1.25 does not at the same concentration and is still liquid-like.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8. Elastic moduli G/ (blue symbols), the viscous moduli C// (black symbols) as a function of 

time for P2, PrefSMA1.25 and P1SMA1.25, showing the solid-like behavior of P2 at 25 wt%. 

 

When comparing P2 and PrefSMA1.25, it is reasonable to conclude that the hydrophobic (SMA) 

association moieties have a greater effect on solution rheology than the electrostatic interactions 

of the zwitterionic moieties. 
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5.3.1 Effect of salt  

5.3.1.1 Viscosity as a function of shear rate  

In the following subchapter the effect of 2 and 4 molar NaCl solution on the solution viscosity 

of P2 at 7.5, 10, 12.5 and 15 wt% was studied. The polymer solutions showed significant 

increase in viscosity with increasing polymer concentrations when salt was added as well as 

salt-free solutions. Interestingly, in the same polymer concentration, the viscosity of the 

solution increase with increasing of salt.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9.  Zero shear viscosity as a function of shear rate for a) P2 in PBS buffer compared with P2 

in 2M NaCl solution at 15% (− −), 12.5% (−●−), 10 % (− −), 7.5% (─◊─) (wt%), b) P2 in PBS buffer 

compared with P2 in 2M and 4M NaCl solution at 10 wt%. 

 

The zero shear viscosity of P2 in PBS buffer, 2 and 4 M NaCl solutions is potted against shear 

rate. Comparison of the diagrams in Figure 5.9a shows the higher viscosity for P2 in 2M 
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solution than P2 in buffer solution. In Figure 5.9b the viscosity of P2 in buffer, 2M and 4M 

solution at 10 wt% was compared, the result shows that the viscosity is higher at 4 M solution 

followed by the 2M and the buffer solution, respectively. It should be noted, that the 4M 

solution at a higher concentration than 10 wt% P2 form solid-like polymer gels with infinite 

viscosity. Actually, the salt addition is favorable for the molecular expansion of the side chains 

due to the shielding of the charges of the polymers and the viscosity of the solutions enhances 

correspondingly (Figure 5.2). 

 

 

Figure 5.10. Specific viscosity at zero shear rate as a function of concentration for P2 in buffer and 2M 

solution.  

 

The influence of salt addition on the solution viscosity of zwitterionic polymers can be observed 

more clearly in Figure 5.10. P2 exhibits a significant viscosity increase at 2M NaCl solution as 

a consequence of an extension of the polymer chains. Che [236] and Chen [237] investigated 

the effect of different salt concentrations on acrylamide-based hydrophobically modified 

copolymers containing sulfobetaine and the hydrophobic monomer SMA. They also found that 

the copolymers illustrate higher viscosity in NaCl solution and the viscosity of the copolymers 

enhances with the increase of the salt concentration.    

 

5.3.1.2 Modulus as a function of time 

The elastic and viscous moduli as a function of time at constant frequency (1Hz) and 

temperature (37 oC) was measured for P2 in buffer, 2M and 4M NaCl solutions. The addition 

of electrolyte (NaCl) results in an increase of storage and loss modulus. A comparison between 

P2 in buffer (Figure 5 .8), 2M and 4M NaCl solutions shows higher modulus for 4M followed 

0

50000

100000

150000

200000

250000

300000

350000

400000

7 9 11 13 15

η
sp

Concentration (wt%)

2M

buffer



 
 

75 
 

by 2M and buffer solutions respectively (Figure 5.11a). Additionally, it can be seen that the 4M 

polymer solution forms a gel (G/>G//) above 10 wt% (at 12 and 15 wt%) whereas in 2M NaCl 

solution only the 15 wt% P2 solution displays a solid-like response and in buffer solution gel 

formation was observed at 25 wt%. It illustrates that in the presence of salt, solid-like behavior 

occurs at lower polymer concentration. This can be explained by the anti-polyelectrolyte effect 

which leads to the expansion of the copolymers side chains and consequently facilitates 

intermolecular aggregation. In Figure 5.11b shows the comparison of the elastic modulus (G/) 

at 15 wt% for P2 in three different solutions, the addition of 4M NaCl causes a significant 

increase of the storage modulus.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.11. a) Elastic modulus (blue symbols) and viscous modulus (black symbols) as a function of 

time for P2 in 2M and 4M NaCl solution at 10, 12.5 and 15 wt%, b) elastic modulus as a function of 

time for P2 in buffer, 2M and 4M solutions. 
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5.4 Conclusion  

Hydrophobically modified copolymer (P2) containing 1.25 mol% SMA functionalized with the 

zwitterionc MEDSAH monomer was prepared by free radical polymerization. Addition of 10 

mol% zwitterionic monomer resulted in electrostatic interaction between the opposite charges 

and led to the expansion of the molecular side chains and thus increased the viscosity and 

modulus compared to its reference copolymer. The anti-polyelectrolyte behavior and noticeable 

increase in viscosity and modulus with the addition of salt were also detected. Consequently, a 

variety of rheological properties can be achieved with the incorporation of the zwitterions in a 

copolymer.  

 

5.5 Experimental  

 

5.5.1 Synthesis of zwitterionic copolymer 

 

      

 

 

2-(Methacryloyloxy)ethyl dimethyl-3sulfopropyl ammonium hydroxide (MEDSAH) (10 mol 

%), SMA (1.25 mol%), DMA (88,75 mol%), initiator AIBN (0.01 mol/L) and methanol-toluene 

(70/30 vol%) with few drops of water were combined in a flask equipped with stir bar. Oxygen-

free atmosphere was achieved with several freeze-pump-thaw cycles before the flask was 

placed into oil bath at 65 oC for 20 h. The copolymer was isolated as a white powder by 

precipitations in diethyl ether followed by drying in vacuum. The reaction yield was 88%. 

Quantitative analysis of the 1H NMR resulted in a relatively good agreement with the monomer 

mixture used for the polymerization. 1H NMR (500 MHz, D2O, 𝛿 = 4.75): 0.79 (brs, CH3, 

SMA), 0.98 (brs, -CH3-, MEDSAH, SMA), 1.18 (brs, -CH2-, backbone MEDSAH and SMA), 

1.53 (brs, -CH2-, backbone DMAM), 2.19 (brs, -CH2-CH2-N
+-(CH3)2-, MEDSAH), 2.53 (brs, 

-CH-, backbone DMAM), 2.82 (brs, -N-(CH3)2, DMAEA, -CH2-SO3
-, MEDSAH), 3.15 (brs,   
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-N+-(CH3)2, MEDSAH), 3.53, 3.71 (brs, -(CH3)2-N
+, MEDSAH), 4.30 (brs, -CH2-O-C=O, 

MEDSAH). SEC in DMF was applied to calculate molecular weight (Mn = 23888 g mol-1) with 

dispersity (Ɖ = 2.58). 
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Chapter 6.   Synthesis and Rheological Characterization of 

Cationic, Hydrophobically Modified Copolymers containing 

Peptide moieties in the side chain  

 

 

6.1 Introduction 

Today there are a large number of synthetic polymeric compounds accessible for medical 

application with adequate mechanical stability and elasticity as well as favorable stability 

concerning degradation and nontoxicity. However, one of the most important problem remains 

the insufficient interaction between polymers and cells, causing in vivo  foreign body reactions 

which can lead to inflammation, implant encapsulation, local tissue waste, thrombosis and 

embolization [238]. Hence, controlled interactions between cells and synthetic materials can be 

achieved by immobilizing cell recognition motifs to the polymeric substrates. The initial 

interaction between cells and biomaterials is shown in Figure 6.1. Chemical composition, 

surface energy, stiffness, roughness and biomaterial surface topography are the factors which 

control cell-biomaterial interactions [239]. RGD peptides are known to promote cell adhesion 

via specific RGD-integrin interaction, in addition, these interactions have shown to evoke also 

certain cell responses [240].  

 

 

 

 

 

 

Figure 6.1. The surface properties of biomaterials control the interaction of cells with biomaterials 

[241]. 

 

Schaffer and coworkers [242] engineered an interpenetrating polymer network (IPN) (from 

acrylamide (AAm), poly(ethylene glycol) 1000 monomethyl ether monomethacrylate (pEG 

1000MA), and acrylic acid (AAc) which was modified with the RGD or the laminin derived 

peptide motif  IKVAV to regulate the behavior of adult neural stem cells (aNSCs) (Figure 6.2). 

They could show, that peptide-modified IPN can control adult NSCs self-renewal and 

differentiation while the IKVAV-functionalized IPN had only a modest influence on NSCs 
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differentiation. They also studied the effect of stiffness on cell behavior [243]. IPNs with 

variable moduli (vmIPN) were synthesized in order to control the modulus within a range of 

10-100,000 Pa. The results demonstrated that the self-renewal and differentiation of aNSCs can 

occur on RGD peptide modified vmIPN with an elastic modulus of at least 100 Pa.  

 

 

 

 

 

 

 

 

 

Figure 6.2. The vmIPN structure with monomers used for sequential polymerization [243] . 

 

 

 Missirlis and coworkers [244] prepared poly(ethylene glycol) based hydrogels functionalized 

with RGD peptide and other ECM proteins. They showed that the cell behavior can be 

controlled by hydrogel elasticity and biochemical properties. Physically crosslinked polymers 

based on peptides have also attracted much attention and rheological measurements were 

considered to be an important tool to gain more information about the flow and viscoelastic 

properties of peptide-based hydrogels [245]. In the following chapter, a hydrophobically 

modified DMAM copolymer containing a RGD peptide functionalized comonomer as the most 

widely applied synthetic binding motif with the ability to enhance cell adhesion efficiently 

[135], was synthesized and its solution properties characterized and compared to previous 

reported copolymers in this thesis. 

 

6.2 Results and discussion 

A random copolymer composed of DMAM with 1.25 mol% SMA functionalized by grafting 

peptide Phe-Ser-Asp-Gly-Arg-Gly-6Ahx-6Ahx with the bioactive sequence Arg-Gly-Asp 

(RGD) was prepared via free radical polymerization. 

The peptide monomer (Figure 6.3) was synthesized on a 2-CLtrt resin. After the resin was 

swollen in toluene with distilled acetyl chloride (1ml/g resin) at 60 oC for 3 h, the amino acid 

RGD 

Variable  

Modulus 
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sequence was coupled stepwise according to the general principle of solid-phase peptide 

synthesis with repeated cycles of deprotection-washing-coupling-washing by using piperidine 

in DMF (1:4) to deprotect the Fmoc group and HBTU/HOBT for the activation/coupling 

reaction with the next Fmoc-protected amino acid. To obtain the peptide monomer 

methacryloyl chloride was added to the amino terminus of the peptide. The cleavage step was 

done with a mixture of 95% TFA, 2.5% triisopropylsilane and 2.5% water for 3.5 h at room 

temperature. The obtained peptide solution was precipitated in cold diethyl ether. The crude 

product was separated by centrifugation and purified by HPLC. The peptide monomer 

composition was verified by 1H NMR and mass spectrometer.  

 

 

Figure 6.3. Peptide monomer structure. 

 

 

Free radical polymerization was carried out in a solvent mixture of toluene and methanol 

(20/80) with AIBN as an initiator. To remove any dissolved oxygen, the freeze-pump-thaw 

cycle was carried out before starting the reaction at 65 oC for 20 h. The obtained copolymer 

was dissolved in water and after dialysis for 72 h, the water was removed by freeze-drying. The 

peptide modified copolymer was characterized by 1H NMR and GPC. (Figure 6.4) 

 

 

 

 

 

 

 

 

Figure 6.4. Synthesis route of copolymer containing peptide. 
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Table 6.1. Characterization data of copolymer containing peptide. 

Sample a 
Copolymer composition (mol%) 

(DMAM: SMA: Peptide) a,b) 

Mn   

(g/mol) c) 
Đ c) 

Yield 

(%) 

Peptide-based polymer 97.51 (97.75): 1.58 (1.25): 1 (0.91) 28650 2.55 86 

a) The copolymer has been prepared by free radical polymerization with 0.1 mol/L AIBN at   T= 65 oC 

for 20 h, b) copolymer composition was determined by 1H NMR, in brackets: theoretical values; DMAM 

(N,N’-dimethyl acrylamide), SMA (stearyl methacrylate), c) determined by SEC in DMF with 5 g L-1 

LiCl, T= 60 oC. 

 

The copolymer characterization data are presented in Table 6.1. The incorporation of peptide 

monomer into the polymer backbone can be verified in 1H NMR with the aromatic moiety 

related to the phenylalanine amino acid. Figure 6.5 presents the 1H NMR spectrum of 

copolymer containing peptide, the aliphatic signals 1 and 2 can be assigned to -CH2- and CH- 

groups of polymer backbone whereas signal 4 corresponds to the aromatic protons of the 

peptide monomer. 

 

 

 

 

Figure 6.5. 1H NMR spectrum of peptide copolymer (in D2O). 

    

 In order to study the solubility of the copolymer, the samples were prepared in a screw-capped 

vial in the concentration range from 1 to 25 wt% in PBS buffer solution. The samples were kept 

at room temperature without stirring and heating. After 48 h polymer solutions up to 5 wt% 

were soluble. Therefore, the samples were heated to 100 oC and allowed to cool to room 
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temperature, however, there was no improvement in the copolymer solubility for the higher 

copolymer concentrations. 

 

6.2.1. Copolymer containing peptide and cationic functional groups (P3) 

As has been discussed before the incorporation of 1 mol% peptide in the hydrophobically 

modified copolymer resulted in a strong reduction of the solubility. One way to improve water-

solubility can be the addition of a cationic monomer to the copolymer. P3 was synthesized like 

the previous work but only methacryloyloxyethyl trimethyl ammonium chloride (MADQUAT) 

(10 mol%) was used as a cationic comonomer in addition to 1.25 mol% SMA with two different 

amounts of peptide monomer, P3-1, P3-2 containing 1 and 2 mol% peptide monomer 

respectively. Copolymers characterization are listed in Table 6.2.  

 

 Table 6.2. Analytical data of P3-1 and P3-2. 

Samples 
Copolymer composition (mol%) 

(DMAM: SMA: MADQUAT: Peptide) a,b)  

Mn 

(g/mol) c) 
Đ c) Yield 

(%) 

P3-1 86.7(87.75): 2.07(1.25): 10.24(10): 0.99(1) 23820 2.19 81 

P3-2 82.87(86.75): 1.8(1.25): 13.66(10): 1.67(2) 32590 2.79 79 

a) The polymerizations were carried out with 0.01 mol/L AIBN; at T= 65 oC for 20 h, b) copolymer 

composition was determined by 1H NMR spectroscopy, in brackets: theoretical values; DMAM (N,N’-

dimethyl acrylamide), SMA (stearyl methacrylate), MADQUAT (methacryloyloxyethyl trimethyl 

ammonium chloride, c) determined by SEC in DMF with 5 g L-1 LiCl, T= 60 oC. 

 

The copolymers P3-1 and P3-2 were dialyzed in water for 72 h and the water was removed by 

freeze-drying before characterization. Figure 6.6 shows the 1H NMR spectra for P3-1 and P3-

2, the signals for peptide and the cationic residues can be clearly assigned. The aliphatic signals 

from the backbone as well as the quaternary ammonium (8) and methylene groups (6, 7) 

correspond to the MADQUAT group with aromatic protons corresponding to the peptide 

residue (9), verifying the copolymers structure. The analysis of the copolymer composition of 

P3-1 and P3-2 by 1H NMR is in good agreement with the monomer mixtures used for both 

polymerizations.  
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Figure 6.6. 1H NMR spectrum of (A) P3-1 and (B) P3-2 recorded (in D2O). 

  

 

6.2.2 Rheological Study 

The rheological studies for P3-1 and P3-2 were performed at three different concentrations (10, 

15 and 20 wt%). The solutions were directly prepared in a screw-capped vial and the samples 

were kept at room temperature without stirring for 48 h to dissolve the copolymers. For 

preparing the gels for rheology measurements, the copolymer solutions were heated to 100 oC 

and cooled down and the copolymer rheology was measured by oscillatory rheometry with a 

150 mm cone plate at 37 oC.  

 

6.2.2.1 Viscosity as a function of shear rate  

Figure 6.7 shows the zero shear viscosity data obtained for P3-1 and P3-2 at three different 

concentrations (10, 15, 20 wt%). Both copolymers show increasing viscosities with increasing 

polymer concentration. Additionally, it was observed that an increase in peptide content 

resulted in an increased viscosity at a given shear rate. In Figure 6.8 the viscosity as a function 

of shear rate is compared between PrefSMA1.25, P1SMA1.25, P2, P3-1 and P3-2 at 20 wt%. 

The results suggest that the incorporation of 1 mol% peptide with 10 mol% cationic moiety 

caused a viscosity reduction compared to PrefSMA1.25 while the addition of 2 mol% peptide 
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increased the viscosity even higher than the reference copolymer. The results also show clearly 

a significant difference between the cationic copolymers P1SMA1.25 and other copolymers. 

Moreover, the highest viscosity was obtained for the zwitterionic copolymer (P2) in this 

concentrated regime. Such a high value displays the effect of coil expansion in P2 due to the 

repulsion between ionic groups.  

 

 

 

 

 

 

 

 

 

 

Figure 6.7. The viscosity as a function of shear rate for P3-1 and P3-2 in 20 (–▲–), 15 (− −) and 10 

(− −) wt%. 

 

 

 

 

Figure 6.8. Viscosity as a function of shear rate for P1SMA1.25, PrefSMA1.25, P2, P3-1 and P3-2 at 

20 wt%. 

 

 

6.2.2.2 Complex modulus  

The variation of the storage (G/) and loss (G//) modulus as a function of frequency is illustrated 

for P3-1 and P3-2 in Figure 6.9.  The comparison of the linear viscoelastic data in both cases 
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show that the frequency dependence of the shear moduli corresponds to a typical viscoelastic 

fluid in which G/ exceeds G// above a certain frequency which corresponds to the relaxation 

time of the chains in an associative polymer. Compared to PrefSMA1.25, P1SMA1.25 and P2 

(Figure 5.7) a similar trend in behavior was observed in all copolymers.  

 

 

 

 

 

 

 

 

 

 

Figure 6.9. Elastic modulus (−●−) and viscous modulus (−●−) as a function of frequency for P3-1 and 

P3-2 at 20 wt%. 

 

In Figure 6.10 the storage and loss moduli are illustrated as a function of time at a frequency of 

1 Hz at 20 wt%. As can be seen, a liquid-like response was observed for both copolymers. In 

both cases, the loss modulus is higher than the storage modulus over the entire frequency range 

investigated. The obtained results demonstrate a liquid-like behavior in both samples similar to 

PrefSMA1.25, P1SMA1.25 and P2.  

 

 

 

 

 

 

 

 

 

   

Figure 6.10. Elastic modulus (−●−) and viscous modulus (−●−) as a function of time at 20 wt%. 
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6.3 Conclusion    

DMAM-based associating polymer containing 1.25 mol% SMA functionalized with 2 mol% 

peptide monomer was prepared by free radical polymerization in a non-blocky fashion. The 

solubility study indicated that the copolymer can be dissolved in aqueous PBS buffer only up 

to 5 wt%. In order to increase the solubility of the copolymer, a cationic monomer was 

incorporated into the copolymer backbone. Thus, two peptide-functionalized, cationic 

copolymers with 1 (P3-1) or 2 mol% peptide (P3-2) and 10 mol% cationic MADQUAT 

monomer were synthesized. Furthermore, the influence of the incorporation of 1 and 2 mol% 

peptide on the rheological properties was studied. The results show a higher viscosity for P3-2 

compared to P3-1. A comparison between the viscosity of P3-1 and P3-2 with PrefSMA1.25 

displays a higher viscosity for P3-2 following PrefSMA1.25 and P3-1 respectively. Although 

P3-2 shows a higher elastic (G/) and viscous (G//) modulus, both copolymers show viscous 

dominated response (G//>G/). 

 

 

6.7 Experimental  

 

6.7.1 Peptide monomer synthesis 

RGD peptide monomer with sequence of Phe-Ser-Asp-Gly-Arg-Gly-6Ahx-6Ahx and 

theoretical mass of 932 was prepared by standard Fmoc chemistry procedure in a solid-phase 

peptide synthesis vessel.  The peptide was synthesized on 1 g 2-ClTrt resin. The resin was 

swollen in toluene with distilled acetyl chloride (1 ml/g resin), the reaction was allowed to stay 

at 60 oC for 3 h. Upon completion, the reaction was cooled down to reach room temperature 

again and the resin was subsequently washed with DCM (6 x times). Fmoc-protected 

phenylalanine (1.6 mmol) was used as first amino acid, followed by solving in dry DMF (in the 

minimum amount of DMF necessary) and DIPEA (3.2 mmol) prior to adding to the resin. The 

solution mixture was stirred over night at RT, then the solution filtered and washed with 

DCM/MeOH/DIPEA (17:2:1, 3 × 20 ml) and DMF (3 × 10 ml). For coupling with next amino 

acid, the resin was treated with 40% (v/v) piperidine in DMF to remove the Fmoc group and 

the resin was washed with DMF (6 × 5 ml). Coupling of the next amino acid (serin, 1,87 mmol) 

was performed for at least 1h with a mixture of HBTU (2.51 mmol) and HOBT (2.33 mmol) in 

DMF (in the minimum amount of DMF necessary) and DIPEA (11.04 mmol) in NMP (8.82 

ml) and deprotection was done as described above. The same coupling and deprotection method 

like serin was applied for Asp-Gly-Arg-Gly-6Ahx-6Ahx (1.87 mmol) amino acids. After the 
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final deprotection, DIPEA (2 mmol) with dry and cold DMF (20 ml) was added to the peptide 

under argon atmosphere. Methacryloyl chloride (1 mmol) in cold and dry DMF (10 ml) was 

added dropwise to the peptide mixture. A cleavage cocktail mixture of 95% TFA, 2.5 % TIS 

and 2.5 % deionized water for 3.5 h at RT (room temperature) was utilized for cleavage of the 

peptide from the resin, followed by filtration. In the last step, the peptide was cleaved from the 

resin and precipitated in cold diethyether, resolubilized in deionized water and dried with freeze 

drying. The crude peptide was purified by high performance liquid chromatography (HPLC) 

using water/acetonitrile (50/50 v/v) co-solvent. The purified peptide monomer was freeze-dried 

for future use. The aromatic ring of phenylalanine was considered in order to confirm the 

incorporation of peptide to the copolymers. In addition to 1H NMR (Figure 11.1), peptide 

monomer was verified by mass spectrometry (Figure 11.2).  

 

 

6.7.2 Copolymer containing peptide  

 

 

        

 

 

The copolymer was prepared by free radical polymerization in methanol-toluene (80/20 v/v) in 

a Schlenk flask with freeze- pump-thaw cycles to obtain dry atmosphere at room temperature. 

DMAM, SMA (1.25 mol%), peptide monomer (2 mol%) and 0.01 mol/L AIBN were added to 

the flask to 1 M solution. The reaction carried out at 64 OC for 20 h. The target copolymer 

cooled to room temperature before precipitation in cold diethyl ether. The copolymer was 

purified by dialysis against deionized water for at least 72 h and a yellow powder obtained after 

freeze drying. The reaction yield was 86%. Quantitative analysis of the 1H NMR was in good 

agreement with the monomer mixture used for the polymerization. SEC in DMF was applied 

to determine the molecular weight (Mn = 28656 g mol-1) and its dispersity (Ɖ = 2.55). 
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6.7.3 Cationic copolymer containing peptide 

 

 

 

 
 

 

 

P3-1 and P3-2 were synthesized as described above with the addition of 10 mol% MADQUAT 

as a cationic comonomer. Therefore, P3-1 is containing DMAM, 1 mol% peptide, 1.25 mol% 

SMA and 10 mol% MADQUAT, the only difference for P3-2 is related to 2 mol% peptide 

monomer. The copolymers were characterized after being purification by dialysis and freeze 

dried. The reaction yield was 81% and 79% for P3-1 and P3-2, respectively.  Quantitative 

analysis of the 1H NMR was in good agreement with the monomer mixture used for the 

polymerization. 1H NMR (500 MHz, D2O, 𝛿 = 4.75): 0.81 (brs, CH3, SMA), 1.21, 1.57 (brs, -

CH2-, backbone, DMAM, SMA, MADQUAT), 2.55 (brs, -CH-, backbone, DMAM), 2.85 (brs, 

-N-(CH3)2, DMAM), 3.17 (brs, -N+-(CH3)3, MADQUAT), 3.68 (brs, -CH2-N
+-(CH3)3, 

MADQUAT), 4.47 (brs, -CH2-O-C=O, MADQUAT), 7.18 (brs, aromatic protons of peptide 

residue). SEC in DMF gave molecular weights of (P3-1, Mn = 23820 and P3-2, Mn = 32589 g 

mol-1) with dispersities of (P3-1, Ɖ = 2.19 and P3-2 Ɖ=2.79). 

 

  



 
 

90 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

91 
 

Chapter 7. Synthesis and Characterization of Hydrophobically 

Modified Polymers Based on Fatty Acid monomers 

 

 

7.1 Introduction 

Growing awareness and environmental concerns, along with the dwindling of crude oil reserves 

(according to predict of Energy Information Administration‘s 2016 report the global energy 

consumption will enhance by 48% in 2012-2020) [246] and the increasing cost of petroleum 

derived chemical commodities have sparked the interest of many researchers to think about a 

new alternative pathways for materials based on renewable resources [247,248]. Fatty acids 

(FA) and their derivatives are advantageous in this regard due to their renewability, availability 

in large quantities, biocompatibility and relative low cost which are the reasons why they find 

many applications in diverse field [249].   

Depending on the degree of saturation/unsaturation of the carbon chain, FA can be 

classified in: saturated fatty acids (SFA), without any double bond and unsaturated fatty acids 

(USFA) which bear double or triple bonds. Additionally, USFA can also be divided into 

monounsaturated fatty acids (MUSFA) if only one double bond is present and polyunsaturated 

fatty acids (PUSFA) with two or more double bonds.  

The incorporation of renewable resources like FA in the polymer chain allows to design 

bio-based polymers with widespread applications, but one limitation is that the rather low 

reactivity of their unsaturated aliphatic chains make them not very useful for further chemical 

modification. This problem can be solved by functionalization with polymerizable moieties. 

For example, La Scala and coworkers [250] used methacrylate to make a fatty acid based 

monomer, which can be applied as styrene replacement in vinyl ester resins leading to lower 

viscosity, volatility and costs. Other studies have also been worked on the functionalization of 

FA by addition of vinylic, acrylic and styrenic groups [251], generally involving esterification 

reaction. Moreover, introduction of fatty acids into the polymer chain leads to better compound 

properties such as low melting point, improved handling, flexibility, with providing a better 

release profile and degradation compares to the simple physical mixture of polymers with fatty 

acid [252]. For example, a series of fatty acid functionalized norbornenes were prepared by the 

ring-opening metathesis polymerization (ROMP) with potential to control the thermal property 

by changing the chain length of the fatty acid [249]. The objective of this chapter is to prepare 

hydrophobically modified polymers via mono and polyunsaturated fatty acids to combine the 
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properties of long alkyl chains with the flexibility and functionality of fatty acids. Additionally, 

the copolymer containing polyunsaturated double bonds has the potential to change from a 

viscoelastic physically crosslinked hydrogel to an elastic chemically crosslinked one for 

providing a model to better understand in vivo cellular processes, such as the irreversible cross-

linking that occurs during aging and diabetes [253].  

 

7.2 Results and Discussion 

This chapter focuses on the synthesis and characterization of hydrophobically modified 

polymers based on fatty acids, using oleic acid (cis-9-octadecenoic acid) and linoleic acids (cis, 

cis-9,12-octadecadienoic acid). A comparison of the rheology between copolymers made from 

oleic and linoleic acid and those containing the saturated SMA side chains was done to assess 

how and to what extent the presence of the double bond affects the gel forming properties in 

aqueous medium.  

  

7.2.1 Synthesis of oleyl acrylamide copolymer (POA)  

This section elaborates the experimental results obtained for the synthesis of the precursor 

monomer, oleyl acrylamide (OA). The reaction involves a nucleophilic reaction of the 

oleylamine with acryloyl chloride and formation of the desired oleyl acrylamide. This reaction 

is shown in the following scheme. 

 

 

 

 

Scheme 7.1. Synthesis of the oleyl acrylamide (OA) monomer. 
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Figure 7.1. 1H NMR spectrum of oelylacrylamide monomer (CDCl3). 

    

As can be seen from the 1H NMR spectrum (Figure 7.1), successful synthesis was achieved 

with a yield of 86%. The signals corresponding to the double bond appear between 5.0-5.5 ppm 

and those from the remaining functional groups can be easily identified and are in agreement 

with the results from Shiono and coworkers [254]. 

With the aim of studying hydrophobically modified polymers using fatty acid monomers 

with unsaturated bonds in the side chain, a copolymer POA consisting of dimethylacrylamide 

and oleyl acrylamide was synthesized. For this purpose, three varying copolymer compositions 

using 1.25 mol% (POA1.25), 2.5 mol% (POA2.5) and 3.75 mol% (POA3.75) of oleyl 

acrylamide were synthesized. The polymerizations were initiated by AIBN and proceeded in 

degassed toluene at 65 °C for 20 hours. The copolymers were then obtained by precipitation in 

diethyl ether. The copolymers were characterized by 1H NMR and SEC measurements. 

The molecular weight and dispersity of the copolymers was determined by size exclusion 

chromatography (SEC) in DMF. The analytical data are listed in Table 7.1.   
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Table 7.1. Analytical data of the oleyl acrylamide (OA) containing copolymers. 

Samples 
Copolymer composition (mol%) 

(DMAM: OA) a,b) 

Mn 

(g/mol) c) 
Đ c) Yield (%) 

POA1.25 98.43 (98.75):1.57 (1.25) 35900 2.77 81 

POA2.5 97.05 (97.5): 2.95 (2.5) 32940 2.81 78 

POA3.75 96.62 (96.25): 3.38 (3.75) 42800 2.99 73 

a) The polymerizations were carried out with 0.01 mol/L AIBN; at T= 65 oC for 20 h, b) copolymer 

composition was determined by 1H NMR spectroscopy, in brackets: theoretical values, DMAM (N,N’-

dimethyl acrylamide), c)determined by SEC in DMF with 5 g L-1 LiCl, T= 60 oC. 

 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.2. 1H NMR spectra of A) POA1.25, B) POA2.5 and C) POA3.75 (in MeOD). 
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1H NMR spectroscopy (Figure 7.2) reveals that the copolymerization was successful with the 

OA double bond peak appearing between 5.0-5.5 ppm. This peak becomes significantly larger 

as the amount of OA in the copolymer is increased, whereas those corresponding to the 

remaining functional groups are in agreement with the expected chemical shifts. 

 

7.2.2 Rheological Study 

In order to distinguish the effect of the presence of the double bond in the copolymer side chain, 

a comparison of the rheological properties of the copolymer containing oleyl acrylamide was 

made with those copolymers with stearyl methacrylate (SMA) side chains, that contain also 18 

carbon atoms in the side chain, however, as a saturated chain. 

The aqueous PBS-buffer solutions of the copolymers were prepared in a screw-capped vial at 

varying concentration of 10, 12.5 and 15 wt%. 

 

7.2.2.1 Viscosity Measurements  

In Figure 7.3a the viscosity of the copolymers consisting of 1.25 and 2.5 mol% oleyl acrylamide 

at 37 °C at varying shear rates are shown. It is apparent that the viscosity increases with 

increasing the concentration for both copolymers, but a comparison between the viscosities 

reveals a rather drastic difference. For each sample there is an almost twenty fold increase in 

the viscosity; for example, at 10 wt% the initial value jumps from approximately 0.5 (POA1.25) 

to 9 (POA2.5) Pa.s. For the next concentration (12.5 wt%), it changes from approximately 1.05 

to between 25-30 Pa.s and the same observation is made for the final concentration with a 

change from about 3 to 80-90 Pas. 

Figure 7.3b elucidates the effect of the copolymer composition on solution properties. 

Viscosity enhances with increasing OA content. A comparison of shear viscosity between the 

copolymers at 10 wt% shows a significant viscosity increase from approximately 0.5 for 

POA1.25 to around 230 Pa.s for POA3.75. The copolymer viscosity is made through transient 

oleyl acrylamide side chain association. POA3.75 consisting of 12.5 and 15 wt% form 

hydrogels, therefore the shear viscosity measurements were not performed for these two 

samples. 
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Figure 7.3. Copolymer viscosity as a function of shear rate a) at various concentration of 15 (–■–), 12.5 

(−●−) and 10 (–▲–) wt% for POA1.25 and POA2.5; b) for POA1.25, POA2.5 and POA3.75 at 10 

wt%. 

 

The copolymer viscosity change was also visually assessable as can be seen through the 

decrease in fluidity of the solutions in Figure 7.4 (based on the solution consisting of 15 wt%) 

and leads to the conclusion that an increasing amount of oleyl acrylamide in the copolymers 

results in an increase in the viscosity of the resulting copolymers solution.  

 

 

 

 

 

 

Figure 7.4. Visual inspection for POA1.25 and POA3.75 at 15 wt%. 
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As can be seen from Figure 7.5, the viscosity of the copolymers comprising OA is significantly 

lower compared to those copolymers with SMA as the comonomer. The values for OA remain 

well below 10 Pa.s with relatively larger jumps in the viscosity as the polymer concentration in 

the sample is increased, however, the values are clearly lower than their reference analogue 

with a saturated C18-alkyl chain. This change in properties can be attributed to the presence of 

the double bond. The stearyl side chain of PrefSMA1.25 can crystallize, while the oleyl pendant 

group of POA1.25 cannot because of the cis double bond in the alkyl sequence. 

 

 

 

 

 

 

 

 

Figure 7.5. POA1.25 and PrefSMA1.25 viscosities at various concentration of 15 (–■–), 12.5 (−●−) and 

10 (–▲–) wt% and various shear rates.  

 

7.2.2.2 Modulus as a function of frequency 

In this part the effect of oleyl acrylamide content and chain regularities were examined in order 

to depict the effect of molecular architecture on crystalline structure and consequently on the 

stiffness by performing dynamic rheological measurements for the copolymers. The results are 

shown in Figure 7.6 for POA2.5, POA3.75 and PrefSMA2.5 at 15 wt%. The obtained data 

support clearly the well-known behavior of physical cross-linked copolymers for POA2.5 in 

which G/ becomes larger than G// at a certain frequency showing the importance of the elastic 

part, meaning the solution has fluid character. The viscoelastic behavior of POA3.75 is different 

over the entire frequency range since the cross-over concentration between G/ and G// 

disappeared for POA3.75 and G/ is larger than G// in the entire frequency range, denoting a gel-

like behavior. The increase of hydrophobe content (from 2.5 to 3.75 mol%) gives rise to 

stronger and more dense intermolecular associations, reflected by the solid-like response of 

POA3.75.   
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Figure 7.6. Storage modulus G/ (−●−) and loss modulus G// (−●−) as a function of frequency for 

POA2.5, POA3.75 and PrefSMA2.5 at 15 wt%. 
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 Figure 7.7. Saturated and unsaturated side chain structure. 

 

The comparison between PrefSMA2.5 and POA2.5 shows the significant difference of the 

solution properties of these two copolymers. PrefSMA2.5 displays a higher storage and loss 

modulus with solid-like response (G/˃G//). This can be interpreted by the presence of the cis 

double bond in the side chain of POA2.5. The stearyl methacrylate with a fully saturated alkyl 

chain can pack tightly against one another. In contrast, the cis double bond of the oleyl 
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acrylamide side chain is bent, which makes it difficult for the hydrophobic tails to pack tightly. 

Therefore, POA2.5 illustrates lower stiffness in comparison to its references copolymer Figure 

7.7. 

  

7.2.2.3 Modulus as a function of time  

Modulus as a function of time at constant frequency (1Hz) was measured for the copolymers at 

10, 12.5 and 15 wt% polymer solutions. The results are shown in Figure 7.8 for 15 wt%. It can 

be seen, that with increasing content of the hydrophobe both moduli increased and for the 

solutions obtained from copolymers consisting of 1.25 and 2.5% mol% OA, G/ is lower than 

G// indicating that the copolymers are more liquid-like. On the other hand, copolymers 

consisting of 3.75% OA exhibit the opposite behaviour with, G// lower than G/ suggesting that 

the samples become more elastic. This change in behaviour of the dynamic moduli can be 

explained by the formation of stronger and more dense hydrophobic associations for POA3.75. 

The results for POA3.75 at 12.5 wt% shows an elastic response while at 10 wt% the copolymer 

is more viscous (G//>G/).  

If we compare the results with those obtained for the gels obtained from PrefSMA2.5 with 

2.5% of SMA monomer, a drastic difference in the values can be seen. This leads to the 

conclusion that the presence of the double bond in the side chain does indeed have a significant 

impact on the resulting solution properties. 

  

 

 

 

 

 

 

 

Figure 7.8. G/ (blue symbol) and G// (black symbol) as a function of time reading for POA1.25, POA2.5, 

POA3.75 and PrefSMA2.5 using solution consisting of 15 wt% of each polymer. 
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7.2.3 Synthesis of copolymer containing oleyl acrylamide and cationic monomer 

(PCOA1.25) 

A polymeric fatty acid bearing positive charges was synthesized in order to obtain copolymers 

with unique properties of cationic polymers. The cationic functionalised copolymer was 

synthesized with a composition of 1.25 mol% OA and 10 mol% MADQUAT. The 

polymerization was performed as before for 20 hours at 65 °C in toluene/methanol mixture with 

AIBN as an initiator. The resulting copolymer was obtained by precipitation in diethyl ether 

and characterized by SEC and 1H NMR.  

Analysis using 1H NMR confirmed the success of the polymerization. The double bond 

peak corresponding to the OA could be identified in addition to those characteristic of the 

remaining functional groups, as is illustrated by the following figure. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.9. 1H NMR of copolymer containing oleyl acrylamide and cationic monomer (in MeOD). 
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Table 7.2. Analytical data of the PCOA1.25 copolymer. 

Sample 
Copolymer composition (mol%) 

(DMAM: OA: MADQUAT) a,b) 

Mn 

(g/mol) c) 
Đ c) Yield % 

PCOA1.25 88.75: 1.3 (1.25): 10.7 (10) 39500 2.45 79% 

a) The polymerization was carried out with 0.01 mol/L AIBN; at T= 65 oC for 20 h, b) copolymer 

composition was determined by 1H NMR, in brackets are theoretical values, DMAM (N,N’-dimethyl 

acrylamide), OA (oleyl acrylamide), MADQUAT ((methacryloyloxyethyl trimethyl ammonium 

chloride), c) determined by SEC in DMF with 5 g L-1 LiCl, T= 60 oC. 

 

7.2.4 Synthesis of linoleyl methacrylate copolymer (PLM)  

. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.10. 1H NMR of linoleyl methacrylate (LM) in CDCl3. 
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This section elaborates the experimental results obtained for the synthesis of the precursor 

monomer, linoleyl methacrylate (LM) by esterification of 2-hydroxyethyl methacrylate 

(HEMA) in the presence of dicyclohexylcarbodiimide (DCC) as coupling agent and 4-

dimethylaminopyridine (DMAP) as catalyst at room temperature for 24 h in DCM solvent [249]. 

As can be seen in 1H NMR spectrum (Figure 7.10), successful synthesis was achieved with a 

yield of 60%. The peak corresponding to the double bond appearing between 5.0-5.5 ppm and 

those from the remaining functional groups can be easily identified and are in agreement with 

the expected spectrum 

DMAM hydrophobically modified polymers using LM as a hydrophobic monomer were 

prepared by free radical polymerization, initiated by AIBN, proceeded in degassed toluene at 

65 °C for 20 hours. The copolymer was obtained by precipitation in diethyl ether. For this 

purpose, two different copolymer compositions of 1.25 mol% (PLM1.25), 2.5 mol% (PLM2.5) 

of LM were synthesized. The copolymer compositions were characterized by 1H NMR. The 

molecular weight and dispersity of the copolymers were determined by size exclusion 

chromatography (SEC) in DMF. The analytical data are listed in Table 7.3.  

Analysis using 1H NMR spectroscopy (Figure 7.11) reveals that the polymerization was 

successful, the double bond peaks appear between 5.0-5.5 ppm.    

 

Table 7.3. Analytical data of the copolymers PLM1.25 and PLM2.5 containing LM. 

Samples 

Copolymer composition (mol%) 

(DMAM: LM) a,b) 

Mn 

(g/mol) c) 
Đ c) Yield (%) 

PLM1.25 99.1 (98.75): 0.9 (1.25) 28200 2.81 76 

PLM2.5 98.2 (97.5): 1.8 (2.5) 33800 3.03 73 
a) The polymerizations were carried out with 0.01 mol/L AIBN; at T= 65 oC for 20 h, b) copolymer 

composition was determined by 1H NMR, in brackets: theoretical values, DMAM (N,N’-dimethyl 

acrylamide), LM (oleylacrylamide), c) determined by SEC in DMF with 5 g L-1 LiCl, T= 60 oC. 
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Figure 7. 11. 1H NMR spectrum of A) PLM1.25 and B) PLM2.5 (in MeOD). 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   

7.2.5 Viscosity as a function of shear rate  

The effect of polyunsaturated fatty acid structure on the solution viscosity was investigated 

first. Figure 7.12 compares the steady shear viscosity profile for PLM1.25 and PLM2.5 at 10 

and 15 wt%. It can be seen that an increase in each polymer concentration leads to higher 

viscosity. Moreover, at higher LM content (PLM2.5 mol%) an enhancement in viscosity was 

observed.  

A comparison between POA (Figure 7.3) and PLM viscosity shows that polymers 

containing OA are more viscous. Consequently, viscosity values varied clearly depending on 

the type of unsaturation. Linoleyl methacrylate with more double bonds does not allow to stack 

closely together, thus interfering with packing in the crystalline state and shows a more fluid- 

like behavior [255].  

 
     

 

 

 

 

  

 

 
 

L1.esp

5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5

Chemical Shift (ppm)

-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

N
o

rm
a

liz
e

d
 I
n

te
n

s
it
y

METHANOL-d4
4

.8
7

1 

1 

1 

2 

2 

 

A 

B 

 
2 

1 

1 



 
 

104 
 

 

 

 

 

 

 

 

Figure 7.12. The effect of copolymers concentration and LM content on the shear viscosity of PLM1.25 

and PLM2.5 in buffer solution at 37 oC. 

 

7.2.3 Photo-dimerization of unsaturated double bonds  

Since the regulation of cell processes such as differentiation, proliferation and migration is 

dependent on interactions with the extra cellular matrix, the composition and features of the 

ECM, for example its elasticity and/or viscoelasticity, play a vital role in controlling the cellular 

response and behaviour. The same principle applies to hydrogels that are used to imitate the 

ECM. However, a feature of the native ECM that gives it a marginal advantage compared to a 

hydrogel is the fact that it is dynamic, meaning the physical properties are tunable during 

cellular processes and can be adjusted to the cell requirements. Recently, studies have been 

conducted with the aim of synthesizing hydrogels that can mimic this behaviour of native 

ECMs, in that the hydrogel can be made to respond to external stimuli such as pH, temperature 

and addition of ions. One such example is the research conducted by Tamate group [253], where 

UV light irradiation has been employed to modulate the viscoelastic hydrogel properties. This 

cytocompatible hydrogel consisted of an ABA triblock copolymer where N-

isopropylacrylamide together with an acrylate monomer bearing a coumarin side chain formed 

the first block and the polyethylene oxide formed the second block. The hydrogel obtained from 

this polymer is initially only physically crosslinked under physiologically relevant conditions, 

but once exposed to UV-light, the coumarin moieties undergo photo-dimerization via [2+2]-

cycloaddition which results in the formation of chemical crosslinks.  
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Figure 7. 13. a) UV-vis spectra of POA2.5 and PLM2.5 (6 wt%) recorded after UV/vis light irradiation 

(𝝀=273 nm) at 37 oC, b) degree of dimerization for the copolymers was obtained from the change in the 

absorption peak of OA and LM moieties at 273 nm. 

 

For photo-cross linking, a 6 wt% solution of POA2.5 and PLM 2.5 were exposed to λ=273 nm 

and the disappearance of the double was monitored by UV spectroscopy bond after photo-

dimerization. UV–spectra of both samples were recorded during irradiation for 60 min and are 

summarized in Figure 7.13a. The absorption peak of OA and LM at ~273 nm demonstrate a 

continuous decrease with increasing irradiation time, suggesting a growing degree of 

dimerization.  

When comparing the degree of dimerization which was calculated from the spectra 

(Figure 7.13 b) it can be seen that the photoreaction for POA with one unsaturated bond appears 

to proceed more slowly. The dimerization degree is only ~13%, but for PLM2.5 this value 

could reach up to ~40% after 1 h irradiation. The results are in a good agreement with studies 

from He and Tamate who exposed copolymers containing coumarin moieties at λ ~ 310 and 

360 nm UV light, respectively, for photo-cross-linking. They observed a continuous decrease 

in the absorption peak of coumarin at ~310 nm with increasing irradiation time. They could 

reach a degree of dimerization of up to 75 % after ~2 h. Tamate and coworkers also investigated 
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the viscoelastic properties of coumarin hydrogels. An increase in storage (G/) modulus and 

decreasing in loss (G//) modulus was observed after UV irradiation. As a result, it is possible to 

control the viscoelastic properties of polymer containing double bond in side chain utilizing 

irradiation time. 

 

7.4 Conclusion  

Two types of hydrophobically modified polymers based on fatty acid monomers were prepared 

by free radical polymerization. For this purpose, monounsaturated OA and polyunsaturated LM 

acrylate monomers were synthesized and then successfully copolymerized with DMAM in 

three varying concentration 1.25, 2.5 and 3.75 mol% for OA and 1.25 and 2.5 mol% of LM. A 

comparison of the viscosity of solutions made from copolymers containing OA, LM and SMA 

side chains showed that the viscosity of the copolymers may be predicted by using polysaturated 

and monosaturated fatty acid composition. A drastic difference in the values was observed here.  

Solutions of these copolymers with unsaturated double bonds can undergo a [2+2] 

cycloaddition by UV-vis irradiation. Consequently, a decreasing absorbance of POA2.5 and 

PLM2.5 as a function of total applied energy at 273 nm was observed.  

 

 

7.5 Experimental  

 

7.5.1 Synthesis of Oleylacrylamide 

5.48 mL (4.46 g, 16.67 mmol) of oleylamine were reacted with 4.56 mL (3.33 g, 32.9 mmol) 

of triethylamine in 33 mL of anhydrous dichloromethane under stirring and the reaction mixture 

cooled to -10°C. Another solution of 1.47 mL (1.65 g, 18.23 mmol, 1 eq) acryloyl chloride in 

17 mL of dichloromethane was prepared and added dropwise to the reaction mixture. This was 

then allowed to stir for 4 hours at 0 °C. After removal of excess acryloyl chloride by distillation, 

the organic layer was extracted with saturated NaHCO3 (50 ml), demineralized water (50 ml) 

and brine (25ml) and then dried over NaSO4. Removal of excess dichloromethane using rotary 

evaporation yielded a light yellow solution of oleyl acrylamide (4.71 g, 14.67 mmol, 86 %). 

The monomer was confirmed by 1H NMR. 1H NMR (500 MHz, CDCl3, 𝛿 = 7.27), 0.8 (t, -

CH3), 1.2 (m, aliphatic –CH2-), 1.4 (m, -CH2-CH2-NH(=O)), 1.9 (m, -CH2-C=C-), 3.3 (m, -

CH2-NH(=O)), 5,3 (m, -C=C-), 5.6 (dd, -NH(=O)), 6 -6.3 (m, -HC-CH2-). 
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7.5.2 Monomer synthesis based on linoleic acid 

For synthesis of the fatty acid monomer containing two double bonds three different method 

were used:  

First method: This section elaborates the experimental results obtained for the synthesis 

of the precursor monomer, linoleyl amine, in order to use the same procedure for oleyl 

acrylamide synthesized (as describe before). The three-step synthesis was performed using 

linoleic acid as the initiating reactant, 10 mL (5 g, 17.83 mmol) of linoleic acid were slowly 

added to 2.44 mL (4 g, 33.6 mmol) of thionylchloride under stirring, maintaining the 

temperature below 40 °C. This was then allowed to stir for 30 minutes at 50 °C. Removal of 

excess thionylchloride by distillation followed by distillation of linoleyl chloride (250 °C, 

vacuum) yielded 1.51 g (5.05 mmol, 30 %) of the desired product as a light yellow liquid 

(Figure 7.14). 1H NMR (500 MHz, DMSO, 𝛿 = 2.5), 0.89 (t, 3H, -CH3), 1.3 (m, 14H, aliphatic 

–CH2-), 1.6 (m, 2H, -CH2-CH2-(C=O)Cl), 2.18 (m, 4H, -CH2-C=C-), 2.9 (m, 4H, -CH2-

(C=O)Cl and C=C-C-C=C), 5-5.5 (m, 4H, HC=CH). 

 
 

Figure 7.14. Synthesis of linoleyl chloride.  

 

In the following step, 1.51 g (5.05 mmol, 1 eq) of linoleyl chloride were slowly added to 15 mL 

of an ammonia solution under vigorous stirring. This was then cooled to 5 °C, filtered, washed 

with cold demineralized water and dried. The product (4 g, 14.31 mmol) was obtained as a 

yellow-white solid (Figure 7.15). 1H NMR (500 MHz, DMSO, 𝛿 = 2.5), 0.9 (t, 3H, -CH3), 1.28-

1.33 (m, 14H, aliphatic –CH2-), 1.55 (m, 2H, -CH2-CH2-(C=O)NH2), 2.16 (m, 4H, -CH2-C=C), 

2.8 (m, 2H, C=C-C-C=C), 5-5.5 (m, 4H, HC=CH), 7.05 (s, 2H, NH2). 
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Figure 7.15. Synthesis of linoleyl amide. 

 

The last step, 0.75 g (19.76 mmol) of lithium aluminiumhydride were added to 17 mL of THF 

under a constant stream of argon. After slow addition of 4 g (14.31 mmol, 1 eq.) of linoleyl 

amide, the mixture was heated to reflux and then allowed to stir at room temperature overnight. 

Unfortunately, this procedure resulted in an extremely poor yield of the desired product. 1H 

NMR (500 MHz, DMSO, 𝛿 = 2.5), 0.9 (t, 3H, -CH3), 1.28-1.33 (m, 14H, aliphatic –CH2-), 1.51 

(m, 4H, -CH2-CH2-NH2), 2.15 (m, 4H, -CH2-C=C), 2.8 (m, 2H, C=C-C-C=C), 5-5.5 (m, 4H, 

HC=CH). 

 

 

Figure 7.16. Synthesis of linoleyl amine. 

 

 

Second method [248] for the synthesis of vinyl linoleate: In a two-necked round bottom glass 

flask involving reflux condenser, linoleic acid (3.5 × 10-3 mol) and a 10eq excess of vinyl 

acetate (VAc) were mixed under inert atmosphere of argon. The catalysts ([Ir(co)Cl2, 0.01eq) 

with sodium acetate (0.03eq) were added to the mixture, thereafter the reaction was performed 

under dry argon atmosphere at 100 oC for 20 h. After 20 h, the reaction mixture was extracted 

with dichloromethane after pouring into water. The organic layer was further dried over 

anhydrous sodium sulphate followed by removing the solvent in a rotary evaporator. The final 
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product was purified by silica-gel column chromatography using diethyl ether-dichloromethane 

(4:1 v/v) in a very low yield of 10%. 1H NMR (500 MHz, CDCl3, 𝛿 = 7.27), 0.8 (t, 3H, -CH3), 

1.3 (m, 14H, aliphatic –CH2-), 1.5 (m, 2H, -CH2-CH2-C(=O)), 1.95 (m, 4H, -CH2-C=C-), 2.3 

(t, 2H, -CH2-C(=O)), 2,6 (m, 2H, -C=C-CH2-C=C), 4.6 and 4.9 (dd, 2H, -COO-CH=CH2), 5.2 

(m, 4H, -CH=CH-). 

 

 

Figure 7.17. Chemical structure of vinyl linoleate. 

 

Third method [249] for the synthesis of the methacrylate linoleic monomer: Linoleic acid (0.104 

mol, 2.5 ml) and 4-dimethylamino pyridine (DMAP) (0.0104  mol, 0.108 g) in 7.5 ml dry DCM 

were placed in 50 ml double neck round bottom flask on ice-water bath. The reaction flask 

equipped with magnetic bar under dry atmosphere. In another mixture, 

dicyclohexylcarbodiimide (DCC) was dissolved in the least possible volume of DCM and was 

then added to the first reaction mixture. Afterwards, 2-hydroxethyl methacrylate (HEMA) 

(0.1040 mol, 0.97 g) was added dropwise to the reaction flask. After completing the addition, 

the solution was stirred in the ice-water bath for 30 min, then it was allowed to stir at room 

temperature for 24 h. 10 ml distilled water was added to the solution and the organic fraction 

was washed with saturated NaHCO3 (20 ml × 4) and brine solution (15 ml × 2) and dried over 

anhydrous Na2SO4 before removing the solvent in a rotary evaporator. The residue was purified 

by silica-gel column chromatography with a 95:5 (v/v) mixture of cyclohexane-EtOAc. This 

method provided the monomer with two double bonds in the side chain in 60% yield.  

 

 

7.5.3 Synthesis of POA 

40 mg (0.12 mmol) of oleyl acrylamide and 1.03 mL (9.99 mmol) dimethylacrylamide were 

placed in a round bottomed flask under inert conditions. After addition of 10 mL of toluene 

under stirring, the reaction mixture was subjected to 7-8 freeze and thaw pump cycles in order 

to remove any contaminating or terminating species e.g. oxygen or water vapour. The mixture 

was then reacted in a free radical polymerization reaction using 16.4 mg of AIBN as an initiating 

species at 65 °C for 20 hours. This yielded a yellow-white copolymer consisting of 1.25% oleyl 

acrylamide.  
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The constitution of the polymers was then varied by using two concentrations of the oleyl 

acrylamide monomer with 2.5 mol% and 3.75 mol%, using 80 mg and 120 mg of the monomer, 

respectively, without variation of any other quantities. After cooling to room temperature, the 

copolymers were precipitated in diethyl ether and dried on the vacuum line. 1H NMR (500 

MHz, MeOD, 𝛿 = 3.31, 4.87): 0.91 (brs, CH3, OA), 1.31 (brs, -CH2-CH2-C=C), 1.65, (brs, -

CH2-, backbone, DMAM, OA), 2.04 (brs, -CH2-C=C), 2.68 (brs. -CH-, backbone, DMAM, 

OA), 2.85 (brs, -N-(CH3)2, DMAM), 5.35 (brs, -C=C-). SEC in DMF gave the molecular weight 

of (POA1.25, Mn = 35900, POA2.5, Mn = 32940 and POA3.75, Mn = 42800 g mol-1) with 

dispersities of (Ɖ = 2.77, Ɖ = 2.81 and Ɖ = 2.99 respectively) 

 

7.5.4 Synthesis of copolymer containing oleyl acrylamide and cationic monomer 

40 mg (0.12 mmol) of oleyl acrylamide, 1.03 mL (9.99 mmol) dimethylacrylamide and 0.234 

g (1.13 mmol) of the cationic monomer [2-(methacryloyloxy) ethyltrimethyl 

ammoniumchloride] (MADQUAT) were placed in a round bottomed flask under inert 

condition. After addition of 10 mL of a toluene: methanol mixture (in a 6:4 ratio) under stirring, 

the reaction mixture was subjected to 7-8 freeze and thaw pump cycles. The mixture was then 

reacted similarly in a free radical polymerization reaction using 18.6 mg (0.11 mmol) of AIBN 

as an initiating species at 65°C for 20 hours. This yielded a yellow-white copolymer consisting 

of 1.25% oleyl acrylamide.  

 

7.5.5 Synthesis of PLM  

PLM copolymers were synthesized according to a previously method, as described for POA. 

Copolymers were prepared by free radical polymerization in toluene in Schlenk-flasks with 

freeze- pump-thaw cycles to obtain dry atmosphere at room temperature. 1.25 and 2.5 mol% of 

LM along with DMAM and 0.01 mol/L AIBN were added to flasks to 1 M solution. The 

reaction carried out at 65 oC for 20 h, before the resulting polymers were precipitated in diethyl 

ether, the solutions were let to cool down and reach the room temperature and dried under 

vacuum for at least 48 h.  1H NMR (500 MHz, MeOD, 𝛿 = 3.31, 4.87): 0.83 (brs, CH3, LM), 

1.23 (brs, -CH2-CH2-C=C), 1.54 (brs, -CH2-, backbone, DMAM, LM), 1.97 (brs, -CH2-C=C), 

2.58 (brs. -CH-, backbone, DMAM), 2.85 (brs, -N-(CH3)2, DMAM), 5.25 (brs, -C=C-C-C=C). 

SEC in DMF gave the molecular weight of (PLM1.25, Mn = 28200 and PLM2.5, Mn = 33800 

g mol-1) with dispersities of (Ɖ = 2.81 and Ɖ = 3.03 respectively). 
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Chapter 8. Characterization techniques  
 

 

8.1 Nuclear magnetic resonance spectroscopy  

Nuclear magnetic resonance (NMR) spectroscopy measurements were done with DRX-500 

(500 Hz) on FT-NMR instruments from Bruker at room temperature. The evaluation of the 

spectra was done utilizing the ACD labs program. The coupling constant (J) studied in Hertz 

and the chemical shift (δ) in parts per million (ppm). Calibration was performed on the residual 

protons of the deuterated solvents utilized, here deuterated methanol (MeOD: δ = 3.31 and 

4.87), chloroform (CDCl3: δ = 7.27), water (D2O: δ = 4.75): Abbreviations for descriptors and 

multiplicities are: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad.  

 

8.2 Size exclusion chromatography  

Size exclusion chromatography (SEC) with PSS GRAM analytical 1000 Å and 30 Å columns 

equipped with a Knauer RI detectors Smartline 2300 was utilized to measure the molecular 

weights of the copolymers. The molecular weights of copolymers were studied in DMF with 5 

g L-1 LiBr at 60 oC, using PMMA as standards.  

 

8.3 Ubbelhode viscometer  

The viscosities of liquid-like solutions were measured by an Ubbelhode capillary viscometer 

with capillary diameter 0.58 mm which was situated in a thermostat-control water bath at 37oC 

and were calculated using the equation [8.1]: 

η = A. p. t   eq. [8.1] 

Where A is viscometer constant, p is water density and t is the flow time.   

 

8.4 Rheology  

Rheological studies were performed at 37oC utilizing Bohlin Gemini rheometer from Malvern. 

Two types of rheometers were used in order to explain the range of rheological behavior 

observed. For viscous and high viscous samples, measurements were done using oscillatory 

rheometry equipped with a cone-plate (150 mm diameter) geometery. For gel-like samples, 
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measurements were performed on a 1000 mm plate-plate geometry. All samples were heated to 

100 oC before rheological measurements.  

 

8.5 Fluorescence spectroscopy   

The fluorescence measurements were recorded with a F-2700 fluorescence spectrometer from 

Hitachi using an excitation wavelength of 334 nm. The spectra intensities were applied at 371 

nm (peak 1) and 382 nm (peak 3). Pyrene in methanol (0.1 M) was used as fluorescent dye.  

 

8.6 High-performance liquid chromatography  

High-performance liquid chromatography (HPLC) were performed on a Merck Hitachi 

instrument equipped with L-6200 intelligent pump, 65A variable wavelength UV monitor and 

a UV detector (L-4000). Acetonitrile/water 50:50 was used as solvent at a flow rate of 1ml/min 

at room temperature. 

 

8.7 Ultraviolet- visible spectroscopy  

UV-vis spectra of the dilute aqueous solutions of POA2.5 and PLM2.5 (6 wt%) was measured 

using an Analytik Jena Specord 210 spectrophotometer.  

 

8.8 Mass Spectrometry  

Fourier transformation mass spectrometer (LTQ-Orbitrap) coupled to an Accela HPLC system 

(including of Accela autosampler, Accela pump and Accela PDA detector). HPLC column was 

Hypersil Gold, 50 mm*1mm, 1.9 μm (particle size). Both instruments were from Thermo 

Electron. Mass spectrometer (MS) was recorded on ionization mode ESI (electrospray 

ionization).with source voltage of 3.8kV. Capillary voltage was 41V at 275 oC and tube lens 

voltage 140V. The scanned mass range was from 150 to 2000 m/z with resolution set of 60,000. 
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Chapter 9. Conclusions and Recommendations  

 

 
The incorporation of a small amount of hydrophobic units into the hydrophilic polymer 

backbone form a very important class of compounds called hydrophobically modified (HM) 

polymers with unique rheological properties in aqueous medium. Polymer concentration is one 

of the most important parameter that determines the rheological properties of such associative 

polymers. At low concentration (dilute solution) intra-molecular aggregation between 

hydrophobic groups are predominant which results in polymer coil contraction and viscosity 

decrease of the solution. Above a certain polymer concentration, the intra-molecular 

associations convert to inter-molecular associations, resulting in drastic viscosity increases.  

Therefore, using this conversion the broad variation of polymer solution characteristics can be 

obtained, from liquid-like at low concentration to high viscous three-dimensional transient 

network at high concentration. In some cases, this transient networks are strong enough to form 

hydrogels. The three-dimensional hydrogel structures enable them to absorb large amount of 

biological fluids or water. Because of soft consistency, porosity and high water content they 

can mimic natural tissues, more than any other type of synthetic polymeric biomaterials. In this 

research, free radical polymerization was used to prepare hydrophobically modified polymers 

with wide range of elastic and viscous moduli.  

 In the first part of the work, associative copolymers were synthesized as non-ionic 

reference copolymers. Lauryl methacrylate (LMA) (1.25-10 mol%) or stearyl methacrylate 

(SMA) (1.25 and 2.5 mol%) were copolymerized with N,N’-dimethyl acrylamide (DMAM) to 

form several copolymers (DMAM-SMA/LMA) (Pref). Three different functionalized 

copolymers were prepared containing additional cationic, zwitterionic and peptide 

functionalized monomer units.  

The cationic copolymers, P1-series, were synthesized from DMAM, LMA/SMA and a 

constant amount of 2-methylamino ethyl acrylate (DMAEA) (10 mol%). The precursor 

copolymers (DMAM-LMA/SMA-DMAEA) were methylated with methyl iodide to obtain 

cationic copolymers. The solubility and rheological studies of these copolymers in PBS buffer 

solution showed that the presence of cationic charge along the polymers side chain has a 

significant influence on the copolymers properties. It was found that with increasing the 

hydrophobe content and chain length of the reference copolymers their solubility decreased 

whereas all cationic copolymers were soluble in PBS buffer solution even up to 40 wt%. The 

rheological studies showed that the viscosity for polycations is much lower than the viscosity 
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of their corresponding reference copolymers Pref while the viscosity increased in both 

copolymers with increasing copolymer concentration. Additionally, the special concentration 

corresponding to the onset of semi-dilute unentangled regime for cationic copolymers is higher 

than their references analogues. The copolymers consist of SMA were found to have increased 

viscosities in both Pref and P1 copolymers.  

 

 

Figure 9.1.  Schematic diagram of the preparation of Pref, P1, P2 and P3. 

 

The zwitterionic copolymer P2 were composed of the zwitterionic monomer MEDSAH (10 

mol%), DMAM and 1.25 mol% of SMA. A comparative study between Pref and P2 proved that 

the incorporation of 10 mol% zwitterionic monomer leads to a viscosity increase above a critical 

concentration. This behavior can be explained by the coil expansion due to the repulsion 

between ionic groups. In addition, the anti-polyelectrolyte behavior and the enhancement of 

viscosity with addition of NaCl was observed.  
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To prepare a peptide containing copolymer, a copolymer consisting of DMAM, 1.25 mol% of 

SMA and peptide monomer (1 mol%) was synthesized. However, the presence of the peptide 

caused a drastic reduction in solubility. In order to address this limitation the cationic monomer 

was added to the reaction mixture. Thus, two HM copolymers were prepared containing 10 

mol% cationic monomer (MADQUAT), SMA (1.25 mol%), 1 mol% (P3-1) and 2 mol% (P3-

2) peptide monomer. Rheological studies revealed that P3-2 has higher viscosity compared to 

P3-1 and Pref, while the viscosity of P3-1 is lower than Pref.  

A comparison between the viscosities of all 4 types of copolymers exhibited a remarkable 

difference between polycations and other copolymers, whereas P2 was found to have enhanced 

viscosity. Furthermore, viscoelastic properties were investigated for all samples and the results 

showed that the elastic (G/) modulus and viscous (G//) modulus both increased with increasing 

the concentration. Moreover, except for Pref containing 2.5 mol% SMA above 10 wt% and P2 

at 25 wt% which behave like an elastic gel (G/ exceeds G// over entire frequency measurements) 

all copolymers presented liquid-like behavior.  

In the second part of the research hydrophobically modified polymers based on fatty acids 

including, monounsaturated oleyl acrylamide (POA) and polyunsaturated linoleic methacrylate 

(PLM) using DMAM as a hydrophilic unit were synthesized. Furthermore, the rheological 

properties were compared with Pref in order to understand the influence of the cis-double bond 

on the solution properties. The results showed that the increase of chain regularities facilitates 

the intermolecular aggregation behavior and consequently leads to a larger modulus. Therefore, 

Pref has higher modulus compared to POA and PLM. In addition, in both copolymers POA and 

PLM, the control of the mechanical properties was obtained through variation of fatty acid 

monomer content and number of double bonds. In the case of monomer content, the viscosity 

increased with increasing the fatty acid monomers content. In the case of the number of double 

bonds the enhancement of the number of double bond (PLM) resulted in softer hydrogel 

network. Therefore, PLM showed lower viscosity compared to POA. 

These copolymers have the potential to serve as a substrate for stem cell culturing and the 

results show that the mechanical properties as well as their chemical functionalization can be 

easily controlled through varying the functional groups, hydrophobe content and chain lengths 

as well as copolymers concentration. Future experiments will focus on the application of such 

copolymers to encapsulate stem cells and provide a 3D microenvironment for controlled stem 

cell culturing. 
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11.3 Nomenclature 

 

11.3.1 Abbreviations  

             

AA Arachidonic acid 

AD Alzheimer’s disease 

AIBN   Azobisisobutyronitrile 

ATRP Atom transfer radical polymerization 

BOC t-Butyloxycarbonyl  

CBMA Carboxybetaine methacrylate 

CCNCs    Cationic cellulose nanocrystals 

CDs Cyclodextrins 

DA Dodecyl acrylate 

DCC Dicyclohexylcarbodiimide 

DCM    Dichloromethane 

DiHexAM N, N-Diehexylacrylamide 

DIPEA N,N’-Diisopropylethylamine 

DMAM N,N’- Dimethyl acrylamide 

DMF Dimethylformamide 

DOAB   Dimethyloctane (2-acrylamidopropyl) mmoniumbromide 

DOX Doxorubicin 

ECM Extracellular matrix 

EPA Eicosapentaenoic acid 

eɸAM                      N-4- Ethylphenylacrylamide 

ESC Embryonic stem cells 

ESC Embryonic stem cells 

FA Fatty acids 

FMOC 9-Fluorenylmethyloxycarbonyl 

FN Fibrinogen 

FOSA Perfluorooctane sulfonamide 

GPC   Gel-permeation chromatography 

GPs Gelatin nanoparticles 
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GRP Gastrin releasing peptide 

HA Hyaluronic acid 

HBTU Hexafluorophosphate benzotriazole tetramethyl uranium 

HEK Human embryonic kidney cells  

HEMA Hydroxyethylmethacrylate 

hESCs Human embryonic stem cells 

HM Hydrophobically modified 

HOBT Hydroxybenzotriazole 

HPLC High-performance liquid chromatography 

IBD Inflammatory bowel disease 

IMEP        Inverse miniemulsion polymerization  

IPN Interpenetrating network 

IPN Interpenetrating network 

iPSC Pluripotent stem cells 

iPSC Pluripotent stem cells 

LM Linoleylacrylamide 

LMA Lauryl methacrylate 

LMA Lauryl methacrylate 

MADQUAT   Methacryloyloxyethyl trimethyl ammonium chloride 

METAC 2-methacryloyloxyethyltrimethyl ammonium chloride 

MSCs Mesenchymal stem cells  

MUSFA Monounsaturated fatty acids 

NAFLD Nonalcoholic fatty liver disease 

NMP N-Methyl-2-pyrrolidone 

NMR Nuclear magnetic resonance 

NSC Neural stem cell 

OA Oleylacrylamide  

ODA Octadecylacrylate 

PAA Polyacrylic acid 

PAA    Polyacrylic acid 

PBMA Phosphobetaine methacrylate 
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PBS Phosphate-buffered saline 

PDMAEMA Poly [2-(N,N-Dimethylamino) ethyl methacrylate] 

PDMS Poly (dimethylsiloxane) 

PEG Polyethylenglycol 

PEG     Polyethylenglycol 

PEGMA Poly (ethylene glycol) methacrylate 

PEI   Polyethyleneimine 

PEs Polyelectrolytes 

PLA Polylactic acid 

PLA      Polylactic acid 

PLL Poly (L-lysine) 

PMEDSAH Poly [2-(methacryloyloxy) ethyl dimethyl-(3-sulfopropyl) 

ammonium hydroxide] 

 

 

 

 

 

 

 

 

 

 

PNIPA Poly (N-isopropylacrylamide) 

PPO Poly (propylene oxide) 

PUSFA Polyunsaturated fatty acids 

PVA Polyvinylalcohol 

PVA Polyvinylalcohol 

PZs Polyzwitterions 

QC Quaternized cellulose 

RGD   Arginylglycylaspartic acid 

SAMs Self-assembled monolayers 

SBMA    Sulfobetaine methacrylate 

SCI Spinal cord injury 

SDS       Sodium dodecyl sulfate 

SEC   Size-exclusion chromatography 

SFA Saturated fatty acids 

SMA Stearyl methacrylate 

SMA Stearyl methacrylate 

SPPS Solid phase synthesis 

SPS Solution phase synthesis 
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TFA Trifluoroacetic acid 

USFA Unsaturated fatty acids 

UV-Vis                   Ultraviolet-visible spectroscopy 

VN Vitronectin  

β-GP β-Glycerophosphate 
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11.3.2 Symbols  

 

Ɖ                        Dispersity  

Mn                     Number-average molecular weight (g mol-1) 

Mw                    Weight-average molecular weight (g mol-1) 

G/                                  Elastic modulus (Pa) 

G//                      Viscous modulus (Pa) 

ωcross               Cross-over frequency (rad s-1) 

ηsp                     Specific viscosity (Pa.s) 

η/                       Dynamic viscosity (Pa.s) 

η*                     Complex viscosity (Pa.s) 
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11.4 1H NMR and mass spectrometry of peptide monomer 

 

 

 

Figure 11.1. 1H NMR spectrum of peptide monomer.  

 

 

 

 

Figure.11.2. Mass spectrometry of peptide monomer. 



 
 

149 
 

11.5 Modulus as a function of frequency for Pref and P1 at different concentration  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

Figure 11.3. Elastic moduli G/ (−●−) and viscous moduli C// (−●−) as a function of frequency for Pref 

and P1 with various hydrophobe content at different concentration. 
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