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ABSTRACT 

 

Over the past few decades, advances in hydrogel technologies have spurred development in many 

biomedical applications e.g. controlled drug delivery for proteins. Poly (2-hydroxyethyl methacrylate) 

(PHEMA) is one of the most frequently synthetic polymers which are used in biomedical applications. 

Biocompatibility and biodegradability of that polymer have been proven by many published reports. In 

this work, dextran and hydroxyethyl starch have been used as important starting polymer materials for 

developing new hydrogels by modification with HEMA as drug delivery system hydrogels. The degree 

of substitution (DS) of synthesized polymers was controlled during the coupling reaction in the 

polymer synthesis stage.  

Equilibrium swelling behavior of the gels was studied as one of the widely used methods to determine 

the average molecular weight between two adjacent crosslinks (Mc), the crosslinking density (Px), and 

the mesh size (ζ) of the hydrogel network. HES-HEMA, Dex-HEMA and HES-PEGMA hydrogels 

were successfully synthesized by in-situ hydrogelation via photocrosslinking based on visible light-

irradiation, to avoid the risks which are arising from photocrosslinking by the use of UV-irradiation. 

The visible-light crosslinking method which is used in this study so far is mainly used in dentistry. 

However, the absorption wavelength of the photosensitizer and its efficiency has to be taken into 

account in the crosslinking process. Therefore, camphorquinone (CQ) was used in this study as a 

common photosensitizer in visible-light initiating system. The amine or non-amine coinitiator 

concentration was varied from 0.25-3.0 mol%, and it has been combined with CQ in a water-DMSO 

mixture to crosslink Dex-HEMA, whereas CQ concentration was varied from 0.125-1.5 mol%, and 0.1 

wt. % of diphenyliodonium chloride (DPIC) was added, as a three-component radical photoinitiating 

system. The morphological structure of surface and interior (cross-section) of hydrogels has been 

investigated by SEM. A special cryofixation-cryofracture technique was used to prepare suitable 

hydrogel samples for SEM investigations.  

In order to improve the insufficient mechanical properties of virgin hydrogels; nano-filler clays were 

introduced into the hydrogels particularly montmorillonite and Laponite-RD as model of natural and 

synthetic clays respectively. Additionally, hydroxyapatite nanoparticles have been investigated as 

biodegradable nanoparticles. The interactions between nanocomposite materials and polymer networks 

were evaluated by FTIR and XRD analysis. The mechanical properties of virgin and nanocomposite 

hydrogels were assessed by oscillation rheology measurements. Whereas, the nanostructure of HES-

HEMA/MMT nanocomposite hydrogels were investigated by wide-angle x-ray scattering (WAXS), 

where interlayer spacing between silica layers of clays was estimated. To overcome the poor solubility 

of CQ in water, carboxylated-camphorquinone (CQCOOH) was prepared. CQCOOH-amine-DPIC 

was evaluated to establish an innovative photoinitiating system, in terms of the crosslinking efficiency 

and the mechanical properties of the prepared hydrogels. HES-HEMA hydrogel which was crosslinked 

with CQCOOH-amine-DPIC system showed a very fast gelation time (~5 Sec.), more efficient 

crosslinking and more mechanically stable hydrogel than that was crosslinked with CQ-amine-DPIC. 

The biocompatibility of polymers and the components of photoinitiating system have been evaluated 

by MTT-assay using HGF cells. Photoinitiating system components e.g. CQCOOH, NPG, and L-

arginine showed no toxic effect on HGF cell viability even in high concentrations.  
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KURZFASSUNG 

In den letzten Dekaden haben Fortschritte in der Hydrogel-Technologie die Entwicklung in vielen 

biomedizinischen Anwendungen z.B. der kontrollierten Wirkstofffreisetzung von Proteinen angeregt. 

Poly(2-hyroxyethylmethacrylat) (PHEMA) ist eines der am Häufigsten verwendeten synthetischen 

Polymere für biomedizinische Anwendungen. Die Biokompatibilität und die Bioabbaubarkeit dieses 

Polymers wurden vielfach untersucht und belegt. In dieser Arbeit wurden Dextran und 

Hydroxyethylstärke als Ausgangsmaterialien für die Modifikation von HEMA verwendet, um neue 

Hydrogele für die Wirkstofffreisetzung zu entwickeln. Der Substitutionsgrad (DS) der synthetisierten 

Polymere wurde kontrolliert. 

 Das Gleichgewichtsquellungsverhalten der Gele wurde untersucht, um das durchschnittliche 

Molekulargewicht zwischen zwei benachbarten Verknüpfungspunkten (Mc), die Verknüpfungsdichte 

(Px) und die Maschengröße (ξ) des Hydrogelnetzwerkes zu bestimmen. HES-HEMA-, Dex-HEMA- 

und HES-PEGMA-Hydrogele wurden durch in-situ Hydrogelierung über Photovernetzung mit 

sichtbarem Licht erfolgreich hergestellt. Das sichtbare Licht wurde verwendet, um die Risiken, die 

durch eine Photovernetzung mit UV-Strahlung entstehen, zu vermeiden. Die Vernetzung mit Hilfe von 

sichtbarem Licht wird derzeit hauptsächlich in der Zahnmedizin angewendet. Die Wellenlänge der 

Absorptionsbande des verwendeten Photosensibilisators und seine Effizienz müssen beim 

Vernetzungsprozess beachtet werden. Deshalb wurde in dieser Arbeit Campherchinon (CQ), ein 

gebräuchlicher  Photosensibilisator in Initiierungssystemen mit sichtbarem Licht verwendet. Es wurde 

ein aus drei Komponenten bestehendes Photoinitiierungssystem entwickelt: Coinitiator, 

Campherchinon und Diphenyliodoniumchlorid (DPIC). Die Konzentration eines aminhaltigen oder 

nicht aminhaltigen Coinitiators wurde zwischen 0,25 und 3 mol% variiert. Die Konzentration von 

Campherchinon wurde zwischen 0,125 und 1,5 mol% variiert, die Konzentration des 

Diphenyliodoniumchlorids wurde bei 0,1 Gewichtsprozent gehalten. Untersuchungen zur Struktur der 

Oberfläche und des inneren der Hydrogele wurden mit Hilfe der Rasterelektronenmikroskopie (REM) 

durchgeführt. Für die Probenpräparation wurde eine spezielle kryofixation/kryobruch-Technik 

verwendet.  

Um die ungenügenden mechanischen Eigenschaften der reinen Hydrogele zu verbessern wurden 

Füllstoffe verwendet. Es wurden Tonmineralien in die Hydrogele eingemischt: Montmorillonit als 

Modellsubstanz für natürlichen Ton und Laponit-RD für synthetischen Ton. Zusätzlich wurden 

Hydroxylapatitnanopartikel als bioabbaubare Nanopartikel untersucht. Die Wechselwirkung zwischen 

Nanokompositmaterialien und den Polymernetzwerken wurden mit FTIR und XRD untersucht. Die 

mechanischen Eigenschaften der reinen bzw. mit Nanocompositen modifizierten Hydrogele wurden an 

Hand der Oszillationsrheologie überprüft. Die Nanostruktur der HES-HEMA/MMT 

Nanokomposithydrogele wurde mit Weitwinkel-Röntgenstreuung (WAXS) untersucht und so der 

Schichtabstand zwischen den Silikaschichten des Tonminerals abgeschätzt. Um Campherchinon 

wasserlöslich zu machen, wurde carboxyliertes Campherchinon (CQCOOH) hergestellt. Das System 

CQCOOH-Amin-DPIC wurde als innovatives Photoinitiierungssystem, in Hinblick auf die 

Vernetzungseffiziens und die mechanischen Eigenschaften der entstehenden Hydrogele, entwickelt: 

HES-HEMA Hydrogele, die mit dem System CQCOOH-Amin-DPIC vernetzt wurden zeigen eine 

schnelle Gelierung (~ 5 Sek.), eine höhere Vernetzungseffiziens und bessere mechanische Stabilität als 

Hydrogele, die mit dem System CQ-Amin-DPIC vernetzt wurden. Die Biokompatibilität der Polymere 



 

 

vi 

und der Komponenten des Photoinitiierungssystems wurden mit einem MTT-Assay unter Verwendung 

von HGF-Zellen durchgeführt. Die Komponenten CQCOOH, NPG und L-Arginin zeigten keine 

Toxizität auf Zellen und dies auch bei hohen Konzentrationen. 
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AIM OF THE THESIS 

 
 
The desired objectives behind this work can be stated as follows: 

1. Development of synthesis and characterization of water-soluble polysaccharide 

polymers derivatized with hydroxyethyl methacrylate hydrogels as drug delivery 

systems in cavities around teeth or dental implants, using in-situ hydrogelation 

method based on visible-light induced photocrosslinking.  

2. Evaluating the effective factors of polymer synthesis, which are directly affecting the 

degree of substitution (DS) of the prepared polymers.  

3. Using CQ-amine -DPIC as visible- light photoinitiator system for crosslinking Dex-

HEMA polymer. Furthermore, studying the impact of different factors e.g. coinitiator 

types, concentrations, and solvent on the crosslinking density, as can be deduced from 

the investigation of the swelling behaviour of the resulting hydrogels, a system with 

optimal properties is sought.  

4. Part of my objectives deals improving the insufficient mechanical properties of virgin 

hydrogels by either incorporation of clay nano-fillers or improvement the efficiency 

of photoinitiator system in the crosslinking.   

5. Developing an innovative new visible-light-photoinitiating system consisting of 

CQCOOH-amine-DPIC to be used as a promising photoinitiating system via in-situ 

hydrogelation in biomedical applications. Additionally, to examine the feasibility of 

using CQCOOH-amine-DPIC in vivo application through evaluation the used 

polymer and all components of photoinitiating system in terms of the biological 

investigations.  
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SCIENTIFIC PROBLEMS 

 

The problems that faced this work were divided into two types. First, problems related to the 

synthesis of HES-HEMA, Dex-HEMA, or HES-PEGMA polymers. Most problems which 

have clearly appeared in the polymers synthesis are the inability of controlling the degree of 

substitution (DS) which influences the solubility of polymers in an aqueous solution; in 

addition the activation reaction of PEGMA is a very complex reaction which causes a lower 

yield of activated PEGMA.  

Second, during the last years e.g. several countries including Sweden have postponed the 

clinical use of some dental materials due to their harmful components. The formal reason for 

this was environmental but in reality it was due to the patient’s anxiety of toxic effects of 

released components in human body. Because the present photoinitiating system used in this 

study is extremely similar compared to that is hitherto used in dentistry. Therefore, the 

requirements and scientific problems are similar too. Commercially available materials and 

the synthesized polymers should fulfil all demands required for clinical applications, the most 

important clinical demands are e.g. (1) Photocrosslinking must be done using visible-light 

photoinitiation system and harmless light (wavelength > 400 nm), this requires the 

employment of visible–light-sensitive photoinitiator systems. (2) Complete photocrosslinking 

must occur in shortest time possible, but not exceeding 40 seconds. It is recommended to limit 

the time of photocuring to a few seconds. This allows the dentist to reduce clinical time and to 

make the patient feel more comfortable. (3) The crosslinking degree or conversion yield must 

be the highest possible (>90%) in order to avoid release of unreacted photoinitiating 

components system or polymers from the filling part into saliva.   (4) Photocrosslinking must 

be possible done in the ambient conditions e.g. presence of air and at room temperature. (5) 

All components used to form hydrogels either polymers or components of photoinitiating 

system, should be of as low toxicity as possible, non-carcinogenic, non-mutagenic, and a 

solvent-free formulation.  

Additionally, the risks which are arising from the use of conventional UV-photoinitiation 

system e.g. tissue burns and allergic reactions, in addition to posing risk of carcinogenic 

transformation, should be banned.1 Furthermore, the efficiency of irradiation lamp used has an 

important role for obtaining high conversion degree of hydrogels and it must be considered. 

Additionally, insufficient mechanical properties of virgin hydrogels are one of the most 

common problems which can restrict the use of hydrogel in different application sites.  

Finally, the last problem that is related to the photoinitiating system is a poor water-solubility 

of photosensitizer (CQ), as well as its strong yellow colour which is reducing the overall 

aesthetic part of resulting crosslinked material.    
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1. Introduction 

Since the pioneering hydrogel work by Wichterle and Lim2 in 1960, poly (2-hydroxyethyl 

methacrylate) PHEMA, has been of great interest to biomedical scientists. They first 

suggested a hydrogel based on PHEMA which could be a biocompatible synthetic material. 

Since this initial work hydrogels have been investigated for a wide variety of biomedical 

applications. Hydrogels are three dimensional hydrophilic polymer networks that capable of 

imbibing large amounts of water or biological fluids and retaining a large amount of fluid in 

the swollen state. Their ability to absorb water is due to the presence of hydrophilic groups 

such as –OH, -COOH, -CONH2, CONH-, and –SO3H. The water content in the hydrogels 

affects different properties e.g. permeability, mechanical properties, surface properties and 

biocompatibility. The physical properties of hydrogels make them more compatible with 

living tissue. These characteristics are due to higher water content, soft and rubbery 

consistency, and low interfacial tension with water or surrounding biological fluids. 

Hydrogels are also well compatible with protein drugs, and importantly they possess a good 

biocompatibility with living tissues.3  

The growth of hydrogel technology has advanced many fields ranging from food additives to 

pharmaceuticals then to biomedical implants. Hydrogel now plays a vital role in many tissue 

engineering scaffolds and drug carriers. Among these applications, hydrogel based drug 

delivery devices have become a major area of research interest with several commercial 

products already developed.3 The ability of molecules in different sizes to diffuse into (drug 

loading) and come out (drug release) of hydrogels permit the use of hydrogels as delivery 

system in different applications. For example, drug delivery systems are used in different 

biological locations, tissue engineering, hydrogel scaffolds in dental implants, and in bone 

regeneration. Soft contact lenses are an example of biomedical applications in which PHEMA 

hydrogels have found extensive use.4-6 The requirements of a polymer to be used in this 

application are e.g. optical clarity, strength, dimensional stability under a variety of 

conditions, being compatible with cornea and permeable to oxygen and carbon dioxide. All of 

the previous properties have been found in PHEMA hydrogels. Urgent other factors which 

can be used to control the nature of polymer network e.g. polymer composition, water content, 

crosslinking degree/density, and the type of crosslinking process should be developed.  

Currently, a number of studies have greatly contributed to our present understanding of 

polysaccharide polymers e.g. dextran, hydroxyethyl starch (HES), acetyl starch, and pullulan.  

These polymers are modified or substituted with a polymerizable group of HEMA, numerous 

systems of this unique class of material being proposed. From their great versatility in 

delivery of small drug molecule, more recent progresses have been made in the use of 

hydrogels as matrices for the encapsulation of living cells, as biologically friendly scaffolds 

for tissue engineering, dental materials and for the controlled release of proteins.7 Concerning 

the last topic, photocrosslinked gels are of great interest, particularly because the gel 
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formation can be often carried out under mild and physiological conditions. Water-soluble 

polysaccharide polymers e.g. HES and Dex have been modified or substituted by 

derivatization with polymerizable double bonds e.g. HEMA, followed by free radical 

photopolymerization. That has been done to produce a new class of artificial crosslinked 

polymers (hydrogel) for better intrinsic hydrogel properties and also due to their absent 

toxicity and their present biodegerdability.8  

Previously, dextran hydrogels have been prepared by using high concentration of dextran 

almost 25 w/w in the presence of potassium chloride resulted gel when cooling the mixture 

from 80 oC to room temperature (the first generation of dextran hydrogels).9 Using the 

traditional methods of ionic-crosslinker which is known for other polysaccharides e.g. sodium 

alginate in di- or tri-valents ions have been previously used for gel formation.10  

The second generation of dextran hydrogels has been formed by coupling with methacrylic 

acid, followed by radical polymerization to form dextran methacrylate. However, these 

hydrogels are not degradable under physiological conditions.11 The third generation of dextran 

hydrogels was synthesized by coupling with hydrolytically sensitive-carbonyl-ester group of 

HEMA to form dextran-HEMA hydrogel which is easily degradable under physiological 

condition.12 This class of dextran hydrogels is also synthesized in this study.  

Mostly, free radical photopolymerization has been previously used as a typical crosslinking 

method to avoid the risks of using so much chemicals or solvents which are used in the usual 

chemical crosslinking process. Moreover, it is easily applicable and efficient method in the 

different physiological conditions, different application sites, and with minimal heat 

regeneration.13 Very limited studies have dealt with visible-light free radical photo-

polymerization compared to large number of studies that utilized UV-light. The suitability of 

a hydrogel as a drug delivery device and its performance in a particular application depends to 

a large extent on its molecular structure. A number of excellent reviews discusses this topic in 

great detail.3  

The most important parameters that characterize and define the structure of hydrogel networks 

can be obtained via equilibrium swelling theory. These parameters are the polymer volume 

fraction in the swollen state, the average molecular weight between two adjacent crosslinks, 

the crosslinking density, and the mesh size. Conversely, the above mentioned effective 

parameters have been also estimated by other theories.  All these critical and effective 

parameters are summarized in section of swelling (chapter of Appendix, p.147). 

Unfortunately, most of the methodologies which have been used to provide such devices, 

have achieved limited success to control the gelation kinetics and hence the properties of the 

resulting materials. However, strict controlling of the crosslink density in the strategies based 

on free radical reaction (initiated by heat, redox, or photoirradiation mechanism) will provide 

readily adjustable network properties including crosslinking density, permeability, 

degradation, water uptake, or mechanical properties.13  

The photoinitiated crosslinking via vinyl groups e.g. HEMA by visible-light seems to be the 

main interesting method to produce three-dimensional polymeric network due to its rapid and 
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effective nature. In this way, the initiation time of the reaction, concentrations, and solvent 

type used can be easily controlled. Additionally the crosslinking can be carried out at ambient 

conditions. Thus the photocrosslinking can be carried out in direct contact with drugs, cells, 

and tissues as known in-situ hydrogelation method through free radical photopolymerization. 

The photopolymerization technology is based on the use of a photoreactive system (which 

contains double bonds e.g. α-diketones compounds) suited to absorb visible-light irradiation 

of the appropriate wavelength and forming primary radical species able to convert mono- or 

multifunctional monomers into a crosslinked network. Camphorquinone (CQ) in combination 

with as amine coinitiator provides an effective photoinitiating system that is widely employed 

in the curing of dental restorative materials.  

The hydrogels of this study were fabricated from macromer e.g. HEMA modified with 

polysaccharide polymer backbone e.g. dextran or HES by photocrosslinking with visible light. 

Combination of CQ as a photosensitizer, amine as a coinitiator and diphenyliodonium 

chloride (DPIC) as an oxygen scavenger has been used as a three-component radical 

photoinitiator system. Despite the fact that CQ is well established and has a good clinical 

acceptance, but photoinitiating systems based on CQ and amine showed some drawbacks and 

minimal health risks even though they are used at ppm levels. These drawbacks are like the 

strong yellow color of CQ which influences the color of the crosslinked polymers, and could 

compromise on the overall of aesthetic of final dental materials. Moreover the essential need 

for the use of solvent due to its poor water solubility, which is regarded the main problem in 

this study. Amine coinitiators also form by-products during photoreaction and can tend to 

cause yellow or brownish discolorations under the influence of heat or light. Apart from this 

biocompatibility and toxicity issues are also potential concerns. All these clinical demands 

should be taken in account to establish a suitable photoinitiator system which saves the 

solutions of the above mentioned problems. To overcome these problems, carboxylated 

camphorquinone (CQCOOH) was prepared. Additionally many attempts have been done to 

replace the traditional amine coinitiator e.g. DMAEMA with alternative polymeric, 

macromolecular amines or natural amine coinitiators e.g. L-arginine or NPG.  

Curing dental composite with visible (blue) light was first introduced in the late of 1970s by 

Bassiouny et al.14 A few years later, visible light curing by halogen lamps was used to bond 

orthodontic attachments by Read 15 and Tavas et al.16 Visible light curing systems are 

increasingly popular among clinicians, because they offer a number of advantages over self-

curing adhesives.  A number of light curing systems have recently been proposed in an effort 

to reduce the curing time without compromising bonding efficiency or by increasing the 

efficiency of the lamp used, in terms of the irradiance degree (intensity in mW/cm2). Solid 

state light-emitting diode (LED) technology has recently been introduced for the 

polymerization of dental or orthodontics light curing adhesive systems by Jandt et al.17 The 

first generation of LED lamp units that were commercially available until recently in 

orthodontics had lower light intensities compared to a halogen lamp.17 In contrast, the new 

generation of LED lamp e.g. which has been used in the current study has much higher light 
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intensity (800-1000 mW/cm2) compared to the traditional halogen lamp (100-300 mW/cm2). 

Additionally, the disadvantages which arising due to the use of halogen lamps are e.g. shorter 

life-time of filter, heat generation, and filter is required, these drawbacks have been overcome 

by the use of LED curing lamps.18 

Although using virgin hydrogels has many advantages, but their applications are often limited 

due to their poor mechanical and limited response properties.19 Nanocomposite materials like 

clays have been used to improve the mechanical and thermal properties of hydrogel.19 

Hydrogel nanocomposites are an important class that can be utilized in applications such as 

drug delivery system and tissue engineering.20 The incorporation of nanoparticles into 

hydrogel matrix can provide unique properties and can also improve all properties of 

hydrogels e.g. mechanical strength, nanostructure, morphological structure, and thermal 

stability. Because of the large surface area of nanoparticles (fillers), adding even a small 

amount of nanoparticles is effective to cause a significant change of the hydrogel properties. 

An advantage of using hydrogel nanocomposite in biomedical applications stems from their 

similarity to soft tissue. Overall, the safety concern of hydrogel nanocomposites involves the 

biocompatibility of the system when implanted in the body or direct contacted with the living 

cells. One of the most widely studied classes of hydrogel nanocomposites is the incorporation 

of clay nanoparticles to the hydrogel matrix. Clay nanocomposite hydrogels is the most 

frequently used in different biomedical sites e.g. dental implants, as orthopedic, and prosthetic 

implants.21 Numerous medical applications benefit from ability to form polymers in situ. For 

example, dentist’s photopolymerize dimethacrylate polymers in presence of silica 

nanoparticles fillers in tooth caries to render tooth-colored composite restorations as 

alternative to mercury amalgam fillings.22  

The present study has covered the common two clays that have been used in this field, which 

are montmorillonite (MMT) and Laponite RD as nanopartular natural and synthetic silicate-

clays, respectively. The chemical modification of clays before incorporation in the polymer 

matrix is a very important step, to improve the interface or interaction between inorganic clay 

layers and organic polymer matrix and to build a strong chemical bond between them, thus the 

cation exchange or intercalation reaction for raw clays has been done. This point was detailed 

covered in this study. 

Because of non-biodegradability of MMT or Laponite clays in vivo application, it was 

necessary to be replaced with alternative biodegradable nanoparticles e.g. hydroxyapatite 

(HA). Hydroxyapatite nanocomposite was potentially used in widespread applications 

including bone tissue engineering, as a filler to replace amputated bone, cartilage 

repair/replacement and as injectable material for tissue engineering.20 Generally, hydrogels 

have not been used in bone tissue engineering applications due to their low mechanical 

strength as mentioned above and the lack of bone growth stimulation. Thus the incorporation 

of HA into hydrogel can overcome these limitations.23 HA has been previously combined with 

many hydrogel systems e.g. PVA, PAA,23 whereas it is incorporated with HES-HEMA 

hydrogels in the present study. Incorporating HA nano-particulates into PVA hydrogel has 
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shown to increase the mechanical strength of the gel, provide a good thermal stability, 

homogeneity, increase storage elasticity of mechanical properties, and reduce in the swelling 

behavior.23 Overall, the improved hydrogel properties that result from the introduction of 

nano-sized-fillers will allow for improved materials performance and for using in new 

application sites. 
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2. Background and Literatures Review 

2.1. Hydrogel Definition   

Hydrogels are polymeric networks that absorb large quantities of water while, remaining 

insoluble in aqueous solutions, due to chemical or physical crosslinking of the individual 

polymer chains. Differing from hydrophobic polymeric chains such as poly lactic acid (PLA) 

or poly lactide-co-glycolide (PLGA) which have limited water-absorption capabilities (<5–10 

wt. %), hydrophilic hydrogels exhibit many unique physicochemical properties that make 

them advantageous for biomedical applications including drug delivery systems (DDS). For 

example, hydrogels are excellent candidates for encapsulating bio-macromolecules including 

proteins and DNA due to their lack of hydrophobic interactions which can denature these 

fragile species. In addition, compared to commonly used hydrophobic polymers such as 

PLGA, the conditions for fabricating hydrogels are relatively mild. Gel formation usually 

proceeds at ambient temperature and organic solvents are rarely required. In-situ gelation with 

cell and drug encapsulation capabilities further distinguishes hydrogels from the other 

hydrophobic polymers. Hydrogels can be prepared from natural or synthetic polymers.24 

Although hydrogels made from natural polymers may not provide sufficient mechanical 

properties and may contain pathogens or evoke immune/inflammatory responses, they do 

offer several advantageous properties such as inherent biocompatibility, biodegradability, and 

biologically recognizable moieties that support cellular activities. On the other hand, synthetic 

hydrogels do not possess these inherent bioactive properties. Fortunately, synthetic polymers 

usually have well-defined structures, which can be modified to yield tailorable degradability 

and functionality. Table 2-1 lists natural polymers as well as synthetic monomers that are 

commonly used in hydrogel fabrication.25 

Hydrogels may be chemically stable or they may degrade and eventually disintegrate and 

dissolve. They are called reversible or physical gels when the networks are held together by 

molecular entanglement and/ or secondary forces including ionic, H-bonding or hydrophobic 

forces. Physical hydrogels are not homogenous (in homogeneous or nonporous hydrogels, the 

polymer chains have a high affinity for the surrounding water, form one phase, and are highly 

mobile, whereas heterogeneous or macroporous hydrogels, on the other hand, have local 

regions where the polymer chains and the water form two distinct phases),26 since clusters of 

molecular entanglements, hydrophobically or ionically associated domains can create no 

homogeneities. When a polyelectrolyte is combined with a multivalent ion of the opposite 

charge, it may form a physical hydrogel known as an ionotropic hydrogel. Calcium alginate is 

an example of this type of hydrogel. Furthermore, when poly electrolytes of opposite charges 

are mixed, they may gel or precipitate depending on their concentration, ionic strength and pH 

of the solution. The products of such ion-crosslinked systems are known as complex 

coacervates, poly-ion complex or poly electrolyte complex hydrogels. The second type of this 

classification is permanent or chemical hydrogel when they are covalently–crosslinked 
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networks e.g. the synthetic hydrogel was based on copolymerization of HEMA with the 

crosslinker EGDMA, Chemical hydrogels may also be generated by crosslinking of water 

soluble polymers or by conversion of hydrophobic polymers to hydrophilic polymers plus 

crosslinking to form network. These types of hydrogels either chemical or physical hydrogels 

have discussed in details in the following sections of crosslinking types of hydrogels. 

 

 Table 2-1: Natural polymers and synthetic monomers used in hydrogel fabrication 25 

• Natural polymers and their derivatives 

Anionic polymers:  hyaluronic acid (HA), alginic acid , pectin, carrageenan, chondroitin sulafte, dextran 

sulphate. 

Cationic polymers: chitosan, poly lysine. 

Amphipathic polymers: collagen, gelatine, carboxymethyl chitin, fibrin. 

Neutral polymers: dextran, hydroxyethyl starch (HES), agarose, pullulan. 

• Synthetic monomers 

Hydroxyethyl methacrylate (HEMA) , N-(2-Hydroxypropyl)methacrylate(HPMA), 

N-vinyl-2-pyrrolidone(NVP), N-isopropyl acrylamide (NIPAm), Vinyl acetate (VAm), Acrylic acid (AA),   

Methacrylic acid (MAA), Polyethylene glycol acrylate/ methacrylate (PEGA/PEGMA), 

Polyethylene glycol diacrylate/ dimethacrylate (PEGD/PEGDMA). 

• Combinations of natural and synthetic polymers 

P(PEG-co-peptides), alginate-g-(PEO-PPO-PEO), dextran-HEMA, HES-HEMA, collagen-acrylate, alginate-

acrylate, P(HEMA/matrigel), HA-g-NIPAAm.  

 

Hydrogels may also have many different physical forms, including:25  

1. Solid molded forms (e.g., soft contact lenses). 

2. Pressed powder matrices (e.g., pills or capsules for oral ingestion). 

3. Micro particles (e.g., as bio-adhesive carriers or wound treatments). 

4. Coatings (e.g., on implants, catheters or pills, capsules, coatings on the inside capillary 

wall in capillary electrophoresis, or on cosmetic materials). 

5. Membrane, sheets or cylinder (e.g., as a reservoir in a transdermal drug delivery patch 

or for 2D electrophoresis gels). 

6. Encapsulated solids (e.g., in osmotic pumps). 

2.2. Preparation Methods of Hydrogels  

Hydrogel can be synthesized from natural or synthetic polymers (Table 2-1) as mentioned 

above. The synthesis of polymeric hydrogels is typically achieved by one of two well 

established methods: Polymerization of hydrophilic monomers, modification, 

functionalization or grafting of existing polymers. Various reviews on this subject have 

discussed in detail synthetic methods and applications of hydrogels.1, 27, 28 

More recently, hydrogels synthesized by radiation polymerization and grafting polymerization 

have been both reviewed by Carenza,29 and Kazansikii et al.30 The two major synthesis 
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methods of hydrogels which have been appointed, namely, polymerization of hydrophilic 

synthetic monomers and by polymer modification, are mainly used here (Table 2-1).  

On the other hand, hydrogels synthesized from natural polymers will also be enumerated and 

a section will be devoted to an explanation of the emulsion or suspension polymerization 

technique used to produce micro spheres or beads hydrogels. Additionally, during the next 

sections will be presented, two approaches which have been reported for the synthesis of 

hydrogels, the first is involving crosslinking copolymerization using multifunctional co-

monomers which acts as crosslinking agent. The second approach is implementing the 

crosslinking of linear polymers by irradiation or chemical compounds. 

2.2.1. Hydrogels Synthesis from Hydrophilic Monomers 

The free-radical chain polymerization technique is the most frequently used to synthesize 

hydrogels from hydrophilic monomers containing a double bond. The polymerization begins 

when an initiating species produces an active center radical typically which is illustrated in 

details in the next section of photosensitizer mechanism (see Eq. 2-1, p.30) by homolytic 

dissociation of a weak bond or by redox reaction. The active radical centers rapidly propagate 

through the carbon double bonds of many monomer units to form polymer chains. When two 

free radical species meet, they may react with each other by combination or 

disproportionation to terminate the polymerization process (Eq.2-2, p.31). The free radical 

reaction is very versatile and may be employed to produce hydrogels in a variety of structures. 

Additionally, crosslinked polymeric structures may be readily produced by introduces of 

small quantities of a divinyl crosslinking agent which may participate in the propagation step 

of two free radical chains and may produce a crosslinking among chains. Table 2-1 shows 

some of these synthetic hydrophilic monomers which contain a carbon double bond which an 

active centre may propagate to produce a polymer chains. The methods of generating active 

centers depend on the nature of monomers, solvent and the reaction condition to be employed 

and may be based on heat (thermal initiators), light (photoinitiators), γ-radiation or electron 

beam. Each initiation process produces free radicals that initiate a chain reaction. The thermal 

initiators include peroxides and azo-compounds that undergo cleavage at a rate markedly 

temperature-dependent. Typical solvents used for solution polymerization of hydrogels 

include water, ethanol, water-ethanol mixture, DMSO, and water-DMSO mixtures. The 

synthesis solvent may be removed after formation of the gel by swelling the hydrogels in 

water.31  

2.2.2. Hydrogel Synthesis by Grafting or Functionalization of Existing Polymers 

One of the most frequently used methods for the synthesis of grafted polymeric hydrogels 

involves generating free radicals on the support surface followed by polymerization with 

monomers. Hydrogels grafted to the surface of the support by means of covalent bonds are 

thus produced. A variety of techniques may be used to generate free radicals on surfaces, 

including the use of ionizing radiation, by peroxide formation, by the use of ceric ions, or by 
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means of radical transfer. Hydrogels formed by polymer modification also include those 

formed by copolymerizing existing polymers by reacting functionalities on these polymers 

with appropriate monomers or polymers.  

The techniques used for production of hydrogels include bulk, solution, suspension, and 

emulsion polymerization. Bulk polymerization involves polymerization of monomers by the 

chain or step polymerization technique with appropriate initiators, while, solution 

polymerization of monomers is usually carried out in the presence of a solvent that may affect 

the kinetics and the chemistry of the formed hydrogels. Emulsion and suspension 

polymerization are used when particulate hydrogels or hydrogel beads are the desired product. 

These techniques give a control over the size, shape, and particle size distribution of the 

hydrogel beads or particles. Table 2-2 shows some important features of these different 

techniques for hydrogel synthesis from existing polymers.31 

• Solution Polymerization 

In solution, copolymerization-crosslinking reactions and ionic monomer (e.g. acrylic acid as 

anionic monomer, vinyl pyridine as cationic monomer) or neutral monomer (e.g. HEMA) are 

mixed with the multifunctional crosslinking agent. The polymerization is initiated thermally, 

by UV-Vis light or by redox initiator system. The prepared hydrogel should be washed with 

distilled water to remove the organic solvent, unreacted monomer and crosslinking agent. The 

typical example for this method is the preparation of PHEMA from HEMA monomer, using 

ethylene glycol dimethacrylate EGDMA as crosslinker. Using the latter method, a great 

variety of hydrogels has been synthesized. The hydrogels can be made as pH-sensitive 

materials by using methacrylic acid as a monomer and also temperature-sensitive hydrogels 

by using N-isopropyl acrylamide as a monomer.32 

 
Table 2-2: Polymerization methods for preparation of basic polymers for hydrogels 

 

Polymerization 

 method 

Important features Problems related to polymer 

synthesis 

Bulk  Initiator and monomer needed, crosslinking agent can 

be added. 

High viscosity, difficult agitation 

lead to no uniformity of product. 

Solution Initiator, solvent and monomer needed polymer soluble 

or insoluble in solvent. 

Chain transfer frequently gives 

molecular weight distribution, 

removal of solvent. 

Suspension Initiator, solvent, monomer, and suspending agent 

needed, crosslinking agent can be added, and polymer 

product sizes depend on suspending agent interfacial 

tension. 

 

Emulsion Initiator, solvent, monomer, suspending agent and 

emulsifier agent needed. 

Residual emulsifier.  

Gaseous Reaction in gaseous phase, high pressure unknown 

kinetics. 

Pure polymer, technique not 

applied to many systems. 

Plasma Glow discharge, unknown kinetics. High cost, new technique ultra 

pure polymer obtained. 
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• Suspension Polymerization 

This method is applied to prepare spherical hydrogels or microparticles in size range 1µm to 

1mm. In this method, the monomer solution is dispersed in non-solvent forming fine droplets, 

which are stabilized by adding a somewhat of stabilizer. The polymerization is initiated via 

thermally-free radicals. The obtained microparticles were washed with distilled water to 

remove the unreacted monomers, crosslinking agent and initiator. 

2.3. Crosslinking Types of Hydrogels 

2.3.1. Chemically Crosslinked Hydrogels 

• Crosslinking by Radical Polymerization 

Chemically crosslinked gels can be obtained by radical polymerization of low molecular 

weight monomers in the presence of crosslinked agents. Poly (2-hydroxyethyl methacrylate) 

(PHEMA) is a well known frequently studied hydrogel systems. This hydrogel was first 

described by Wichterle and Lim2 and is obtained by polymerization of HEMA in the presence 

of a suitable crosslinking agent (e.g. ethylene glycol dimethacrylate). Great variety of 

hydrogel characteristics, among the swelling is the most important, can be modulated by the 

amount of crosslinker. Besides by radical polymerization of mixtures of vinyl monomers, 

chemically crosslinked hydrogels can also be obtained by radical polymerization of water 

soluble polymer derivatives with polymerizable groups. Different water soluble (synthetic, 

semi synthetic and natural polymers have been used for the design of hydrogels via this route 

(Tale 2-1). In particular, dextran is used as a building block for degradable hydrogels. Water-

soluble polymers other than dextran namely, albumin,33 hydroxyethyl starch (HES),34, 35 poly-

aspartamide, poly (vinyl alcohol), and hyaluronic acid were derivatized with methacrylic acid 

by using the method which has been further developed by Edman et al.36 In this method, 

polysaccharide polymers were dissolved in water with glycidyl acrylate. The hydrogel was 

formed after adding the initiator system which contains ammonium peroxydisulfate and 

tetramethylene-diamine. Radicals were generated after exposure to an UV-light source in an 

aqueous solution. The degree of substitution was very low and difficult to control due to 

hydrolysis of glycidyl methacrylate before and after reaction with the water-soluble polymers.  

 

• Crosslinking by Chemical Reaction of Complementary Groups 

Water-soluble polymers owe their solubility properties due to the presence of functional 

groups (e.g. –NH2, -COOH, and –OH), these groups can be used for the formation of 

hydrogels. Covalent linkages between the polymer chain can be performed by reacting of 

functional groups with complementary reactivity such as amine-carboxylic acid, isocyanate-

OH/NH2, or by Schiff base formation.37 

Glutaraldehyde was used as a crosslinking agent to form hydrogels of polymers containing 

OH groups e.g. PVA,38 amine containing polymers e.g. albumin or gelatine, and amine 

containing polysaccharides e.g. chitosan. Poly (aldehyde guluronate) obtained by oxidizing 
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periodate of partially depolymerised alginate, can be converted into hydrogel by crosslinking 

with adipic acid dihydrazide as known aldehydes crosslinking (Fig. 2-1). In the same context, 

water-soluble polymers can be crosslinked into hydrogels by using bis- or higher functional 

crosslinking agent which reacts with functional groups of water-soluble polymers via addition 

reaction e.g. divinylsulfone and 1,6-hexanedibromide.37 The crosslinking reactions are 

preferably carried out in organic solvents, because water can also react with the crosslinking 

agent.37   

Furthermore, condensation reactions between hydroxyl groups or amines with carboxylic 

acids or derivatives are frequently applied for the synthesis of polymer hydrogels to yield 

polyesters and polyamides respectively.37 This reaction can also be used for the preparation of 

hydrogels. A very efficient reagent to crosslink water soluble polymers with amide bonds is 

N, N-(3-dimethylaminopropyl)-N-ethyl carbodiimide (EDC). Many studies have reported this 

method for example, Feijen et al.39 described the preparation of gelatine hydrogels using these 

reagents. Mooney et al.40 developed a method to covalently crosslink this polymer. Alginate 

and PEG-diamine were crosslinked using EDC. The mechanical properties and crosslinking 

degree could be controlled by the amount of PEG-diamine in the gel and the molecular weight 

of PEG. 

 
Figure 2-1:  Aldehyde mediated crosslinking of polymers containing alcohol, amine or hydrazine groups.37 

• Crosslinking by High Energy Irradiation 

In this method, high energy radiation like Gamma rays and electron beams, have been used to 

prepare the hydrogels from the unsaturated compounds. During the iradiation, polymerization 

macro radicals can interact with the surrounding oxygen, for this reason, the irradiation 

polymerization is preferred to apply under inert atmosphere using argon or nitrogen gas. As 

well as, water-soluble polymers derivative with vinyl groups can be converted into hydrogels 

using this high energy irradiation.41 Hydrogels can also be obtained from radiation induced 

polymerization of mixture of mono functional acrylates and a suitable crosslinker. Moreover, 

high energy irradiation is able to crosslink water soluble polymers without additional vinyl 

groups. During irradiation of aqueous solutions of polymers, radicals can be formed on the 

polymer chain by e.g. the homolytic scission of C-H bonds. Additionally, radiolysis of water 

molecules generates hydroxyl radicals which can attack polymer chains also resulting in the 
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formation of macroradicals. Recombination of the macroradicals on different chains results in 

the formation of covalent bonds and finally in a crosslinked structure. The major advantage of 

this method over chemical initiation is that the obtained hydrogel is relatively pure but the 

different reactions taking place upon irradiation are very complicated. Hydrogel formation by 

irradiation induced crosslinking can be done in water under mild conditions (at room 

temperature and physiological pH). However, the gels have to be loaded with biologically 

active materials after the preparation, because the radicals formed during irradiation might 

potentially damage the biological active substance. Furthermore, in irradiated PEG the 

crosslinks consist of C-C bonds, these gels will not be biodegradable.37 Other polymers such 

as PVA, and PAA which have no vinyl groups were also crosslinked by radiation method. 37 

 

• Crosslinking by Using Enzymes  

Recently, enzymes have been used to synthesize PEG–based hydrogels.42 In this approach, a 

tetrahydroxy–PEG was functionalized with glutaminyl groups. PEG networks were formed by 

the addition of trans-glutaminase to aqueous solution of PEG glutaminyl and poly (lysine-co-

phenylalanine). This enzyme catalyzes the reaction between γ-carboxyamide group of the 

functionalized PEG and the ε-amine group of lysine to yield an amide linkage between the 

polymers.42  

2.3.2. Physically Crosslinked Hydrogels 

In recent decade, there is a much interest for using physically crosslinked gels. The main 

reason is that the use of crosslinking agents to prepare such hydrogels is avoided.37 Most of 

the covalent crosslinking agents are known to be toxic even in small traces. To overcome this 

problem and to avoid the purification step, the hydrogel is prepared by reversible ionic 

crosslinking. Chitosan, a poly cationic polymer can react with negatively charged components 

to form a network through ionic bridges between polymeric chains. Ionic crosslinking is a 

simple, mild, cheap procedure, and does not require catalysts. In contrast to covalent 

crosslinking, no auxiliary molecules such as catalyst are required.  Chitosan is also ionically 

crosslinked to form a polyelectrolyte complex hydrogel with poly acrylic acid. The 

polyelectrolyte complex has slow erosion, which is a faster degradable material than 

covalently crosslinked hydrogels. 

Alginate is a well-known example of a water-soluble polymer that can be crosslinked by ionic 

interactions. Alginate can be crosslinked by calcium ion solutions as known ionic interaction 

crosslinking.43 Additionally, alginate gels are frequently used as a matrix for the encapsulation 

of living cells and for releasing of proteins; these gels can be destabilized by extraction of 

calcium ions from the gel by a chelating agent. Additionally, polycations can be crosslinked 

with anions; chitosan-based hydrogels were obtained by crosslinking of this polymer with 

glycerol-phosphate disodium salt.44 Besides, anionic polymers being crosslinked with metallic 

ions, hydrogels can be obtained by complexation of polyanions with polycations.  



2. Background- Hydrogels as DDS  

 

13 

Beside ionic interaction crosslinking, the crosslinking by hydrogen bonds is used a widely 

physical crosslinking method. Poly (acrylic acid) and poly (methacrylic acid) form complexes 

with poly (ethylene glycol). These complexes are held together by hydrogen bonds between 

the oxygen of PEG and the carboxylic group of poly (acrylic acid), whereas for poly 

(methacrylic acid) hydrophobic interaction also play a role.45 Hydrogen bonding does not only 

occur between poly (methacrylic acid) and PEG but has also been observed in poly 

(methacrylic acid-g-ethylene glycol).46 The hydrogen bonds are only formed when the 

carboxylic acid groups are protonated. This implies that the swelling of these gels is strongly 

dependent on the pH. Recently, a hydrogel system was developed using the principle of DNA 

hybridization via hydrogen bonding and stacking of bases. In this concept, oligo- deoxyribo- 

nucleotides were coupled to a water soluble polymer. Hydrogels were prepared by addition of 

a complementary oligo-dinucleotide (ODN) either conjugated to the same water soluble 

polymer or, in its free form, to an aqueous solution of ODN derivatized water soluble 

copolymers.47  

The hydrogels were also formed by crosslinking by protein interaction, this method is a new 

development in materials chemistry.48 The main advantage is that the sequence of peptides 

and thereby its physical and chemical properties can be precisely controlled by the proper 

design of the genetic code on synthetic DNA sequences. On the other hand, the hydrogels can 

be physically crosslinked by antigen-antibody interaction which was previously  performed by 

Miyata et al.49 This approach might permit drug delivery in response to specific antigen. 

2.4.General Properties of Hydrogels 

2.4.1. Mechanical Properties of Hydrogels 

Mechanical properties of hydrogels are very important for pharmaceutical applications. For 

example, the integrity of the drug delivery device during the lifetime of the application is very 

important to obtain FDA approval, unless the device is designed as a biodegradable system. A 

drug delivery system designed to protect a sensitive therapeutic agent, such as protein, must 

maintain its integrity to be able to protect the protein until it is released from the system.1 

Changing the degree of crosslinking has been utilized to achieve the desired mechanical 

properties of the hydrogel. Increasing the degree of crosslinking of the system will result in a 

stronger gel. However, a higher degree of crosslinking creates more brittle structures. Hence, 

there is an optimum degree of crosslinking to achieve a relatively strong and yet elastic 

hydrogel.1 Copolymerization has also been utilized to achieve the desired mechanical 

properties of hydrogels. Incorporating a comonomer that will contribute to H-bonding can 

increase the strength of the hydrogel; as well as, incorporation of nano-fillers, silica layers 

clays or calcium carbonate clays to the polymerization mixture as a nanocomposite hydrogels 

system have been used to improve the mechanical properties of hydrogels.19  
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2.4.2. Cytotoxicity and in-Vivo Toxicity 

Cell culture methods, also known as cytotoxicity tests, can be used to evaluate the toxicity of 

hydrogels. Three common methods to evaluate the toxicity of hydrogels include extract 

dilution, direct contact, and agar diffusion. Most of the problems with toxicity associated with 

hydrogel carriers are the unreacted monomers, components of photoinitiating system, and 

initiators that leach out during application. Therefore, an understanding the toxicity of the 

various monomers used as the building blocks of the hydrogels is very important. The 

relationship between chemical structures and the cytotoxicity of acrylate and methacrylate 

monomers has been studied extensively.50 Several measures have been taken to solve this 

problem, including modifying the kinetics of polymerization in order to achieve a higher 

conversion, initial modification in the polymer synthesis step to avoid unreacted materials, 

and extensive washing of the resulting hydrogel which is not suitable in case in-situ 

hydrogelation e.g. the current study. The formation of hydrogels without any initiators has 

been explored to eliminate the problem of the residual of photoinitiating system components.  

2.4.3. Biocompatibility of Hydrogels 

Biomaterials are those which become a part of the body either temporarily or permanently. 

Biomaterials should perform with an appropriate host response in specific applications 

without toxicity, inflammatory, carcinogenicity, and immunogenic response. In general, the 

reaction of body to implants is to extrude them from the body or form sheath- like capsules 

around the implants if they cannot be removed. The typical tissue reaction around the 

implanted biomaterial is the formation of a thin fibrous capsule similar to scar tissue. The 

fibrous capsule often contracts and causes pain and deformity.51, 52 Cumulative evidence 

shows that hydrogels are highly biocompatible and hydrogels posses have a few unique 

properties that make them biocompatible materials: 

(1) Hydrogels have low interfacial tension with surrounding biological fluids, tissues and that 

minimize the driving forces for protein adsorption and cell adhesion. Because of its very high 

water content, the hydrogel surface is called a super-hydrophilic diffuse surface. The super-

hydrophilic diffuse surface is known to be highly compatible. (2) Hydrogels simulate the 

hydrodynamic properties of natural biological gels, cells and tissue in many ways. The high 

mobility of polymer chains at the hydrogel surface contributes for the prevention of protein 

adsorption and cell adhesion. This is mainly due to the steric repulsion exerted by the polymer 

chains. The protein adsorption and cell adhesion is prevented by the nonspecific repulsion 

resulting from entropic and mixing interaction between the polymer chains and proteins or 

cell membranes, this phenomenon is known as   steric stabilization of protein molecules.  

(3) The soft, rubbery nature of hydrogels minimizes mechanical and frictional irritation of the 

surrounding tissue. Low friction surfaces cause no pain and no damage to mucous membranes 

or to the intima of the blood vessels, and thus no infections and no mural thrombus formation. 

A major disadvantage of using hydrogels is that they have poor mechanical strength and 

toughness after swelling. This disadvantage can be overcome by grafting a hydrogel onto the 
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biomaterials. This only change the surface properties while the bulk properties remain 

stable.53-55 

2.4.4. Biodegradation of Hydrogels 

Biodegradation is defined as the conversion of materials into less complex intermediates or 

end products by solubilization, simple hydrolysis, or the action of biologically formed entities 

which can be enzymes and other products of the organism. The use of biodegradable 

polymeric systems in controlled release drug delivery is desirable, since the dosage forms will 

be degraded and eliminated from the body. This will avoid removal of the device from the 

body by surgery or other means when the device is no longer needed. Biodegradable 

polymeric systems also provide flexibility in the design of the delivery system for large 

molecular weight drugs, such as peptides and proteins, which are not suitable for diffusion 

controlled release through non-degradable polymeric matrices. Currently, the degradation of 

polymers is regarded as highly desirable and is frequently used to control the drug release 

rate.56 The application of the biodegradable polymers depends on the properties of the 

polymers. For drug delivery, polymers need to have the appropriate water permeability, 

biocompatibility, and tensile strength. The most desirable biodegradable system would be the 

one which leaves no residual polymer following the release of the drug and the degradation of 

the polymer. However, to find such a completely degradable system which meets the criteria 

for the controlled delivery of a wide variety of bioactive agents. There are three requirements 

a biodegradable hydrogel system should present.  

(1) Ideally, the degradation process leading to the formation of subspecies should take place 

without any side effects. Biocompatibility should be an important issue not only for the parent 

system but also for the degradation products origination from them. The removal of the 

anticipated by products from the body should be given consideration before the actual 

formulation of these systems. (2) The degradation process may lead to the loss in mechanical 

properties. Hence, maintenance of mechanical integrity, not only in the un-degraded form, but 

also is required during the degradation. Tensile strength, elastic modulus and matrix integrity 

can be used for determination of mechanical properties. In case of biodegradable hydrogel, the 

swelling property needs to be considered, since it may have a significant influence on the rate 

of degradation. Therefore, biodegradable hydrogel should be kept a balance between 

mechanical and degradation properties. (3) Adaptability to commonly used sterilization 

procedure is particular importance for implantable system. The practical application of 

biodegradable hydrogels as implants would require their sterility. The processing of the 

system should allow ease of sterilization. Additionally, the sterilization procedures should not 

have an undesirable effect on the functional properties of the system.57 The biodegradation 

types of hydrogels were listed as follows:  

• Normal Biodegradation 

Normal biodegradation is defined as the conversion of hydrogel materials less complex 

intermediates or end products by simple hydrolysis, solubilization, or the action of 
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biologically formed entities which can be enzymatically and other products of the organism.57 

Hydrogel may break down to produce fragments, also the integrity of the material decreases 

as a result of this process, in this case the formed small degraded fragments can move away 

from their site of action but this is not necessarily from the body. The purpose of 

biodegradation types study to determine; which mechanism or degradation types the hydrogel 

will be degrade?  

• Bioresorption 

Bioresorption describes the degradation of materials into low molecular weight compounds 

which can be eliminated from the body through natural pathway.58 

• Bioabsorption 

The Bioabsorption means the disappearance of the materials from their initial application site 

with or without degradation of dispersed polymer molecules.59 The clearance of dispersed 

polymer molecules may require special transport mechanisms since polymer molecules are 

too large for clearance by simple diffusion.60 If the dispersed polymer molecules are 

metabolized or excreted from the body, the process becomes bioresorption. 

• Bioerosion 

Bioerosion indicates conversion of water insoluble polymer to water soluble polymers or 

smaller molecules. Erosion is occurring only at the surface of a material is called surface 

erosion or heterogeneous, while, erosion which occurring through material is called bulk or 

homogenous erosion.61   

• Biodeterioration 

The term biodeterioration is used for any undesirable changes, either mechanical, chemical, 

physical, or aesthetic in the properties of materials.62 In general biodeterioration is considered 

as an unwelcome and destructive process, while normal biodegradation is regarded as 

desirable. This definition suggested that biodegradation has a broader meaning than 

bioresorption, bioabsorption, or bioerosion. It is quite difficult to distinguish various 

mechanisms or types of degradation occurring in vivo. In this study the term biodegradation 

in particular enzymatically degradation will be used throughout carbonate ester group 

hydrogels such as dextran-HEMA and HES-HEMA hydrogels. 

• Enzyme-Catalyzed Hydrolysis Degradation    

Enzymatic degradation is one of the most important degradation studied mechanisms. 

Hydrolysis is a group of enzymes which catalyze the hydrolysis of C-O, C-N and C-C bonds. 

Thus, they are of particular importance to the degradation of proteins and polysaccharides. 

Synthetic polypeptide or poly α-amino acids are also degraded by enzymes and that are why 

they have been used as building blocks of enzyme-degradable drug delivery matrices and 

biomaterials. Gelatin, collagen, albumin, and fibrin gels have been used most widely in the 

preparation of enzyme-degradable protein hydrogels. Many polysaccharides, starch, and 

dextran have been used extensively in the preparation of biodegradable polysaccharide 

hydrogels. They are hydrolyzed by enzymes known as glycosidase. The presence of a specific 
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glycosidase in certain regions of the body can be used for developing site-specific drug 

delivery hydrogels.63 

• Chemical Hydrolysis Degradation 

Hydrolysis of the polymer backbone is most favorable since it produces low molecular weight 

by-products. The following polymers are examples of synthetic and natural polymers which 

were degraded by chemical hydrolysis method.57 Poly lactic acid, poly glycolic acid, poly 

lactones, poly dioxanone, poly hydroxybutyrates, and poly hydroxyvalerate, polycarbonate, 

poly phosphate, poly ortho-ester, poly ortho-ether , poly anhydrides, poly cyanoacrylate, 

poly(malic acid), poly (ethylene terphthalate)  and poly phosphazenes. Biodegradation of the 

latter mentioned polymers takes place by the hydrolysis of the ester linkage leading to the 

formation of carboxylic acid and alcohol as low molecular weight by-products. These 

synthetic polymers also, only a few polymers are water soluble. Water insoluble polymers are 

not very hydrophilic but contain function groups capable of hydrogen bonding formation. 

They tend to be more crystalline, and this property accounts for their water insolubility.64 For 

hydrolysis to occur, the polymer has to contain hydrolytically unstable bonds which should be 

reasonable hydrophilic for the access of water. In the development of new biodegradable 

polymers, considering the toxicity of the degradation by-products has to be given the highest 

priority. 

2.4.5. Swelling of Hydrogels 

The degree of swelling is defined as the fractional change in gel volume relative to the sample 

volume at the gel point; the swelling degree is a direct measure  for the average molecular 

weight between crosslinks, the crosslinking density, and the mesh size of hydrogel 

networks.65 The crosslinking ratio is one of the most important factors that affect the swelling 

of hydrogels. It is defined as the ratio of moles of crosslinks to the moles of polymer repeating 

units.1 The higher the crosslinking ratio, the more crosslinking amount is incorporated in the 

hydrogel structure. Highly crosslinked hydrogels have a tighter structure, and will swell less 

compared to the same hydrogels with lower crosslinking ratios.1 The chemical structure of the 

polymer may also affect the swelling ratio of the hydrogels. Hydrogels containing hydrophilic 

groups such as –OH, swell to a higher degree compared to those containing hydrophobic 

groups. This implies that the degree of substitution of HEMA modified with water soluble 

polysaccharide polymers should be considered. Hydrogels containing hydrophobic groups 

collapse in the presence of water, thus minimizing their exposure to the water molecule. 

Swelling of environmentally-sensitive hydrogels can be affected by specific stimuli. Swelling 

of temperature-sensitive hydrogels can be affected by changes in the temperature of the 

swelling media. Ionic strength and pH affect the swelling of ionic strength- and pH-sensitive 

hydrogels, respectively. There are many other specific stimuli that can affect the swelling of 

other environmentally-responsive hydrogels. All these directories referring to the swelling 

degree determination are regarded the key of parameters which are used to identify the 

network structure of hydrogel. 
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2.5.Hydrogel in Controlled Release Formulation 

2.5.1. Drug Release Mechanism from the Designed Hydrogels 

Hydrogels have a unique combination of characteristics that make them useful in drug 

delivery applications. Therefore, the drug release mechanisms from hydrogel are very 

different from hydrophobic polymers that means the release mechanism is greatly depend on 

the nature of hydrogel used either hydrophilic or hydrophobic. Both simple and sophisticated 

models have been developed to predict the release of an active agent from a hydrogel as a 

function of time. The models are based on the rate limiting step for controlled release and are 

therefore categorized as follows: 

1. Diffusion-controlled 

2. Swelling-controlled 

3. Chemically-controlled 

Diffusion-controlled is the most widely applicable mechanism for describing the drug release 

from hydrogel. Fick's law of diffusion which has been described in the section of material and 

methods, with either constant or variable diffusion coefficients. It is commonly used in 

modelling diffusion-controlled release. Drug diffusivities are generally determined 

empirically or estimated a priori using free volume, hydrodynamic or obstruction-based 

theories.66 Swelling-controlled-release occurs when the diffusion of drug is faster than 

hydrogel swelling. The modelling of this mechanism usually involves moving boundary 

conditions where molecules are released at the interface of rubbery and glassy phases of 

swollen hydrogels.67 The release of many small molecule drugs from hydroxypropyl 

methylcellulose hydrogel tablets is the famous modelled using this mechanism. Whereas, 

chemically-controlled release is used to describe molecule release determined by reaction 

occurring within a delivery matrix. The most common reactions that occur within hydrogel 

delivery system are cleavage of polymer chains via hydrolytic or enzymatic degradation or 

reversible or irreversible reaction occurring between the polymer network and release drug. 

Under certain conditions the surface or bulk erosion of hydrogels will control the rate of drug 

release. The chemically-controlled release can be further categorized according to the type of 

chemical reaction occurring during the drug release.1, 66, 68 

2.5.2. Design Criteria for Hydrogels in Drug Delivery Formulations 

 Materials selection and network fabrication govern the rate and model of drug release from 

hydrogel matrices. Several design criteria are crucial for drug delivery fabrication and have to 

be evaluated prior to hydrogel fabrication and drug loading. These criteria are also important 

for mathematical modelling of drug release and to understand crosslinking and drug release 

mechanism. Table 2-3 lists important criteria and variables for designing any hydrogel-based 

drug carriers. Physical properties of the hydrogel also affect drug release. For example, 

polymer molecular weight, composition, and polymer/initiator systems concentrations 

influence hydrogel swelling and degradation. Finally, the stimuli-responsiveness of a hydrogel 
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network can also mediate the amount and the rate of the drug release. The understanding of 

transport and physical properties is especially crucial in modelling molecule release.1, 69 

 

Table 2-3: Design criteria and important requirements for hydrogels in drug delivery formulation69 

Design criteria Design variables 

Transport properties 

Molecular diffusion 

• Molecular weight, mesh size of hydrogel network, size of drug, and 

degree of substitution of polymer used. 

• Molecular weight of polymer, crosslinking density, polymer-drug 

interaction, hydrogel degradation rate, additional functionalities. 

Physical properties 

Gelling mechanism / conditions 

Structure properties 

Biodegradability 

Stimuli-responsiveness 

• Polymer / crosslinker/ initiator system concentration, 

• Temperature, pH, ionic strength. 

• Molecular weight of polymer. 

• Mechanical strength. 

• Concentration of degradable groups. 

• Concentration of responsive groups. 

Biological properties 

Biocompatibility 

• Cytotoxicity test of the hydrogel compositions. 

• Cytotoxicity of components of photoinitiation system. 

• Capsule formation. 

2.6. Applications of Hydrogels in Drug Delivery 

Hydrogel-based delivery devices can be used for oral, rectal, ocular, epidermal and 

subcutaneous application. Figure 2-2 illustrates various sites that are available for the 

application of hydrogels for drug delivery in the human body. Interesting reviews have a close 

relation to this topic are currently available.1, 70, 71 Historical research trends on hydrogel 

formulations for pharmaceutical applications, as well as the anatomy and physiology of each 

administration site, can be found in these reviews. Table 2-4 (p.29) shows list some of the 

common polymeric hydrogels and their uses in medical applications. 

2.6.1. Drug Delivery in the Oral Cavity Hydrogels 

Drug delivery of the oral cavity has versatile applications in local treatment of diseases of the 

mouth, such as periodontal disease, stomatitis, fungal, viral infections, and oral cavity cancers. 

Long-term adhesion of the drug containing hydrogel against copious salivary flow, which 

bathes the oral cavity mucosa, is required to achieve this local drug delivery. For this purpose, 

many types of bio-adhesive hydrogel systems have been devised since the early 1980s. Some 

of these are already on the market. For example, a bio-adhesive tablet developed by Nagai et 

al.69 is commercially available under the brand name Aftach®. This product is composed of a 

double layer, with a bio-adhesive layer made of hydroxypropyl cellulose and poly (acrylic 

acid) and a lactose non-adhesive backing layer. It is a local delivery system of triamcinolone 

acetonide for the treatment of aphthous ulcers. In Peroral (over-oral) administration, hydrogels 

can deliver drugs to four major specific sites; mouth, stomach, small intestine and colon. By 

controlling their swelling properties or bioadhesive characteristics in the presence of a 
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biological fluid, hydrogels can be a useful device for releasing drugs in a controlled manner at 

these desired sites. Additionally, they can also adhere to certain specific regions in the oral 

pathway, leading to a locally increased drug concentration, and thus, enhancing the drug 

absorption at the release site.1 

 
Figure 2-2: Tissue locations applicable for hydrogel-based drug delivery systems (adapted from Peppas et al.1). 

2.6.2. Drug Delivery in the GI-Tract 

The GI tract is unquestionably the most popular route of drug delivery because of the facility 

of administration of drugs for compliant therapy, and its large surface area for systemic 

absorption. In this case, hydrogels can deliver drugs to stomach, small intestine and colon. It 

is, however, the most complex route, so that versatile approaches are needed to deliver drugs 

for effective therapy. Like buccal delivery, hydrogel-based devices can be designed to deliver 

drugs locally to the specific sites in the GI tract. For example, Patel72 and Amiji73 have both 

proposed stomach-specific antibiotic drug delivery systems for the treatment of Helicobacter 

pylori infection in peptic ulcer disease. For localized antibiotic delivery in the acidic 

environment of the stomach, they developed cationic hydrogels with pH-sensitive swelling 

and drug release properties. The hydrogels were composed of freeze-dried chitosan-poly 

(ethylene oxide) (PEO) IPN. PH-dependent swelling properties and the release of two 

common antibiotics, amoxicillin and metronidazole, entrapped in the chitosan-PEO semi-IPN 

were evaluated and discussed by Peppas et al.1 The rapid swelling and drug release 

demonstrated by these hydrogel formulations may be beneficial for site-specific antibiotic 

delivery in the stomach, because of the limitations of the gastric emptying time. Amiji et al.73 

also reported enzymatically degradable gelatine-PEO semi-IPN with pH-sensitive swelling 

properties for oral drug delivery. In this case, the incorporation of gelatine in the IPN made it 

possible to swell in the acidic pH of the gastric fluid, due to the ionization of the basic amino 
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acid residues of gelatine. The IPN was found to be degraded by proteolytic enzymes, such as 

pepsin and pancreatin. Finally, both of anionic and cationic natural polysaccharides polymers 

have been used in this end because their pH-dependent on the intestinal fluid e.g. alginate, 

chitosan, and hydroxypropyle methylcellulose hydrogels.  

2.6.3. Rectal Delivery Hydrogels 

The rectal route has been used to deliver many types of drugs, although patient acceptability is 

variable due to the discomfort arising from administered dosage forms. Its primary 

applications have been tested for local treatment of diseases associated with the rectum, such 

as haemorrhoids. Additionally, it is well known that drugs absorbed from the lower part of the 

rectum drain into the systemic circulation directly, thus the rectal route is a useful 

administration route for drugs suffering heavy first-pass metabolism. Conventional 

suppositories hitherto adapted as dosage forms for rectal administration are solids at room 

temperature, and melt or soften at body temperature. A problem associated with rectal 

administration using conventional suppositories is that drugs diffusing out of the suppositories 

in an uncontrolled manner are unable to be sufficiently retained at a specific position in the 

rectum, and sometimes migrate upwards to the colon. This often leads to a variation of the 

bioavailability of certain drugs, in particular, for drugs that undergo extensive first-pass 

elimination. In this context, hydrogels may offer a valuable way to overcome the problem in 

conventional suppositories, provided that they are designed to exhibit a sufficient bioadhesive 

property following their rectal administration. This topic has been discussed in details by   

Ryu et al.74 Whereas Chetoni et al.75 have reported silicon rubber hydrogels composite inserts 

as rectal drug delivery hydrogels. The above details have been mentioned to focus on the 

benefits of hydrogel for overcoming the traditional drug delivery methods.  

2.6.4. Ocular Delivery Hydrogels 

In ocular drug delivery, many physiological constraints prevent a successful drug delivery to 

the eye, due to its protective mechanisms such as effective tear drainage, blinking, and low 

permeability of the cornea. Thus, conventional eye drops containing a drug solution tend to be 

eliminated rapidly from the eye, and the drugs administered exhibit limited absorption, 

leading to poor ophthalmic bioavailability. Additionally, their short-term retention often 

results in a frequent dosing to achieve the therapeutic efficacy for a sufficiently long duration. 

These challenges have motivated researchers to develop drug delivery systems that provide a 

prolonged ocular residence time of drugs. Certain dosage forms, such as suspensions and 

ointments, can be retained in the eye, although these sometimes give patients an unpleasant 

feeling because of the characteristics of solids and semi-solids. Due to their elastic properties, 

hydrogels can also represent an ocular drainage-resistant device. In addition, they may offer 

better feeling, with less of a gritty sensation to patients. This type of hydrogel was applied by 

Carlfors et al.76 They have reported that the high rate of sol/gel transition in-situ gels results in 

long pre-corneal contact times. 
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2.6.5. Subcutaneous Delivery Hydrogels 

Subcutaneously inserted exogenous materials may be more or less evoke potentially 

undesirable body responses, such as inflammation, carcinogenicity and immunogenecity. 

Therefore, biocompatibility is a prerequisite that makes materials implantable. Due to their 

high water content, hydrogels are generally considered as biocompatible materials. They also 

provide several promising properties: (1), minimal mechanical irritation upon in-vivo 

implantation, due to their soft, elastic properties; (2), prevention of protein adsorption and cell 

adhesion arising from the low interfacial tension between water and hydrogels; (3), broad 

acceptability for individual drugs with different hydrophilicity and molecular sizes; and (4), 

unique possibilities (crosslinking density and swelling) to manipulate the release of 

incorporated drugs.72 Some of these may offer an advantage for the delivery of certain delicate 

drugs, such as peptides and proteins. Giammona et al.77 developed new hydrogels originating 

from the chemical crosslinking of α, β-poly asparthydrazide (PAHy) by glutaraldehyde. PAHy 

is a new water soluble macromolecule. Several hydrogel formulations for the subcutaneous 

delivery of anticancer drugs have been also proposed. For example, crosslinked PHEMA with 

good biocompatibility was applied to cystabine (Ara-C)78 and methotrexate.79 Poly (AAm-co-

mono methyl or monopropyle itaconate) as developed by Blanco's group was employed for 

the controlled release of Ara-C 80 and 5-fluorouracil.81 

2.6.6. Transdermal Delivery Hydrogels 

Drug delivery to the skin has been traditionally conducted for topical use of dermatological 

drugs to treat skin diseases, or for disinfection of the skin itself. In recent years, a transdermal 

route has been considered as a possible site for the systemic delivery of drugs.1 The possible 

benefits of transdermal drug delivery include that drugs can be delivered for a long duration at 

a constant rate, that drug delivery can be easily interrupted on demand by simply removing 

the devices, and the drugs can bypass hepatic first-pass metabolism. Furthermore, because of 

their high water content, swollen hydrogels can provide a better feeling for the skin in 

comparison to conventional ointments and patches. Versatile hydrogel-based devices for 

transdermal delivery have been proposed so far. Sun et al.82 devised composite membranes 

comprising of crosslinked PHEMA with a non woven polyester support. Depending on the 

preparation conditions, the composite membranes can be tailored to give a permeation flux 

ranging from 4 to 68 mg/cm2 per h for nitroglycerine. A Carbopol 934®-based formulation 

containing phosphatidylcholine liposome (liposome-gel) was prepared by Kim et al.83 In their 

study, the skin absorption behavior of hydrocortisone-containing liposome-gel was assessed. 

Gayet and Fortier 84 have reported that hydrogels obtained from the copolymerization of 

bovine serum albumin (BSA) and PEG for transdermal implantation hydrogels.  

2.6.7. Dental, Orthopedic Cements, and Implanted Delivery Hydrogels 

In recent years, the research interest is focusing on hydrogel that gel formed spontaneously 

under physiological conditions. In these systems, hydrogel formation occurs in situ, at the site 
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of injection, without the aid of potentially toxic or denaturizing crosslinking system 

compositions.85 In situ polymerizable hydrogels are extensively investigated to implement 

new biomedical and pharmaceutical approaches. Injectable or in-situ forming hydrogels seem 

to be a promising method for hydrogel formation in the latter approaches, due to their 

softness, high water content, and ease of manipulation, even if biocompatibility and 

bioelimination are important items that in some cases still need to be overcome. In situ gelling 

hydrogels can be subdivided into two main categories: 

• In-Situ Hydrogelation by Photocrosslinking Using UV-Vis Light Irradiation 

In situ photopolymerization has been used in biomedical application for over more than a 

decade. The group of Hubbell have first introduced photopolymerizable hydrogels that could 

be formed in-situ using thiol-ene conjugation in UV-photopolymerization.86, 87 Additionally, 

the acrylate end-groups showed rapid photocrosslinking upon irradiation with visible light in 

the presence a suitable photoinitiator to yield a hydrogel structure.85-87 The technique of in-

situ hydrogel formation is in agreement with the subject of the current study. Comprehensive 

studies on in-situ photopolymerizable hydrogels made from terminally diacrylated ABA block 

copolymers of lactic acid oligomers (A) and PEG (B) for barriers and local drug delivery in 

the control of wound healing have been carried out by Hubbell,88 using bulk photoinitiation in 

UV-light to result macroscopic gels. In this field, numerous polysaccharides can be very 

useful, as some of them possess hydrogel in situ forming properties or can be easily 

derivatized to acquire such properties. Matricardi et al.89 have introduced in-situ crosslinkable 

alginate-dextran methacrylate hydrogel formation for drug deliver application, this type of 

polysaccharide-methacrylate hydrogelation by in situ photopolymerization is completely 

consistent with the subject of this study but the difference is  that photopolymerization in this 

study will be done in visible light. In situ photopolymerization is a widely used in dental, 

orthopaedic, and bone regeneration applications, because of when polymerization took place 

in direct contact with cells, an adherent hydrogel film was formed, presumably as a result of 

the formation of an interpenetrating network with extra-cellular proteins. These in-situ 

polymerized hydrogels should to be effective in the prevention of scar adhesion formation 

after pelvic surgery in animal model.85 Recently, the group of Matsuda has presented a great 

development in the use of in-situ hydrogelation method, where Matsuda et al.90-92 have 

introduced in-situ hydrogelation of poly (ethylene glycol) diacrylate to prepare photocurable 

surgical tissue adhesive glues composite using visible light irradiation, as well as in-situ 

hydrogelation of styrene-derivatized gelatines hydrogel for bone surgical biomedical 

application. The technique of in-situ hydrogelation has been used by Matsuda, is completely 

consistent with that which will be used in the present work.   

Numerous medical applications benefit from the ability to form hydrogels in-situ. For 

example, dentist’s photopolymerize dimethacrylate monomers in the presence of silica 

particle fillers in tooth caries to obtain composite restorative materials as alternatives to 

mercury amalgam fillings. Orthopaedic surgeons internally fix implants with bone cements 
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that react in situ. The reaction is initiated via the mixing of a powder containing poly (methyl 

methacrylate), barium sulphate, and benzoyl peroxide with liquid methyl methacrylate and N, 

N-dimethyl p-toluidine. In addition to these long-standing applications, recent advances in 

polymer chemistry and processing have led to many new found methods and applications for 

forming biomaterials in situ. Traditional bone cements based on methyl methacrylate (MMA) 

polymer hydrogel could be reacted in situ with photoinitiated chemistries by incorporation of 

a photoinitiator molecule instead of the thermal initiator, benzoyl peroxide. Photoinitiated 

bone cements might provide several processing advantages, especially with respect to 

temporal control of the reaction; however, the resulting polymers are non-degrading which 

can cause further complications with healing (e.g., limit blood flow). In addition, the high 

concentration of reactive groups in methyl methacrylate leads to high temperatures during 

polymerization and subsequent tissue necrosis.  

• In-Situ Hydrogelation by Self-Assembling 

Hydrogel in situ crosslinked by enzyme-mediated gelation e.g. dextran-tyramine conjugates 

were in situ crosslinked in the presence of H2O2 and horseradish peroxidase, yielding 

chemically crosslinked, highly elastic, and degradable hydrogels, this method has been 

developed by Jin et al.93 Whereas, Qiu et al.94 who reported that the use of PEG which is 

functionalized with thiol groups for the design of self-assembling and chemically crosslinked 

hydrogels for protein drug delivery in different biomedical applications. 

2.7. Poly (2-hydroxyethyl methacrylate) (PHEMA) Hydrogels 

Wichterle and Lim2 have first suggested that hydrogels based on poly(2-hydroxyethyl 

methacrylate) PHEMA could be biocompatible materials. PHEMA is the most frequently used 

synthetic polymer in pharmaceutical and medical applications (Table 2-4, p. 29). PHEMA is 

among the most extensively studied hydrogel for bioapplications. PHEMA hydrogel was 

chosen as a drug carrier, due to some advantages e.g. non-antigencity, non-irritability, healing, 

good biocompatibility, non-toxicity, ability to release entrapped drugs in an aqueous medium, 

and the ease of regulation such drug release by controlling water swelling and crosslinking 

density of polymeric network. Its drawbacks are that it is inert to cell adhesion, not physically 

strong, and not biodegradable.31 PHEMA are usable both as dry, glassy polymers in swelling 

controlled release systems, and as equilibrium swollen gel for diffusion controlled release 

systems.31 

 
Figure 2-3: Chemical structure of 2-hydroxyethyl methacrylate (HEMA) monomer. 

 
HEMA monomer can be copolymerized and crosslinked with ethylene glycol dimethacrylate 

(EGDMA)31 or with other comonomers containing two polymerizable double bonds. HEMA 

can be also polymerized with hydrophilic monomers which have been represented (Table 2-4, 
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p.29), e.g. N-vinyl-pyrrolidone, acrylamide and with also some hydrophobic monomers like 

methyl methacrylate or polymer like poly vinyl alcohol (PVA).31 The polymerization of 

HEMA can be achieved by several methods including bulk, solution, suspension and emulsion 

polymerization methods. The solution polymerization of HEMA is often the preferred method 

since it facilitates the formation of gels of a given shape; moreover PHEMA hydrogel are 

most commonly synthesized by free-radical chain polymerization and also of hydrophilic 

monomers contacting a carbon double bond. The concentration between the solvent and 

monomer plays an important role to determine the physical characteristics of the final product, 

whereas the degree of swelling can be determined by using the crosslinking agent. For 

example, PHEMA hydrogel crosslinked by EGDMA exhibited a lower swelling degree 

compared to that crosslinked by TEGDMA, which has four hydrophilic ethylene glycol units 

as against one unit in EGDMA.31 In the same context, water-soluble polymers e.g. dextran 

and hydroxyethyl starch, can be modified with HEMA monomer by CDI-method12 to produce 

polysaccharide-HEMA uncrosslinked polymer, then crosslinked via free-radical 

photopolymerization method which will be the main target of this study. 

2.8. Plasma Volume Expander Polymers 

The modern blood plasma volume expander polymers consist of water-soluble polysaccharide 

polymers that are compatible with the human body. Plasma volume expanders have to be used 

in order to maintain the blood circulation and also to maintain fluid volume of the blood in 

event of great necessity, supplemental to the use of whole blood and plasma. Blood plasma 

polymers are more effective for the treatment of intravasal volume deficiency compared to 

synthetic polymers. Some examples of polymers were previously used as blood plasma 

volume expanders: pullulan, dextran, hydroxyethyl starch (HES) and acetyl starch (AS); they 

are used in blood isotonic electrolyte solutions.95 It is important to remember that water-

soluble polysaccharide polymers have been used in this work as good starting polymers 

backbone for hydrogels formation, because of the whole mentioned applications of these 

polymers as plasma volume expanders are referring to their extent of safety usage and 

biocompatibility of the polymers in biomedical applications. Toward this end, polysaccharides 

have been used also to be optimized in terms of their solubility. In case of starch derivatives, 

the polymer solubility is greatly depending on the degree of substitution (DS). A middle DS 

(< 0.4) may lead to a partial insolubility, whereas a high DS (> 0.8), the samples prepared are 

not longer metabolized which would result in an unwanted accumulation in the human body 

in the kidney.95 Dextran has been used to prevent the deep venous thrombosis and to lower the 

blood viscosity during surgery.96 Figure 2-4 shows the chemical structures of plasma volume 

expander polymers. Whereas hydroxyethyl starch (HES) has been previously used as the basis 

plasma volume expander polymer to reduce the toxicity of polymers as possible,95 particularly 

which are implanted in a direct contact with living cells via in-situ hydrogelation method.   
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Figure 2-4: Chemical structures of plasma volume expander polymers, dextran (a), hydroxyethyl starch 
(HES) (b), and pullulan (c). 

2.8.1. Dextran 

At present, polysaccharides are favoured because of their good properties and have been used 

as plasma expanders. Dextran is a bacterial polysaccharide which consists of α-1, 6- linked D-

glucopyranose residues with a low percentage of α-1,2-, α-1,3- and α-1,4-linked side chains 

(Fig. 2-4 (a)).97 Dextran derived from Leuconostoc mesenteroides contains about 5 % of α-

1,3- glycopyranosidic linkages, which are mostly one or two glucose residues in length. In the 

previous few decades, dextran has been regarded one of the most frequently used blood 

plasma expanders. Because of its good biocompatibility, dextran is also a suitable polymer to 

be used for the preparation of hydrogels. The low molecular weight fractions of dextran 

between 40-100 KDa, have been used as a plasma expander for several decades.98 This has 

resulted in a good documentation of the pharmacological activities and side-effects of dextran. 

Whereas, after intravenous administration lower molecular weight dextran up to 50-60 KDa 

can pass the glomerular membrane and is subsequently cleared by kidney, the clearance rate 

strongly depends on the molecular weight.99 It was found that the plasma half-life of dextran 

with a molecular weight 14-18 KDa is about 15 minutes while the plasma half-life of dextran 

with molecular weight 44-55 KDa is about 7.5 hours this means that the plasma half-life is 

depending on the molecular weight of dextran.100 In contrary, high molecular weight dextran 

fractions remains longer in the blood circulations and may eventually be captured to be 

degraded. It has been shown that using dextran can resulted in anaphylactic reactions.95 This 

is life-threatening and be caused by the high molar mass fractions (Mw >200,000 g/mol). To 

keep the volume effect and microcirculation at an optimum, the molar mass and the 

concentration for a perfectly soluble dextran sample have to be adjusted. An important 

therapeutic effect of the intravenously administered polysaccharides is their specific 

interaction with low-density lipoproteins by means of weak Van-der Waal’s forces, which 

result in the elimination of the lipid fraction from the blood compartment.95 

2.8.2. Hydroxyethyl Starch (HES) 

Hydroxyethyl starch (HES) is a synthetic polymer prepared by reacting naturally occurring 

amylopectin with ethylene oxide resulting in hydroxyethyl groups being added to oxygen at 

different carbon positions at glucopyranose unit C2, C3 or C6 to be in a final form α-1,4- 

linked D-glucopyranose residues (Fig. 2-4 (b)). HES has valuable medical applications as 
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blood plasma expander, Leukapheresis agent, as cryo-preservative,101 and in blood isotonic 

electrolyte solutions, which further evidenced its non toxicity, biodegradability, and  

biocompatibility with the human body.95 At present, HES is the most used blood plasma 

expander.102 Its market share in Germany was ≈ 80 % in 2004, whereas dextran had a market 

share of 44% in 1986 and it fell to 2% in 1996.103 HES as an ether derivative is used in a wide 

range of molar masses from around 15,000–500,000 g/mol and a degree of substitution (DS) 

ranging from 0.4–0.7. A DS of 0.4 or less is the minimum value for HES to dissolve 

completely. Above a DS of 0.9 HES is no longer perfectly soluble and becomes toxic for the 

organism as it tends to accumulate and is therefore stored in essential organs. Although HES 

is a very sufficient blood plasma expanding agent and also exhibited the fewest side effects 

compared with the others, it was shown that because of the very solid ether bond not all of the 

polymer is degraded by the amylase and excreted via the kidneys, but tissue storage was 

observed not only for rats104 but also for dogs and pigs.105 For human ontological patients 

HES accumulations were also found in the tissue.106 Summing up the properties of HES, one 

can conclude, on the basis of the molecular parameters, that it seems to be an appropriate 

blood plasma expander, but that more than a few disadvantages occur. These disadvantages 

include anaphylactic reactions as well as accumulation in the tissue (resulting from highly 

substituted fractions or high degree of substitution. The substitution pattern of the degraded 

polymer is not homogenous along the chain leading to severe therapy-resistant itching and 

deposits in the very important reticuloendothelial system. Reiman et al.107 have recently 

reported itching that lasted for several months and was resistant to therapy after HES had been 

administered. The reason for that is the substitution of hydroxyethyl starch that is not 

homogeneous along the chain so that after the degradation of the backbone, HES fragments 

result with an approximately 10% higher degree of substitution and these are deposited in the 

tissue. Therefore, attempts have been made to use other substances, namely acetyl starch. 

2.8.3. Acetyl Starch (AS) 

A relatively new starch derivative which is used as a blood plasma expanding agent is acetyl 

starch. It has been tested and its effectiveness as a blood plasma expander. However, it cannot 

be stored over a lengthy period of time.105 Due to the ester bond of the acetyl group compared 

to the ether-bond of the hydroxyethyl group in HES, the advantage of AS should be a better 

degradability with a constantly good plasma enhancing property. The reason is that no 

enzyme exists in the human body that are capable of splitting the ether bond. In contrast to 

this, the ester bonds can be hydrolysed by esterase. Therefore, in case of AS storage in the 

tissue or other organs is no longer a problem.108  One problem with AS is the inferior shelf life 

of the polymer when substitution takes place at C2, C3 and C6 (Fig. 2-5). As tested by 

Warnken et al.109 the normally substituted AS is suitable for use as plasma expander polymer, 

it can be readily metabolized by the human organism. After a period of time of about 24 h the 

concentration in the organism is far below the critical value.  
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Figure 2-5: Chemical structure of acetyl starch (AS) as a modern plasma volume expander polymer. 

2.8.4. Pullulan  

Several attempts have been reported to develop blood plasma substitutes based on pullulan 

(Fig.2-4 (c), p.26).110  Shingel111 summarized all efforts which have been done so far to 

understand the pharmacokinetics of intravenously applied pullulan in terms of the molar mass 

and concentration. Pullulan has a disadvantage compared to other polysaccharides, that is the 

viscosity yield exceeds that of blood by far (molar mass >150,000 g/mol leads to a rapid 

increase in venous pressure) and that a reduction in the molar mass leads to a rapid exclusion 

from the organism (for molar mass <15,000 g/mol the half-time from injection to urinal 

excretion is very short, resulting in a higher effort for the kidneys), followed by the 

development of secondary hemorrhagic shock. Therefore, the refined polymer should be free 

from low and high molar mass components. More recently, it has been shown that pullulan 

exhibits a great affinity toward the liver and is effectively endocytosed by the parenchymal 

liver cells.111, 112 Finally after the previous discussion, dextran and HES were chosen here as 

good starting backbone-polymer materials, due to their excellent non-toxicity and 

biocompatibility which have been proven in applications as plasma volume expander 

polymers.95, 96, 113 
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Table 2-4: List of important hydrogel polymers used in medical applications (adapted from Peppas et al.1) 

Hydrogel polymers Medical applications 
Poly(vinyl alcohol) [PVA] 
Poly acrylamide [PAAm] 
Poly(N-vinyl pyrrolidone) [PNVP] 
Poly(hydroxyethyl methacrylate) [PHEMA]  
Poly(ethylene oxide) [PEO] 
Poly(ethylene glycol) [PEG] 
Poly(ethylene glycol) monomethyl ether [PEGME] 
Cellulose, dextran, HES, AS 

 
 
 

Blood-Compatible Hydrogels 

 

 

Poly(hydroxyethyl methacrylate) [PHEMA] 
copolymerized with: 
NVP 
Methacrylic acid [MAA]  
Butyl methacrylate [BMA] 
Methyl methacrylate [MMA] 
3-methoxy-2-hydroxypropylmethacrylate [MHPM] 

 

 

 

Contact Lenses 

PHEMA/poly(ethylene terephthalate) [PTFE]  Artificial Tendons 

 
Cellulose acetate 
PVA and cellulose acetate 
PNVP, PHEMA, cellulose acetate 
PVA and PHEMA 
Terpolymers of HEMA, MMA and NVP 
PHEMA, P(HEMA-co-MMA) 
PVA 
P(HEMA-b-siloxane) 
PVA, poly(acrylic acid) [PAA], poly (glyceriyl 
methacrylate) 
PVA, HEMA, MMA 

Other medical applications 
Artificial kidney 
Membranes for plasmapheresis 
Artificial liver 
Artificial skin 
Mammaplasty 
Maxillofacial reconstruction 
Vocal cord reconstruction 
Sexual organ reconstruction 
Ophthalmic applications 
 
Articular Cartilage 

 
Poly(glycolic acid) [PGA], Poly(lactic acid) [PLA], 
PLA-PGA, PLA-PEG, chitosan, dextran, dextran-PEG, 
polycyanoacrylates, fumaric acid-PEG, sebacic 
acid/1,3-bis(p-carboxyphenoxy) propane [P (CPP-SA)] 
 
PHEMA, PVA, PNVP, poly(ethylene-co-vinyl acetate) 
[PEVAc] 
Poly (acrylamide) [PAAm], Poly (acrylic acid) [PAA],  
PMAA, poly (diethylaminoethyl methacrylate) 
[PDEAEMA], poly (dimethylaminoethyl methacrylate) 
[PDMAEMA] 

Controlled Drug Delivery 

Biodegradable hydrogels 
 
 
 

Non-Biodegradable Hydrogels 
Neutral 

 
pH-Sensitive 

Poly(methacrylic acid-grafted-poly(ethylene glycol)) 
[P(MAA-g-EG)], poly(acrylic acid-grafted-
poly(ethyleneglycol) [P(PAA-g-EG)] 
Poly(N-isopropyl acrylamide) [PNIPAAm]  
PNIPAAm/PAA, PNIPAAm/PMAA 

Complexing hydrogels 
 
 

Temperature-sensitive 
pH/Temperature-sensitive 
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2.9. Photopolymerization Method 

Photopolymerization science has recently got an increasing relevance in many medical 

applications.114 In particular, the adverse biological effects of UV light on vital tissues which 

have caused visible light induced radical polymerization to gain fast acceptance in medicine. 

Photopolymerization is used in many fields to generate photocurable or photocrosslinked 

polymers. These materials are polymerized by irradiation with UV or visible light which leads 

to altered physical properties of these materials. Since most monomers, oligomers or 

prepolymers commonly employed do not produce initiating species with a sufficient quantum 

yield upon light exposure, it is necessary to introduce low molecular weight organic 

molecules (photoinitiators type-I), that will start the polymerization. For a radical reaction 

very important stage of the reaction is referred to as the photoinitiation step, where 

photophysical and photochemical process occur (Eq.2-1).115 This kind of photopolymerization 

reaction is a photo-induced polymerization reaction. In this technique, the phenomenon in 

which a liquid changes into a solid state is most useful and is mostly applied to surface 

treating techniques, in field including paints and printing, additionally dental restorative 

materials and bone regeneration cement materials.116 A growing number of intensive studies 

have been focused on the development of the photopolymerization method. 

 
The photopolymerization technique was chosen in this study to fabricate hydrogels from 

uncrosslinked polymers due to many advantages.117 

1. The polymerization conditions are sufficiently mild to be carried out in the presence of 

biological materials. 

2. Photopolymerization can be conducted very rapidly at room temperature. 

3. The temperature and pH value of photopolymerization can be limited to be at the 

physiological range. 

4. Since the photopolymerization is initiated upon exposure to UV or visible light, spatial 

and temporal control of the polymerization are achieved by controlling the exposure 

area and time. 

5. Because the initial materials can be liquids or mouldable putties, the systems are easily 

placed in complex shapes and subsequently reacted to form a polymer with identical 

required dimensions.  

The photo-induced polymerization reaction is considered to be a chain reaction where the 

initiation species are produced by a photochemical event (radical chain reaction). 

Accordingly, in this light curing process, the liquid monomer or pre-polymer is converted into 
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a solid polymer. If the monomer contains more than one reactive function, a crosslinked 

polymer network is readily produced as was described in equation 2-2.115 

 

The photopolymerization can be divided roughly into three groups with the generated active 

species. The conventional or radical photopolymerization, initiator generates free radicals 

upon exposure to light irradiation, and the resulting radicals start the polymerization process 

(e.g. polymerization of acrylates, see Eq.2-3) is of current interest in research, cationic 

photopolymerization where photo-acid generates cations (acid) by light irradiation, this type 

of polymerization is widely used in the inks of printing and coatings (e.g. ring-open 

polymerization reaction of epoxides, see Eq.2-4),115 and anionic photopolymerization, where 

photo-base generates anions by light irradiation.   

 

 

2.9.1. Photoinitiators and Photosensitizers 

A photoinitiator is a molecule (usually low Mwt. organic compound) that can absorb light and 

as a result, either directly or indirectly, generates a reactive species e.g. radicals, H+, or cation 

radicals that can then initiate polymerization.118 The photoinitiator system generates free 

radicals that initiate the radical chain polymerization of the unsaturated monomers or 

monomers of cationic species.119 Photoinitiators generally have a carbonyl group with 

nonbonding electrons that can be promoted to a π* antibonding orbital (lower energy bonding 

and higher energy antibonding molecule orbital) by absorption of light at the appropriate 

wavelength.118 It may be a single compound, typically, called a photoinitiator like the irgacure 

photoinitiators (miscellaneous photoinitiators which absorb light and undergo unimolecular 

reactions to form radicals, see Table 2-5, p.33). Or it may consist of several different 

compounds that undergo a complex series of reactions to produce the initiating radicals, in 

this case the photoinitiator is precisely called photosensitizer like camphorquinone.119 In 

addition to the compound that forms the free radicals, photosensitizer, activators, or 

coinitiators may be present. In the same context, a photosensitizer is strictly defined as a 
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molecule that absorbs light energy to form an excited state and transfers the energy to a 

secondary molecule to form the excited state of the second molecule and the ground state of 

the sensitizer. Although irradiation of a system containing an absorbing molecule can produce 

changes that arise from processes other than energy transfer, in these systems it is 

conventional to refer to any added absorber as a photosensitizer, even though it may not 

satisfy the strict photochemical definition. Table 2-5 shows a variety of photoinitiators and 

photosensitizers used in different industrial and biomedical applications. 

Coinitiator or activator is described as a separate compound of the chemical system that does 

not absorb light but nevertheless, combine and then react with the first part of photosensitizer, 

and participates in the production of the reactive species. Activators or coinitiators interact 

with the excited molecules to produce radicals.119 Chain transfer agents or hydrogen donors 

may be included as further coinitiators to form secondary radicals that are better initiators for 

the free radical polymerization than the initially formed radicals. Table 6 compiles the 

different coinitiators, electrons donors, or H-abstraction used in photopolymerization 

processes (see Table 2-6, p.34).  

It was deduced that each photosensitizer is photoinitiator and the opposite concept is not true. 

According to, the first law of photochemistry: only the light which is absorbed by a molecule 

can be effective in producing photochemical change in the molecule. Therefore, the 

photoinitiator system must be having a high molar absorption for the wavelength of the 

light.119 An ideal photoinitiating system should exhibit some desirable requirements; 

particularly that which will be used in the biomedical applications such as: easy synthesis and 

low price, absence of toxicity, biocompatibility and biodegradability with the living tissues, 

high quantum yield of intersystem crossing, since most photoinitiators reaction through a 

triplet-state mechanism, excellent reactivity of the initiating species toward the monomer, 

compared to competing processes such as reactions with oxygen, solvent, impurities, 

additives, or recombination reactions, and spectral sensitivity, dark stability and long-shelf 

life.119 

2.9.2. Hydrogen Abstraction or Electron Transfer Initiation Mechanism of CQ-Amine 

System 

The CQ shows its photoinitiating activity in combination with synergistic tertiary amine 

coinitiators, hence CQ-amine system is a so-called hydrogen abstraction (electron donating) 

type of photosensitizers as have been compiled in Table 2-5. In the presence of a large variety 

of H donors such as (alcohols, THF, or thiols) or electron donors such as amines (see Table 2-

6). The combination of diketones photosensitizer and H-donors do not find widespread 

applications owing to the weak interaction (expressed by the rate constant of hydrogen 

abstraction) between the two molecules.115 On the contrary, diketones-amine interaction is 

extremely efficient initiating system, the efficiency of the route leading to radicals, however is 

dependent on several factors e.g. the rate constant of electron transfer, the ability of the charge 

transfer complex to undergo proton transfer, the side reactions, and the reactivity of the α-
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amino alkyl radical coinitiator.115 Thus, it is emphasized that during this work, the 

photosensitizers which are involving α-diketones for the electron transfer reaction have been 

used. Currently, camphorquinone (CQ) and its derivative are used as essential 

photosensitizers, typically used in visible light induced free radical initiator system. It is an 

example of a photosensitizer that requires a coinitiator to start an efficient polymerization 

process. 
  Table 2-5:Variety of photoinitiators and photosensitizers commercially available used in photoinitiator systems 

Chemical identity Chemical structure UV-VIS absorption peak 

nm 

2-Hydroxy-1-[4-(2-
hydroxyethoxy)phenyl]2-

methyl-1-propanone 
IRGACURE 2959  

 
276    

in methanol 

 

IRGACURE 907 
 

242, 306 
in THF 

 

IRGACURE 184 

 

 
260, 340 
in THF 

2-Hydroxy-2-methyl-1-
phenyl-1-propanone 

DARCUR 1173 

 

 
245, 280, 331 
in methanol 

 
DARCURE TPO 50 wt.% 

+ 
DARCURE 1173 50 wt.% 

    +  

 
240, 272, 300,  380 

in methanol 

 
Benzoin methylether 

BME 

 

 
255 

in methanol 

 
1-Phenyl-1,2-Propanedione, 

PPD  

410  
in methanol 

 
Propionaldehyde, PA 

 

260   
in acetone 

 
2,3-Butanedione, BD  

 
340-380 

 
2,2,4,4,5,5-

Hexaarylbisimidazoles or 
Bisacyl phosphine oxide 

BAP 
 

 
320-390 

in methanol 

2-Hydroxy-3-(3,4-
dimethyl-9-oxo-9H-

thioxanthen-2-yloxy)-
N,N,N-trimethyl-1-propan 
ammonium chloride, QTX  

 
402 

in water 

Diaryl iodonium 
hexafluoroantimonate 

DIH 

 

310 
in acetone 

 
Benzil 

 

 
372, 495 

in acetone 
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Ketopinic acid, KPA 

 

 
190-245, 285 

in water 

 
Thioxanthones dye 

 

 
350-430 

in acetone 

 
3-Ketocoumarin 

 

350-550 
            in methanol 

 
 

 
Bis-coumarin 

 

 
499  

in methanol 

 
camphorquinone, CQ 

 

 
280, 467 
in ethanol 

 
Lithium phenyl-2,4,6-

trimethylbenzoyl-
phosphinate 

(LAP) 
  

 
380  

in water 

 
3´,6´-Dihydroxyspiro(2-

benzofuran-3,9´-xanthene)-
1-one, Eosin-Y dye 

 

 
450-580,  

520 
in water 

 
Acylphosphine oxide 

APO, or DARCURE TPO  

 

295, 368,  
420-510 

455 
in ethanol 

 
 

 Table 2-6: Variety of amine and non-amine coinitiators commercially available used in photoinitiator systems 
Chemical identity Chemical structure 

• Aliphatic coinitiators  
 

Triethanolamine  
TEA 

 
2,2-(N,N-Dimethylamino) ethyl 

methacrylate,  
DMAEMA  

 
N,N-Dimethyl acetamide  

 
 

L-arginine 
L-arg.  
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• Aromatic coinitiators 
 
 

2,2-Dihydroxyethyl-p-toluidine, 
 DHEPT 

 
 

N-Phenylglycine, NPG 

 
 

Diphenyliodonium chloride, 
DPIC 

 
 

1,3-Benzodioxole, 
BDO  

 
Phenylthio acetic acid, 

PTAA  
 

Ethyl-4-dimethylaminobenzoate 
4E or EDMAB 

 
 

4-Tert-butyl-N,N-dimethylaniline, 
TBDMA  

 
Dimethyl phenylamine 

 
 

4-(Dimethylamino) benzophenone, 
DMAB 

 
 

N,N,3,5-Tetramethylaniline, 
TMA 

 
N,N-Dimethyl-p-toluidine, 

DMPT 
 

2.9.3. Visible Light Photosensitive Systems 

The photoinitiation of a radical polymerization under visible light exposure can occur 

according to a direct or a sensitive decomposition of the photoinitiator. Many systems have 

been proposed and shown to be efficient, but few systems are used in conventional light 

curing technologies (e.g. for coating applications). The fast development of laser processing 

however opens up new opportunities for near visible, visible, or near-IR light photosensitive 

systems. A nonexhaustive list of systems which have been already described, is shown below: 
115 1. Substituted UV photoinitiators: appropriate substitution leads to molecules exhibiting a 

spectral shift toward higher wavelengths of the spectrum, for example photoinitiators–type I 

e.g. Irgacure 2959, 907, 1137 photoinitiators, ketopinic acid, and thioxanthones absorb 

photons in UV light region (see Table 2-5).  

2. Conjugated Ketons.115 
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3. Triazine-yl derivatives. 

4. Ketocoumarines, substituted ketocoumarines match the imposed irradiation wavelength of a 

large variety of light sources. The light sensitivity ranges from 350-550 nm. In contrast, with 

coumarin derivatives that exhibit a strong fluorescence and display a good ability as a laser 

dye, ketocoumarin has shown to be efficient triplet sensitizers for photocrosslinkable 

polymers.115 

5. Quinones, anthraquinones, camphorquinone, naphthoquinones, and other diketones.120 

6. Organo-metallic compounds, and metal salts most of them absorb in UV region e.g. 

Irgacure 784. Radical polymerizations can be initiated through the decomposition of metal-

arene compounds in in the presence of such photosensitizers as various dyes (oxazine, azine, 

thiazine, xanthene). The combination of ferrocenium salts e.g. irgacure-261, irgacure 784, and 

irgacure 819, furthermore Eosin-Y with hydroperoxides or iron-arenas complexes, peroxides 

and dicyanobutadiene derivatives which exhibit a high efficiency under visible light for the 

polymerization of acrylates.121 

7. Titanocene derivatives represent one of the few examples of visible photoinitiators that 

show directly photolysis upon light exposure.122 

2.9.4. Types of Muticomponent Photopolymerization Systems 

As described above, the development has allowed for the design of high performance radical 

photoinitiating systems that may now be classified as follows:115 

• One Component System (Photoinitiator-Type I) 

The most popular UV-photopolymerization uses the photoinitiator type-I. The reactive 

mechanism of radical generation is as follows: a single-molecule photoinitiator cleaves by 

generating two radicals (Fig. 2-6). In this system the photoinitiator is able to initiate the 

system alone without any additives or accelerators. Miscellaneous photoinitiators e.g. Irgacure 

2959 and organo-metallic compounds e.g. Titanocene compounds, DIH,  and irgacure 261 are 

as examples.115, 123 

• Two Component Systems (Photoinitiator-Type II) 

The outstanding feature of the photoinitiator type-II is that radicals are generated mainly as a 

result of energy or hydrogen migration due to light between two molecules the photosensitizer 

(α-diketones) and the coinitiator (Fig. 2-6). In this system, the photosensitizers can not initiate 

the system without coinitiators, additives, or accelerators for polymerization. Examples are: 

1. A photoinitiator working in the presence of an amine through electron transfer 

followed by proton transfer, e.g. quinone-amine system (CQ-amine system).120 

2. A photosensitizer-photoinitiator combination.115 
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3. A photoinitiator with an H-donor, this is the photoinitiator which can not work without 

proton abstraction from solvents like THF, alcohols, thiols or even amines, e.g. 

thioxanthones, camphorquinone, and benzophenones. 

4. A photoinitiator in the presence of peroxy compounds or peroxides, various 

photoinitiators can be used as Michler ketone, acylphosphine oxide, coumarin, keto-

coumarin, thioxanthene and dyes.124 

5. Ketone dyes e.g. Eosin-Y dye.125 

6. Onium salts. 

 
 

Figure 2-6: Classification of radical–generation mechanisms of photoinitiators (type-I and II). 
 

• Three Component Systems (Photoinitiator-Type III) 

It may be promising to design more complex systems in order to improve the efficiency of 

photoinitiation system. Most of the following systems can achieve the polymerization 

including photosensitizer and coinitiator but only to a small extend. The third compound or 

accelerator is added to obtain a fast polymerization rate. The complexity of the mechanisms 

that are involved increases dramatically, the coming systems can be outlined as follows.115 

1. Eosin-benzoyl oximeester-amine.126 

2. Eosin-phenylacetophenone-amine.115, 126 

3. Eosin or ketocoumarin-amine-diphenyliodonium chloride.127 

4. Thioxanthene dye, benzophenone, camphorquinone, benzil or ketocoumarin-amine-

dipheny iodonium chloride.120, 127 

5. Ketone-bromo derivatives-amines.115 

6. Acylphosphine oxide-camphorquinone-amine.119 

7. Titanocenes-trihalomethyl derivatives. 

8. Dye-amine-peroxide.115 

9. Dye-amine-diphenyliodonium salt.120 

10. Dye-metallocene-trihalomethyl derivatives.128 
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2.9.5. Camphorquinone-Amine Photoinitiation System 

The camphorquinone (CQ)-tertiary amine system has hitherto been regarded a valuable visible 

light initiator since its invention by Dart and Nemcek.129 CQ is an essential key ingredient 

photosensitizer in visible light photoinitiator system that is used in dental applications. 

Photoinitiating systems based on combination of CQ and tertiary amine coinitiator have been 

intensively applied in commercial dental composite materials.130 The mixture produces free 

radicals on exposure to light of 200-300 nm with a maximum absorption at λmax = 255 nm  or 

of 400-500 nm with a maximum absorption at λmax = 468 nm.120, 131 CQ has a low molar 

absorption coefficient in the visible light region, which makes it a suitable photosensitizer, 

attaining a high degree of crosslinking or curing.132 The efficiency of this system should 

depend on the concentration of both CQ, amine coinitiator, irradiation time, and the intensity 

of the curing light source. Due to most aromatic ketons particularly α-diketones 

photosensitizers e.g. CQ, have weak absorption in the visible light, and they have been used to 

produce systems that have blue sensitivity.119 Therefore, three component initiator systems 

generally containing a light absorption photosensitizer (α-diketones), an electron donor 

(typically an amine coinitiator), and a third component (often a diaryliodonium or sulfonium 

salt), have been used in order to improve the photoreactivity. Figure 2-7 shows the reaction 

mechanism of CQ-tertiary amine system upon exposure to visible light irradiation. 

 

 
Figure 2-7: Key steps of the mechanism of visible light photoinitiation of free radical polymerization by 

 CQ-amine system, (drawn according to Lizymol et al.133).  
 

Upon exposure of CQ to visible light, it absorbs light and is excited into a singlet state 1CQ٭. 

This singlet state relaxes by intersystem-crossing into its triplet excited state 3CQ٭. Photo- 

induced electron reaction between amines and the excited CQ results in an exciplex (excited 

complex state). This exciplex state generates a free radical at the α-carbon atom of the amine 

coinitiator, which is able to initiate the polymerization of e.g. an acrylate, additionally CQ-

ketyl radical formed. The overall of this reaction mechanism is including two radical electrons 

and one proton transfer (Fig. 2-7).120, 131  
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2.9.6. Advanced Light Curing Unit Sources 

• Light-Emitting-Diode Lamps (LED) 

LED, curing light lamps were introduced to the dental profession in 2001, using special 

electroluminescent semiconductors for the light rather than a hot filament as found in quartz- 

tungsten-halogen lamp (QTH) lights.134  The advantages of these units are that emission of 

LEDs have a longer life span, the spectral output falls between 400-500 nm, thus there is no 

filter required, good absorption for CQ which is excited at λmax 467, i.e. placed in the center of 

LED emission spectrum region. The generated energy is not in the form of heat, a longer half-

time, with little degradation over time, consistent output with lower power consumption,17  

less power consumption allows the use of light weight, hand-held, and battery-powered units.  

No significant ultraviolet or infrared light is emitted thereby reducing lateral heat and 

minimizing the need for a noisy fan. 

Figure 2-8 shows a comparison between the conventional halogen lamp and the advanced 

LED lamp efficiencies in order to CQ absorption range.  It is easily observed that 95 % of the 

light output of halogen lamp falls between 398-510 nm with a maximum absorption at 500 

nm, which is placed out the absorption region of CQ. 

 

 

Figure 2-8: Spectral irradiance of the halogen lamp (dotted curve), LED lamp (bold curve) and the CQ 
absorption spectrum (dark area), (adapted from Stahl et al.17). 

 

On the contrary, the LED lamp has a narrower peak in its spectrum with 95 % of the emission 

being concentrated between 430-490 nm with a maximum spectral irradiance at 465 nm which 

being the same as the maximum absorption of CQ. Furthermore, the output light spectrum of 

LED lamp completely lies inside the absorption range of CQ. All these directories referring to 

better to use LED lamps rather than halogen lamps as light irradiation sources for visible-light 

photocrosslinking (Fig. 2-9).17 
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• Plasma arc Lamps (PAC) 

PAC generates a high-voltage pulse that creates hot plasma between two electrodes in a 

xenon-filled bulb.18  The irradiance (up to 2400 mW/cm2) is much higher than a typical QTH 

light, but the PAC lights generate very much heat with an inefficient emission spectrum 

similar to QTH curing lights. Current heats the plasma to several thousand degrees Celsius 

and most of the energy is given of as heat.135 

• Laser Lamps 

Laser source can emit light at specific wavelengths as a result of the excitation of atoms of 

suitable gases to specific energy levels. Because lasers emit light at specific wavelengths, 

there is no need for filters. Lasers are reported to require less time to adequately polymerize 

composites.136 After this history some disadvantages of laser LCU which reducing its usage as 

activation light source for photocuring process e.g. laser source instrument unit is very large, 

very expensive, it requires stringent additional safety precautions.  

 

             

  

Figure 2-9: Available commercial halogen lamp (400-510 nm, 300 mW/cm2) (left),  
and light emitting diode (LED) (430-490 nm, 800-1000 mW/cm2) (right) light curing units. 

 

2.10. Nanocomposite Hydrogel Materials 

 Over the past few decades, advances in nanocomposite hydrogel technology have spurred 

development in many biomedical applications including controlled drug delivery, tissue 

engineering, dental application and hyperthermia treatment. Despite the advantages of 

conventional hydrogels, their applications are often restricted due to their poor mechanical 

properties. Recently, work has been done to improve the hydrogel properties e.g. mechanical 

strength, and add unique properties through the fabrication of hydrogel nanocomposites. The 

incorporation of various nanoparticulate materials within a versatile hydrogel matrix can 

provide improvement of mechanical and thermal properties. Nanocomposite hydrogels have 

been shown to modify and improve a variety of material properties. Due to the giant surface 

area of particles (fillers), introducing small amount of these materials to the hydrogel is able 

to achieve a significant change in the hydrogel properties.  
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The incorporated nanoparticles materials have been chosen according to the final application 

of the promised nanocomposite hydrogel. Each type of nanocomposite materials has different 

final application after the filler incorporation. For example, silicate nanocomposite materials 

have been used in drug delivery release and tissue engineering applications while 

hydroxyapatite has been used in orthopedics, bone repair, dental composites, and artificial 

particular cartilage applications. The safety concern of hydrogel nanocomposites involves 

biocompatibility of the system when implanted in the body. Thus, it is important to evaluate 

the effect of the nanocomposite hydrogel on the body before utilizing it in any biomedical 

application. Table 2-7 shows different applications of the nanoparticular materials used in 

nanocomposite hydrogels.  
 

Table 2-7:  Summary of hydrogel-clay composites and their different applications,  

(adapted from Hilt et. al.21). 

Nanoparticulate Hydrogel component Applications 

Attapulgite fibrils, 

Bentonite 

PHEMA-PEGMA-MAA, 

PNaA 

Drug release and tissue engineering.  

Drug delivery. 

Hectorite PNIPAAm Cell cultivation, tissue engineering, smart gel, enzyme 

carrier and drug delivery system. 

Laponite-XLG PDMAA, PNIPAAm Drug delivery, chemical valves and transparent polymer 

gels. 

Montmorillonite MMT PMMA, PNIPAAm, PB Controlled drug release, sensor, actuators, regulator, 

catalyst system, insulating materials and drug delivery 

system. 

2.10.1. Clay Nanocomposites and HA 

One of the most widely studied classes of hydrogel nanocomposites involves the 

incorporation of nanoparticulate clays to the hydrogel system. The main advantages of the 

addition of clay filler to hydrogels is that the clays have been shown to act as a crosslinking 

agent additionally, improving the mechanical properties of the neat hydrogels. This 

improvement in the mechanical properties after introducing clays to hydrogels is primary 

controlled by good dispersion of the clay particles in the polymer matrix, the ability of the 

clay to exfoliate in the polymer and/or good intercalation of the organic polymer chains 

between inorganic clay particles.137, 138 The types of nanoparticulate clays which were 

incorporated in the hydrogel include silicate clays such as montmorillonite, laponite or other 

semectite clays e.g. laponite XLG, hectorite, and bentonite. Other clay hydrogel 

nanocomposite systems have been studied including the combination of attapulgite fibrils, a 

hydrated magnesium aluminum silicate, with PHEMA, PEGMA and PMAA.19 Silicate clays 

e.g. montmorillonite (MMT) and laponite RD have been used as nanoparticles filler in the 

current thesis to make significant changes in the mechanical properties of HES-HEMA 

nanocomposite hydrogels. 
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• Montmorillonite, MMT Clay  

Montmorillonite is natural clay and is hydrophilic in nature. MMT has been formed by the 

weathering of eruptive rock materials, usually tuffs and volcanic ash (bentonite). In its pristine 

form, MMT contains additional varying amounts of cristobalite, zeolites, biotite, quartz, 

feldspar, zircon and other minerals found in volcanic rocks.139 Therefore, a purification of the 

MMT clay is required prior to nanocomposites synthesis. MMT belongs to semectite family 

of clays. Semectites are widely used clays by virtue of their high cation exchange capacity, 

excellent ability to swell, high platelet aspect ratio and ease with which their surface can be 

modified. MMT hinders the formation of homogenous dispersions in organic polymers.140 

MMT is a mineral clay consisting of stacked silicate sheets approximately 10 Å thick and the 

length is approximately 2180 Å. The chemical structure of MMT consists of two fused silica 

tetrahedral sheets sandwiching an edge-shared octahedral sheet of both magnesium and 

aluminium hydroxide141 (Fig. 2-10). Na+ and Ca2+ inorganic cations which are present 

between silica interlayers regions can be replaced with organic cations, which is known as 

intercalation reaction. MMT has an overall empirical formula as the following: Nax[Al4-x 

Mgx](Si8)O20 (OH)4 (x = 0.7-1.2), Table 2-8 shows the main metal elements components of 

MMT.142 Because lamellar structures have a high in plane strength, stiffness, and aspect ratio 

layered materials such as semectite clay (MMT) have evoked intense and extensive research 

interest for preparation of various novel polymers-clay nanocomposite have a good 

mechanical and thermal stability, fire retardant, and corrosion protection. Dispersion of 

semectite clays, MMT and other layered inorganic materials that can be broken down into 

nano scale building blocks within the polymer matrix has been recognized as an excellent 

method for the preparation of organic-inorganic nanocomposite polymer hydrogels.141 The 

compatibility or chemical bond building of MMT with various polymers is accomplished by 

modifying the MMT with alkylammonium cations via cation exchange reaction, which will be 

described in details later.  Semectite clays, particularly MMT clays are the most frequently 

surface modified clays used in biomedical applications as follows in Table 2-7.     

 
Figure 2-10: The silicate layered structure of MMT clay with thickness 1nm and lateral dimension 20-100nm, 

(adapted from Worrall 142). 
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• Laponite RD Clay 

During the past 10 years, there has been an increased interest in the synthesis of polymer 

nanocomposite characterized by inorganic particles dispersed into polymeric matrices. This 

interest intensively increased and the efforts have focused in recent years on the elaboration of 

polymer layered silicate nanocomposite including synthetic clay minerals e.g. Laponite clays 

because synthetic clays have unique properties compared to the natural clays. Laponite 

consists of particles of about 25 nm in diameter and 0.92 nm in thickness.143 It has a layer 

structure composed of repeats of six octahedral magnesium ions sandwiched between two 

layers of four tetrahedral silicon atoms and has an overall empirical formula Na+
0.7[(Si8 Mg5.5 

Li0.3)O20(OH)4]
- 0.7.144 Laponite has advantages over natural clays of being chemically pure 

and free from crystalline silica impurities, it is a very efficient rheology control agent for 

waterborne systems once it is rapidly dispersed, to give colourless and transparent dispersion. 

Furthermore, laponite gives highly thixotropic gels without the need for high shear mixing, 

elevated temperature or chemical dispersing agents.145 Overall, this means laponite synthetic 

clays have many advantages over natural semectite silicate clays e.g. MMT.145 Laponite is 

found in different types, Laponite RD, RDS, B, DF, S, XLG, XLS and JS where, Laponite 

grades B, DF, RD and XLG swell in water, while Laponite grades RDS, S, JS and XLG 

dissolve in water. Table 2-9 shows different chemical compositions of minerals in different 

Laponite types.146 
                                          
 

Table 2-8: Chemical composition of 
montmorillonite (MMT) clay 

Elements Wt-% Elements Wt-% 

O 25.26 % Si 34.42 % 

Na 1.44 % Ca 7.52 % 

Mg 1.67 % K 4.13 % 

Al 22.64 % Fe 2.93 % 

 

Table 2-9: Chemical composition of variety 
of Laponite clays 

Elements Wt.-% 

 JS RD RDS 

SiO2 50.2 % 59.5 % 54.5 % 

MgO 22.2 % 27.5 % 26.0 

Li2O 1.2 % 0.8 % 0.8 % 

Na2O 7.5 % 2.8 % 5.6 % 

P2O5 5.4 % - 4.4 % 

F 4.8 % - - 
 

 

• Hydroxyapatite (HA) Nanoparticles 

Hydroxyapatite nanocomposites can be used in a wide variety of applications e.g. injected 

materials for tissue engineering, cartilage repair and replacement, and dental implants. HA is a 

form of calcium phosphate mineral that comprises 70 % of bone and is widely used in the 

manufacturing of orthopaedic biomaterials.147 HA itself is an ideal material for preparation of 

drug scaffolds because of its vital properties e.g. the ability to absorb different chemical 

species and its biocompatibility. Calcium phosphates are widely used as inorganic fillers in a 

polymer matrix to produce biocomposite materials, with improved its biological and 
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mechanical properties.23 HA was used as a filler to replace fractured and damaged bones.  HA 

can be formulated as a powder, granules, disks or blocks. The inorganic-organic composition 

and structure of biocomposite can simulate those of bone in the body.23  

Hydroxyapatite Ca10(PO4)6(OH)2 was synthesized using wet-chemical method followed by 

heat-treatment method as previously reported by Rusu et al.147  

The interface of synthesized composites of polymers and HA is normally poor, while that of 

mineral and living tissue e.g. bone is considered to be an ideal composite interface.2 The 

interface is determined by the polarities of the filler and the polymer matrix. Calcium 

phosphates are hydrophilic and polymer is mostly hydrophobic. The surface of calcium 

phosphate is modified using the above intercalating agents namely, amino acids, 

alkylammonium salts or silanes coupling agents. On the other hand, the surface modification 

of calcium phosphates also can change their behaviour physiological solution and the 

interaction with the tissue in vivo and adjust the release rate of Ca2+ and PO4
3- and the 

biological properties on the surface of materials (cell adhesion and cell proliferation on the 

materials).148 Therefore, the surface modification of calcium phosphates not only remodels 

their surface states, but also controls their biological properties.2 

The surface modifier of HA biomaterials should satisfy the following requirements, because it 

is often used as implanted materials in the medical applications e.g. no toxicity, 

biocompatibility and no obvious change in the biological properties of the inorganic fillers. In 

order to achieve the above mentioned requirements for the surface modified HA, the coupling 

agent should be carefully chosen to avoid any implantation problems. The surface modifiers 

mostly used for calcium phosphates include silanes, titanium coupling agents, organic 

phosphates and some functional polymers.2 However, most of these chemicals can not satisfy 

the above safety requirements. For example, the free silane is toxic to tissue cells as reported 

by Duparz el at.149 Therefore, amino acids have been chosen as a modifier for surface 

modification of HA. 

2.10.2. Intercalation Process of Clays 

In order to guarantee the dispersion of semectite clays in the polymer matrix, compatibility of 

silica clays with various polymers is accomplished by modifying of clays with 

alkylammonium cations via a cation exchange reaction known as intercalation reaction. That 

is Na+ and Ca2+ inorganic cations, which are present between silica layers of MMT clay are 

exchanged with organic cations e.g. ammonium cations.150 The basic aims behind the 

intercalation reaction are as follows: 

1. Improvement of the compatibility between inorganic silicate layers of clay and the 

organic polymer chains. 

2. The small organic molecules bonded to silicates make organically modified clays 

more miscible with large sized polymer molecules. 

3. Building chemical bond e.g. ionic or covalent bond between clay and polymer chain. 
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4. The space between the silica layers is increased and become more uniform and large 

enough for polymer penetration.  

Ion exchange reaction of the interlayer inorganic cations with organic cations makes the 

material hydrophobic and improves the wetting characteristics of the clay with polymers and 

other organic materials.151  Two types of polymer-clay composites can be produced from the 

latter process, intercalated and exfoliated polymer composite. An intercalated composite result 

from the penetration of polymer molecules into the interlayer space,152 and this type of clay 

modification was used for the changes of clay subsoil properties.153 Whereas, exfoliation 

composite involves extensive polymer penetration and delamination of clay layers namely 

resulting in nanometer thick silicate platelets that are randomly dispersed in the polymer 

matrix.154  The difference between intercalated and exfoliated polymer composite is described 

in Fig. 2-11. 

 
 

Figure 2-11: Spatial structures of intercalated and exfoliated nanocomposite polymers. 
 

Dispersing clay in a polymer is like trying to mix organic compound e.g. oil with inorganic 

compound e.g. water, it is impossible except if we use a detergent! The role of a 

compatibilizing or intercalating agent is similar to that of a detergent. The intercalating or 

compatibilizing agents used for clay modification were presented in different types. 

 

• Amino Acids as Intercalating Agents 

Amino acids are considered the first compatibilizing agent used to synthesis of nanocomposite 

polymers. Amino acids are molecules which consist of a basic amino group -NH2 and an 

acidic carboxylic group –COOH. In an acidic medium, a proton is transferred from the COOH 

group to the intermolecular –NH2 group. A cation exchange is then possible between the –

NH3
+ function formed and inorganic cations of clay Na+, K+ and Ca2+ intercalated between the 

clay layers so that the clay becomes organophilic. α-amino acids and also ω-amino acids 

(H3N
+(CH2)n-1COOH) have been widely used to intercalate MMT and laponite silicate layers 

clays.155 

• Alkylammonium Ions as Intercalating Agents 

Montmorillonite as a model of semectite clay has been exchanged with long chain 

alkylammonium ions and then was dispersed in polar liquids, forming gel structures with high 

liquid content which first was discovered by Jordan156 and summarized by Weiss.157 

Alkylammonium ions are the most frequently coupling agents used in the ion-exchange 



2. Background- Nanocomposite Hydrogel  

 

46 

reaction to prepare organically modified clays. Alkylammonium ions can intercalate easily 

between the clay layers and offer a good alternative to amino acids. The most widely used 

alkylammonium ions are based on primary alkyl amines put in an acidic medium to 

protonated the amine function. Their basic formula is CH3-(CH2) n NH3
+ where n = 1-18. It is 

interesting to note that the length of the ammonium ions has a strong impact on the resulting 

structure of nanocomposites. Lan et al.158 showed for instance that alkylammonium ions with 

chain length larger than 8 carbon atoms were favouring the formation of delaminated 

nanocomposites whereas, alkylammonium ions with shorter chains lead to formation of 

intercalated nanocomposites. Alkylammonium ions based on secondary amines have also 

been successfully used.159  

Figure 2-12 shows the typical cation exchange reactions using linear alkylammonium ions as 

intercalating agent. The cation exchange reaction has also a strong impact on the space 

between the silicate interlayers of clay, where it was found that the spacing between the clay 

layers increased by about 10 Å after the modification process.158  Widespread examples of 

intercalating agents which have been used in ion-exchange reactions for synthesizing 

organically modified clays polymer nanocomposites are e.g. hexadecyltrimethyl ammonium 

chloride (HDTMA), Jeff-amines, tricaprylylmethylammonium chloride (Aliquat 336), 

dimethyldioctadecyl ammonium chloride, dimethyl ditallow ammonium chloride (MAE), 

dimethyloctadecyl amine, acrylamide, cetyltrimethyl ammonium chloride, 12-

aminododecanoic acid and (3-acrylamidopropyl) trimethyl ammonium chloride. All these 

alkylammonium ions intercalating agents have been used to modify inorganic silicate clay to 

be organophilic clay. 

 

 
 

Figure 2-12: The cation-exchange reaction between linear organic alkylammonium ions and inorganic 
cations initially intercalated between the clay layers. 

 

• Silanes as Intercalating Agents 

Silane compounds have been used as intercalating agents, because of their ability to react with 

hydroxyl groups situated possibly at the surface and at the edges of the clay layers. Silane 

coupling agents are a family of organo silicon monomers which are characterized by the 

formula R-SiX3, where R is an organo-functional group attached to silicon in a hydrolytically 

stable manner and X designates hydrolysable groups which are converted to silanols groups 

on hydrolysis. Silane coupling agents interact with inorganic surfaces forming tenacious 

bonds at the interface. These inorganic surfaces are characterized by the presence of OH 
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groups attached principally to silicon and aluminium and that particularly favourable for 

bonding with silanes. In the clay, OH groups are possibly present on the surface of layers but 

also particularly on their edges. The silane coupling agent first is converted to a reactive 

silanol by hydrolysis (Fig. 2-13a), afterwards the silanol reacts with OH groups present on the 

inorganic surface of clays (Fig. 2-13b). Figure 2-13 shows the typical modification reaction of 

inorganic clay using silane compounds, which include the hydrolysis of hydrolysable groups 

of the silane compound in water followed by direct coupling reaction between hydroxyl 

groups on the surface of inorganic clay with hydrolysable silane (silanole) compound to 

obtain organically modified clay nanocomposite materials. Widespread examples of different 

silane coupling agents, which have been used in the modification process of clays, are e.g. 3-

aminopropyltriethoxy silane (APS), methacryloxy propyltrimethoxy silane (MEMO), 3-(2-

aminoethyl) aminopropyltrimethoxy silane (DAMO), vinyltrimethoxy-propyl silane (VTMO), 

trimethoxypropyl silane (PTMO). 

 

 
Figure 2-13: Intercalation of clay using silane compound (a) the hydrolysis of silane compound in water,  
(b) the possible reaction of silane group with the hydroxyl groups present on the inorganic surface of clay. 
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3. Results and Discussion 

The interest in the synthesis and characterization of Dex-HEMA polymer has increased within 

the last decades due to the need to adjust the degree of substitution (DS) of that polymer.160 

The optimum conditions for the synthesis of HES-HEMA and Dex-HEMA polymers will be 

discussed in the present work. On the other hand, HES-HEMA and Dex-HEMA polymers 

were crosslinked in the presence of a visible-light-induced radical to form a water-swollen 

hydrogel. Various properties and performances of the hydrogels required for in-situ 

hydrogelation were studied according to the DS of polymer, crosslinking density, and the type 

of the used photoinitiator system. The results and discussion will be divided into three 

important main directions:  

First, synthesis of Dex-HEMA and HES-HEMA polymers and study of preparation conditions 

which have great influences on the degree of substitution (DS) of polymers. 

Second, study the crosslinking behavior of the polymer solution using two photoinitiator 

systems CQ-amine and CQCOOH-amine systems.  

Third, influence of filler introduction on the mechanical properties of HES-HEMA hydrogel 

nanocomposites. These parts have been subdivided into five parts: 

1. Synthesis of HES-HEMA and Dex-HEMA polymers and studying synthesis conditions. 

2. Studying crosslinking conditions of Dex-HEMA using CQ-amine system. 

3.  Effect of incorporation of modified clay nanoparticles on HES-HEMA nanocomposite: 

swelling behavior and characterization. 

4. Studying crosslinking conditions of HES-HEMA using CQCOOH-amine system. 

5. Biological investigations for the components of photoinitiator system before and after 

crosslinking. 

The synthesis of HES-HEMA and Dex-HEMA are shown in chapter of synthesis (Figs. 6-1 

and 6-2), respectively.  The synthesis of these polymers has been accomplished in two steps. 

The first step is the activation of the functional end group of (HEMA) with 

carbonyldiimidazole (CDI). Imidazole is liberated as a byproduct. Unreacted HEMA and 

excess of CDI have to be extracted from the reaction mixture by ethyl acetate-water in two 

phases extraction process. 

The second synthesis step is the coupling reaction between the activated HEMA namely, 

hydroxyethyl methacrylate-imidazolylecarbamate (HEMA-CI) and the polysaccharide 

polymer either HES or dextran in dimethyl sulfoxide (DMSO) as an aprotic solvent in the 

presence of 4-(N,N-dimethylamino)pyridine as a Lewis-base. In this reaction, the oxygen of 

the hydroxyl groups in C2 of HES and C3 of dextran attack the active carbonyl carbon of 

HEMA-CI to form a carbonyl ester bond. Both the byproducts imidazole and excess of 

DMSO were removed by dialysis with distilled water. The successful incorporation of 

methacrylate group of HEMA into HES or dextran units was demonstrated by FT-IR analysis 

by the presence of a carbonyl ester group band at 1730 cm-1 (Appendix, Figs. 4-5, 4-6), which 

is not present in pure polysaccharides HES or dextran. Furthermore, this carbonate ester band 
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significantly increased with increasing the degree of substitution (DS) in HES-HEMA or Dex-

HEMA polymers (Appendix, Fig. 4-7). Further evidence for the introduction of the HEMA 

groups as side chain in HES or dextran is given by 1H-NMR spectra (Appendix, Figs. 4-9D 

and 4-10B, respectively). For evaluating the whole conditions which have influenced the 

degree of substitution (DS is the average number of methacrylate groups per HES or dextran 

glucopyranose residue), the synthesis conditions of those polymer were below optimized. The 

degree of substitution (DS) of Dex-HEMA and HES-HEMA was calculated by 1H-NMR 

analysis using equations 4-36 and 4-37 in Appendix, respectively. The enhanced solubility of 

HES-HEMA in various common organic solvents is a valuable property of the modified HES. 

Most polysaccharides show poor solubility in common organic solvents (Table 3-1). This 

poor solubility restricts their applications in many areas. Although, some chemical 

modifications have been done to enhance the solubility of polysaccharide but the used 

methods might generate problems with other side.  

The good solubility of HES-HEMA in a variety of common solvents should be very beneficial 

and is expected to broad on the applications of HES that were previously limited due to the 

solubility problem. Table 3-1 shows the solubility property of HES, dextran and their 

incorporations with HEMA in various and common solvents. The water-solubility problem of 

HES-HEMA or Dex-HEMA polymers, is regarded as the most common problem which has 

appeared in the present work. Therefore, it is of importance to discuss the whole effective 

factors for adjusting the degree of substitution of HES-HEMA and Dex-HEMA polymers.  

 

               Table 3-1: Solubility of HES, dextran, HES-HEMA and Dex-HEMA in various common solvents 
 

Common  

solvents 

HES   or  
Dextran 

HES-HEMA  or 
 Dex-HEMA 

Water + +* 

Acetone - - 
Chloroform - - 

Ethanol or Methanol - - 
DMSO + + 

DMF - - 
Dimethyl acetamide - - 

THF - - 
Methylene chloride - - 

Dioxane - - 

(+): Completely dissolve at room temperature, (-): do not dissolve at room temperature and   
                     (+*): dissolve at room temperature but depending on the DS value of polymer. 
   

Currently, the factors which might have obvious influences on the DS and solubility degree of 

HES-HEMA and Dex-HEMA polymers and which have been studied are:  

1. Reaction temperature and time in coupling reaction step on DS 

2. Molar ratio of reactants HEMA-CI:DMAP-catalyst on DS 

3. Molar ratio of reactants HES:HEMA-CI on DS 
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3.1.Synthesis Conditions of HES-HEMA Polymer 

3.1.1. Effect of Reaction Temperature/Time in the Coupling Reaction Step on the DS  

After activation of HEMA with CDI to obtain HEMA-CI, polysaccharide polymers either 

HES or dextran are coupled with HEMA-CI at different coupling reaction temperatures. The 

reaction temperature was varied from 40- 100 oC for one hour coupling reaction time.  
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Figure 3-1: Effect of reaction temperature on the DS and Mwt of HES-HEMA synthesis for a coupling 

reaction time of one hour. 
 

The effect of reaction temperature on the DS of the hydroxyl groups in HES by the 

methacrylate group is shown in Fig. 3-1. The lowest level of substitution was achieved at 40 
oC (DS= 0.032 at 1h reaction time). DS increased with increasing reaction temperatures to 

0.063, 0.073 and 0.079 at 60, 80 and 100 oC, respectively. In short the values of DS 

significantly increase with increasing the reaction temperature, that is at 40 oC and it was the 

highest level at 100 oC. Very slight difference in the DS was observed between 80 and 100 oC. 

The results are in agreement with the results obtained by Chu et al.160 they have reported that 

the highest level of the DS in the coupling of dextran-methacrylate resulted at 80 oC as 

reaction temperature. The molecular weight of the obtained HES-HEMA was measured by 

GPC using water as a solvent and Pullulan as standard in the measurement.  
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The molecular weight (Mwt.) sharply increased from 171 KD to 609 KD at 40 and 100 oC 

reaction temperatures respectively, whereas Mwt. slightly increased from 382 KD to 425 KD 

at 60 and 80 oC reaction temperatures respectively.  
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Figure 3-2: Effect of different reaction temperatures as a function of coupling reaction times on the DS of  
HES-HEMA polymer. 

 
Figure 3-2 shows the effect of different reaction temperatures at 40, 60, 80 and 100 oC on the 

DS of HES-HEMA as a function of different reaction times 1, 3, 6, 12, 24 and 48 hours. It is 

clear to be observed that the DS of HES-HEMA monotonically increased with an increase of 

reaction time at 40 oC. DS increased from 0.032 to 0.097 for 1-24 hours as reaction times, but 

the DS for 48 hours, reduced to 0.088 again (Table 3-2). Whereas the DS sharply increased 

with increasing time of reaction at 60 oC, DS increased from 0.051 to 0.175 for 1 to 48 hours 

as reaction times at 60 oC (Table 3-2).  

On the contrary, the two batch samples at 80 and 100 oC, DS values increased with the 

reaction time of 1-24 hours, but it also decreased with longer reaction time, which is after 48 

hours particularly at high reaction temperature 100 oC. Thus, the overall reaction was 

facilitated by increasing the reaction temperature from 40 and 60 oC but, too high 

temperatures (> 60 oC) might lead to side reactions and resulted in lower DS values. 1H-NMR 

spectra of the 80 and 100 oC samples demonstrated this point of view and the presence of 

several additional unknown-peaks between 7.0 and 9.0 ppm, which were absent in the 40 and 

60 oC samples, which was suspected as side reaction products. Therefore, 40 and 60 oC are the 

optimum coupling reaction temperatures to achieve a high DS without side reactions, while at 

80 and 100 oC but for a short reaction time no later than 24 hours reaction time. These results 

are compatible with the results obtained by Chu et al.161 They have reported that the 
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maximum DS has obtained at 60 oC of dextran-maleic acid polymer and that temperature 

higher than 60 oC might lead to reduction in the DS, due to side reactions which can be 

detected by 1H-NMR. Additionally, Chu et al.160 have demonstrated that the maximum DS 

resulted at 80 oC reaction temperature for coupling of dextran-methacrylate polymer, while 

reaction temperatures higher than 80 oC are resulted in smaller DS. 

 
Table 3-2: Effect of coupling reaction temperature on the DS of HES-HEMA polymer as function of reaction 

times 1-48h 
Reaction 

temperature (
o
C) 

Reaction 

time (h) 

DS values by 
1
H-NMR 

1 0.032 
3 0.055 
6 0.058 

12 0.076 
24 0.097 

 
 

40 

48 0.084 
1 0.051 
3 0.055 
6 0.065 

12 0.085 
24 0.105 

 
 

60 

48 0.175 

 

 

Figure 3-3 illustrates the effect of reaction time at the different temperatures e.g. 40, 60, 80, 

and 100 oC on the molecular weights of HES-HEMA as measured by GPC (water as a 

solvent). It can be observed that the molecular weight of the produced HES-HEMA for 1 hour 

reaction time is gradually increased from 172 to 609 Kg/mol, with increasing the reaction 

temperatures from 40 to 100 oC (Table 3-3). However, at 3 hours reaction time, the molecular 

weight of HES-HEMA remained almost stable from 275 to 282 Kg/mol at 40 to 80 oC 

respectively (Table 3-3), while at 100 oC the Mwt. sharply increased to 659 Kg/mol.  

 

It was also detected that at 40 oC as a reaction temperature the molecular weight dramatically 

increased from 172 Kg/mol after 1 hour to 406 Kg/mol after 48 hours (Fig. 3-3 and Table 3-

4). After 6 hours reaction time, the molecular weights sharply reduced particularly at high 

reaction temperatures of 80 and 100 oC, which is supporting the hypothesis of side-reactions 

occurring with high reaction temperature or long reaction time (see Table 3-4).  

The experimental molecular weights of the samples at 80 and 100 oC for 24 and 48 hours as 

reaction times, can not be measured due to high their Mwts (Fig. 3-3). Furthermore, the DS of 

24 and 48 hours reaction time samples in cases at 80 and 100 oC decreased (Fig. 3-2 and 

Table 3-4), which are consistent with results that obtained by Chu et al.160, 161  
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Figure 3-3: Effect of reaction times on the molecular weight of HES-HEMA as a function of reaction 
temperatures. 

 
Table 3-3: Effect of coupling reaction time on the molecular weight of HES-HEMA polymer as function of 

different reaction temperatures 
 

Reaction  
time (h) 

Reaction 
temperature 

(oC) 

Experimental Mwt. by 
GPC 

 (Kg/mol) 
40 172 
60 382 
80 425 

 
1 

100 609 
40 275 
60 265 
80 282 

 
3 

100 659 

 
The effect of reaction time on the DS and molecular weight of HES-HEMA is given in Table 

3-4. The DS values are gradually increased with the reaction time during the first 24 hours. 

They monotonically increased from 0.032 to 0.097 for 1-24 hours then decreased again to 

0.088 for 48 hours as above also described in Fig. 3-2 and Table 3-2. In light of that the 

experimental molecular weights as measured by water-GPC showed similar results of the 

reaction trend (Table 3-4). The experimental molecular weights are increased with the 

reaction time, while they are directly proportional with DS values. It can be seen that the 

experimental molecular weights are slightly lower than the theoretical molecular weights at 40 
oC but not in a linear fashion, particularly at high temperatures and long time reaction. The 
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reason behind that is the HES-HEMA polymer chain might be defected or quick degraded 

with the time especially for low DS of HES-HEMA polymer (Table 3-4). Whereas the 

experimental molecular weight is higher than the theoretical molecular weight for high DS 

polymers and with long reaction time exceeded ≥13h. 

As seen in Table 3-4, the DS at 60 oC, is somehow unstable, whereupon it increases during the 

first 3 hours reaction time from 0.063 to 0.105 then decreases after 6 hours to 0.052.  The DS 

returns gradually to increase again to 0.055, 0.079, and 0.173 for 12, 24, and 48 hours 

respectively (Table 3-4). Additionally, the experimental molecular weights are decreased 

during the first 6 hours reaction time, then return to increase. From the listed results in Table 

3-4, it can be observed that the DS of the hydroxyl groups in HES by methacrylate groups is 

increased with increasing in both reaction temperatures and time in the coupling reaction.  

The highest level of substitution was achieved at 60 and 100 oC for 48 and 24 hours, 

respectively (DS = 0.173) (Tables 3-2 and 3-4).  

It is also noticed that the DS did not significantly increase with the reaction time prolongation 

and temperatures ≥80 oC. Whereas, experimental molecular weights of HES-HEMA samples 

at high coupling temperatures 80 and 100 oC and long coupling reaction time for 24 and 48 

hours could not be measured due to their lack water solubility for GPC measurement. 

Interestingly, the increase in DS with reaction time was much slower at a lower reaction 

temperature, i.e. at 40 oC (Table 3-2), while significant differences in the DS were observed 

between 40 and 60 oC after 6 hours reaction time. However the highest DS values were 

dramatically achieved with prolonged reaction times at 60 oC. However, no significant 

difference in the DS was observed at higher reaction temperatures at 80 oC during whole 

reaction time (Table 3-4). It would be better if a shorter reaction time was available for 

obtaining a higher DS. These results are completely consistent with the results published by 

Chu et al.160, 161 However, they have found that both reaction time and temperature have 

profound influence on the DS of dextran-methacrylate and dextran-maleic acid hydrogels 

respectively. They have reported also that no significant difference in DS was observed at >60 
oC as reaction temperature with prolongation the reaction time >30 h.160, 161 

 
Table 3-4: Effect of combination of coupling reaction time and temperatures on the DS and molecular weight of 

HES-HEMA polymer  
Reaction 

temperature (oC) 
Reaction 
time (h) 

DS by  
1H-NMR 

Experimental Mwt. 
by  GPC (Kg/mol) 

Theoretical Mwt.  
(Kg/mol) 

1 0.032 172 262 
3 0.055 275 265 
6 0.058 205 265 

12 0.076 242 267 
24 0.097 306 270 

 
 

40 

48 0.088 406 270 
1 0.063 382 266 
3 0.105 265 272 
6 0.051 236 265 

12 0.055 275 265 
24 0.079 356 268 

 
 

60 

48 0.173 528 281 
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Table 3-4 

(Continued)  

    

1 0.073 425 267 
3 0.123 282 274 
6 0.062 259 266 

12 0.068 605 270 
24 0.069 - 267 

 
 

80 

48 0.079 - 268 
1 0.077 609 268 
3 0.083 659 269 
6 0.103 289 272 

12 0.106 - 272 
24 0.173 - 282 

 
 

100 

48 0.106 - 272 
                   -: HES-HEMA polymer does not dissolve in the water of GPC. 
 

3.1.2. Effect of Molar Ratio of Reactants HEMA-CI: DMAP-Catalyst on the DS 

4-(N, N-dimethylamino) pyridine (DMAP) was added in the coupling reaction step with 

HEMA-CI and HES or dextran polymer as a Lewis-base-catalyst. The reaction mechanism 

between HEMA-CI and DMAP was previously described by Vlugt-Wensink et al.3 For this 

mechanism, the Bayliss-Hillman reaction between DMAP and methacrylate like HEMA-CI is 

of importance to be discussed (Fig. 3-4).  

 

 

Figure 3-4:  Bayliss-Hillman reaction of DMAP with HEMA-CI. 
 

The purpose behind this reaction is to mask the side chain of activated methacrylate e.g. 

HEMA-CI with DMAP as intermediate step before coupling with polysaccharide polymer. 

Mostly, the reaction of methacrylate e.g. HEMA-CI with DMAP to form HEMA-CI blocked 

by DMAP is based on the Baylis-Hillman reaction of an activated alkene or alkyne with an 

aldehyde or ketone to form the protonated reaction product in Fig. 3-4. Baylis-Hillman 

reaction usually requires Lewis bases such as DMAP or triethylamine as catalysts. Likely, the 

HEMA-CI-DMAP adducts (Fig. 3-4) is an intermediate of the Baylis-Hillman reaction, which 

is stabilized by the intermolecular salt-bridge that is formed between the positively charged 

quaternary N-atom and the negatively charged anion.  
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Chu et al.160, 161 have used triethylamine as a Lewis-base-catalyst for preparing dextran-

methacrylate and dextran-maleic acid polymers. They found that an increase of triethylamine 

concentration significantly affected the degree of substitution. The DS of dextran-

methacrylate was increased from 0.24 to 0.6 when the molar ratio of triethylamine increased 

from 0.01 to 0.05 as an alternative Lewis-base catalyst. Van Dijk-Wolthuis et al.11, 162 have 

used DMAP as catalyst in the coupling step to prepare dextran-glycidyl methacrylate and 

Dex-HEMA polymers, respectively. However they did not investigate the influence of DMAP 

concentration on the DS of the produced polymers.  
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Figure 3-5: Effect of different molar ratios of HEMA-CI: DMAP on the DS of HES-HEMA at 60 oC. 

 
In the present work it was detected that an increase of the amount of DMAP catalyst decreases 

the DS of the methacrylate groups to HES. An increase of the reactants molar ratio between 

HEMA-CI: DMAP catalyst from 1:1 to 1:4 significantly decrease the DS values of HES-

HEMA from 0.085 to 0.050 at the same reaction time (24 h) and temperature, a 41% decrease 

was detected (Fig. 3-5). On contrary, using small amounts of DMAP catalyst that is a molar 

ratio of HEMA-CI: DMAP, showed a substantial increase in the DS. For HEMA-CI: DMAP 

1:1 the highest level of DS values throughout different reaction times were obtained (Fig. 3-

5). Our results are contrasting with the results of Chu et al.160 but are consistent somewhat 

with Chu et al.161 They found that a further increase in catalyst amount did not increase the 

reaction efficiency and no significant increase in DS has been detected. It is likely that 

increasing the amount of DMAP catalyst causes some retardation to the reaction efficiency 

which also caused side reactions and reduces the DS again. Furthermore, the low molar ratio 

of DMAP might show an efficient reaction accompanied with a remarkable change in DS 

increasing (Fig. 3-5).   
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3.1.3. Effect of Molar Ratio of Reactants HEMA-CI: HES on the DS 

The effect of molar ratio of hydroxyethyl methacrylate-imidazolylecarbamate (HEMA-CI) to 

the hydroxyl groups of HES on the DS is shown in Fig. 3-6. Previously, the effect of molar 

ratio of maleic anhydride to the hydroxyl group of dextran on the DS was studied by Chu et 

al.161 It was demonstrated that a close to linear increase in the DS was observed as the molar 

ratio of maleic anhydride to hydroxyl groups of dextran increased. This means that the 

increase of the molar ratio of hydroxyl groups of dextran in the coupling reaction causes a 

significant decrease in the DS of dextran modified polymer. These results also were 

confirmed by Chu et al.160 A large increase of the degree of substitution in dextran by the 

methacrylate groups were observed as the molar ratio of methacrylic anhydride to the 

hydroxyl groups of dextran increased from 0.5 to 1.0 and any further increase in the molar 

ratio of methacrylate anhydride resulted in a gradual increase in the DS.160   

In Fig. 3-6, the molar ratio between HEMA-CI: HES was varied from 1:9 to 1:7 and 1:5. The 

samples were picked from the batches after reaction times of 1, 3, 6, 12, 24 and 48 hours 

respectively at 60 oC as a fixed reaction temperature. It can be clearly seen that the degree of 

substitution in HES by methacrylate groups of HEMA-CI, was significantly decreased when 

the molar ratios of HEMA-CI:HES decrease to 0.11 (HEMA-CI: HES 1:9). It can be observed 

that the DS sharply increased with increasing the molar ratio of HEMACI: HES to 0.14 

(HEMA-CI:HES 1:7) and 0.2 (HEMA-CI:HES 1:5), while DS also increases with a longer 

reaction time and it reached to a plateau values after 24 hours reaction time (Fig. 3-6 and 

Table 3-5). Accordingly, it is regarded that controlling in the molar ratio of HEMA-CI: HES 

is the most important factors for adjusting the DS of HES-HEMA polymer. 
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Figure 3-6: Effect of different molar ratios of HES: HEMA-CI: HES as a function of reaction time on the 

DS of HES-HEMA. 
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Table 3-5: Effect of different molar ratios of HES: HEMA-CI: HES as a function of reaction time on the DS of 
HES-HEMA. 

                    DS by 1H-NMR 

Reaction 

time (h) 

HEMA-CI:HES 

(1:9) = 0.11 

HEMA-CI:HES 

(1:7) = 0.14 

HEMA-CI:HES 

(1:5) = 0.2 

1 0.025 0.050 0.055 

3 0.036 0.063 0.069 

6 0.061 0.092 0.11 

12 0.060 0.076 0.13 

24 0.055 0.090 0.18 

48 0.071 0.17 0.183 

 

In the lowest molar ratio of HEMA-CI: HES 0.11 (HEMA-CI: HES 1:9), the degree of 

substitution progressively increased during the first 6 hours of reaction time. After 6 hours, no 

significant increasing in the DS has been observed. These results are consistent with the 

results that published by Harling et al.163 They have proven that the DS of produced HES-

HEMA, sharply increased with increase the molar ratio of HEMA-CI:HES to DS =0.24 

(HEMA-CI:HES 1:3).163 Harling et al.163 illustrated also the importance of DS of HES-HEMA 

and its influence on the hydrogel formation. For DS smaller than 0.04, no hydrogel was 

obtained (UV-photocrosslinking has been used), while polymers with a DS higher than 0.25 

are not completely water-soluble.163 On contrary in the present work, hydrogels can be obtain 

from HES-HEMA polymer with a DS smaller than 0.04 (using visible-light 

photopolymerization).  

 

• Effect of the DS of HES-HEMA Polymer on Properties of Obtained Hydrogels 

As expected, the DS of the HES-HEMA is very important for hydrogel formation and 

changing in physical properties of HES-HEMA crosslinked polymer. Table 3-6 shows some 

of the clear differences between crosslinked HES-HEMA hydrogels prepared from polymers 

with low and high DS. Using a high degree of substitution of HES-HEMA is relatively 

restricted due to its limited solubility in water or biological fluids (Table 3-6). 

 
Table 3-6: Physical properties and comparison between low and high DS values of crosslinked HES-HEMA 

hydrogel 

Hydrogel quality  

Physical properties Low DS High DS 

Polymer solubility in water Very high Very low 
Polymer solution Slight or non viscous Very viscous 

Turbidity of obtained hydrogel Transparent hydrogel Turbid hydrogel 
Transparency degree of hydrogel increase decrease 
Mechanical properties of obtained 

hydrogels 
Low mechanical 
(fragile hydrogel) 

High mechanical 
(tighter hydrogel) 

Stability of obtained hydrogel decrease increase 
Crosslinking degree decrease increase 

Porosity of obtained hydrogel increase decrease 
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Only few studies have focused on structure analysis of produced hydrogel materials by visual 

methods e.g. scanning electron microscopy (SEM).160, 164, 165 Chen et al.164 reported the 

synthesis of super-porous hydrogels by polymerizing various vinyl monomers and their 

structure analysis by SEM. Moreover, it was  reported that visual characterization of 3D-

network structure of swollen dextran-methacrylate hydrogels by SEM.160  In this study, 

cryofixation-cryofracturing freeze-drying techniques have been used to investigate the interior 

and surface structure of hydrogel. This technique is schematically shown in figure 5-1. The 

cryofixation and cryofracturing technique method has been previously introduced by Chu et 

al.166 for investigating the morphological structure changes of dextran-methacrylate hydrogels 

with different degree of substitution. As shown in Fig. 3-7, it was observed that the degree of 

substitution of HES-HEMA has a significant impact on both the observed surface morphology 

of the hydrogel and its pore distribution which will be explained in the next part of this 

chapter. There are clear distinctions in surface morphology of hydrogels prepared from 

polymer with a low and high DS. A relatively open network structure with large pore size was 

found for HES-HEMA hydrogel prepared with a low DS= 0.019 (Fig. 3-7(A)).  

Additionally, the general structure of hydrogel for low DS appears to be delicate and fragile 

with presence of some random cracks. This is because the DS of HES-HEMA directly affects 

the extent of crosslinking which in turn affects the openness of the resulting network structure 

of HES-HEMA. This DS-dependent network structure of HES-HEMA was further confirmed 

by calculation of the mesh sizes (next sections). On contrary, with high DS of 0.078 of HES-

HEMA as shown in Fig. 3-7B, the surface is uniform and the random cracks completely 

disappeared, with presence of tiny pores, the total pores area, and the average pore diameters 

decreased with increasing of the DS of HES-HEMA. The current results were both confirmed 

by Harling et al.163 and Chu et al.166  Harling et al.163 found that the higher the degree of 

substitution is the lower the degree of swelling. Furthermore, faster drug release behavior was 

observed with the low degree of substitution due to, the giant pore sizes and the fragile 

structure of the polymer network. Chu et al.166 also found an inverse relationship between the 

degree of substitution of dextran-methacrylate with both the pore size and the area of pores in 

polymer network structure.    

 
 
 
 
 
 
 
 
 
 
 

Figure 3-7:  SEM images photographs of hydrogel surfaces with two different degree of substitution of 
crosslinked HES-HEMA 0.019 (A) and 0.078 (B) respectively (original magnification ×800). 

 

A B 



3. Results and Discussion   

 

60 

3.2.Crosslinking Behavior of Dex-HEMA Hydrogel Using Camphorquinone-Amine 

System 

Poly (2-hydroxyethyl methacrylate) (PHEMA) is the most frequently hydrogel used in 

medical applications. This hydrogel was first discovered by Wichterle and Lim2 using 

chemical crosslinking of HEMA in the presence of a suitable crosslinking agent (e.g. ethylene 

glycol dimethacrylate). Since that time, studies of hydrogel formation methods have 

intensively increased. Most of these published studies, have focused on the synthesis of 

hydrogels using chemically crosslinking precisely, crosslinking by radical polymerization.37 

For example, research on polymerizable dextran was pioneered by Edman et al.36 The 

dextran-glycidyl acrylate hydrogel was formed by radical polymerization using initiator 

system consisting of ammonium peroxy disulfate and N,N,N',N'-tetraethylene diamine 

(TEMED) in an aqueous solution at 25 oC. In addition, dextran-glycidyl acrylate has been 

crosslinked by the radical polymerization using ammonium persulfate (APS) or potassium 

persulfate (KPS) and TEMED in an aqueous solution at room temperature.11, 37, 167  

Most of water-soluble polymers e.g. dextran, hydroxyethyl starch, poly aspartamide, poly 

vinyl alcohol and hyaluronic acid, were also derivatized with methacrylic groups and 

crosslinked using radical-polymerization which has been essentially developed by Edman et 

al.36, 37  On the other hand some other dextran derivatives with maleic acid161 or methacrylate 
160, 166 groups which have been crosslinked by UV light photopolymerization using a 

photoinitiator system e.g. 2,2-dimethoxy-2-phenyl acetophenone (dissolved in N-methyl 

pyrrolidone). Dextran-acrylamide has been crosslinked by thermal radical polymerization 

using 4,4'-azobis(4-cynovaleric acid) as bi-functional thermal initiator at 60 oC.168 HES-

HEMA as a pre-polymer was photocrosslinked by UV light using photoinitiator irgacure 

2959.163, 169, 170 Accordingly, methacrylate groups e.g. HEMA based on polysaccharide 

polymers were crosslinked by radical photocrosslinking particularly UV light to form 

hydrogels for biomedical applications e.g. drug delivery systems, tissue engineering and 

dental applications.171  

 

In the current study, a new crosslinking method for HES-HEMA hydrogel using a visible-

light initiator on the basis of a CQ-amine photoinitiating system was developed. 

Camphorquinone (CQ) is a widely used photosensitizer for visible light crosslinking for 

example for dental restorative materials. CQ mixed with an amine produces free radicals 

when irradiated at 380-520 nm.172 In the 1990s, CQ was the basic and the most frequently 

used photosensitizer for visible light cured dental composite resins.173  

The aliphatic and aromatic amines and non-amines are necessary as coinitiators with CQ in 

the photopolymerization process. N,N-dimethylaminoethyl methacrylate (DMAEMA) is a 

typical aliphatic tert-amine coinitiator with CQ.174  DMAEMA is an electron donor (reducing 

agent) and shows a high compatibility with most aqueous solutions.173 In the same context, N-

phenylglycine (NPG) has been used as a new aromatic amine coinitiator with CQ for 
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polymeric dental formulations.173 NPG was used as an alternative new coinitiator due to its 

lower toxicity compared to other aliphatic amines.173, 175, 176 The reaction mechanism between 

CQ as a photosensitizer and aliphatic or aromatic amines as electron donors has been 

previously described (Fig. 2-7 p.38). According to the reaction mechanism of CQ-amine that 

was previously established by Cook.120  

Beside traditional amine coinitiators e.g. tert-aliphatic or aromatic, a natural component, 1,3-

benzodioxole (BDO), can be used as a new coinitiator for dental composite materials. BDO 

was previously chosen to substitute amine coinitiators for CQ to initiate the 

photopolymerization process.177-179 There are several natural benzodioxole derivatives such 

as, safrole, isosafrole, and myristicin which are found in wide variety of human food, essential 

oils and flavors. They are extracted from plants such as, sassafras, nutmeg, parsnips, carrots, 

parsley, pepper and sesame seeds.177 Although some of these natural products show toxic or 

even carcinogenic effects, nevertheless BDO itself is regarded as safe.177 The exact reaction 

mechanism between CQ and BDO has not yet been reported. It is likely that the activated 

methylene group of the BDO can donate a hydrogen proton as do the methylene group of α-

carbon atom of amine coinitiator (see Fig. 2-7 p.38).  

 

Figure 3-8 shows chemical structures of the three-component radical photoinitiator system 

which is used for visible-light crosslinking. Table 3-7 shows the different physical properties 

of various amine and non amine coinitiators used with CQ. By further addition of an 

iodonium salt (e.g. diphenyliodonium chloride, DPIC) to the photoinitiator system as the third 

component, the rate of free radical generation is significantly increased.173 Iodonium salt 

might act as an electron scavenger from the dye radical e.g. CQ or as a free radical regenerator 

for three component radical photoinitiating system.180, 181    

 

 

 

 
Figure 3-8: Chemical structures of the three-component radical photoinitiator system, photosensitizer (1), 

coinitiator (2, 3 or 4) and free-radical regenerator (5). 
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Table 3-7: Physical properties of DMAEMA, NPG and BDO coinitiators  

Physical 

properties 

DMAEMA NPG BDO L-arginine 

Shape Colorless 
 liquid 

White or Brown  
crystals 

Colorless liquid White powder 

 

Solubility 

 
Completely water- 

soluble at RT. 
Complete 

homogeneous in 
water at pH 7.5. 

Completely DMSO- 
soluble. 

Completely water-soluble 
but, under harsh stirring 
conditions and slowly 
water-soluble with high 
concentration. (Maximum 
2 wt. %). Completely 
DMSO-soluble. 

 
Partial water-

soluble  
 (0.25 % at RT), 

completely 
DMSO-soluble.  

 
Completely 

water-soluble  
 (14.8 g/dl, at 

RT). 

Quality of 

obtained 

hydrogels 

Very good hydrogel  
(strong and flexible 

 but not sticky) 

Excellent hydrogel 
(strong and  stiff hydrogel)  

Good hydrogel 
(strong and 

flexible but not 
sticky) 

Excellent 
hydrogel 

(strong and   
stiff hydrogel) 

Turbidity of 

obtained 

hydrogels 

Transparent 
hydrogel 

Semi-transparent hydrogel, 
tends to a little brown 

hydrogel  

Turbid 
hydrogel 

Very 
transparent 
hydrogel 

 

The current part of this work will focus on the crosslinking behavior of Dex-HEMA and HES-

HEMA using CQ-amine/non-amine-DPIC photoinitiator system as well as, all factors which 

affect the crosslinking behavior e.g. the polymer concentration, coinitiator type, and solvent. 

Due to the poor solubility of CQ in an aqueous solution, a mixture of DMSO and water will 

be used. The average molecular weight between two adjacent crosslinks (Mc), crosslinking 

density (Px), and mesh size (ζ) have been calculated using equilibrium swelling theory. 

Furthermore, the differences in thermal, mechanical, and morphological properties of the 

hydrogel caused by the variation in crosslinking behavior have been assessed. 

 

3.2.1. Effect of Dex-HEMA Concentration and Type of Coinitiator on the Crosslinking 

Behavior 

The concentration of Dex-HEMA is considered as one of the most important factors affecting 

the crosslinking density. Therefore, experiments with different Dex-HEMA polymer 

concentrations were carried out and the crosslinking density was determined using 

equilibrium swelling measurements (Fig. 3-9 and Table 3-8). The swelling ratio was 

calculated according to Eq.4-1. The Dex-HEMA solutions with different concentrations 10, 

15, 20 and 30 wt. %, were crosslinked by the above mentioned photoinitiator CQ-amine-DPIC 

system under irradiation with visible light for 2 minutes. This is because CQ can initiate the 

methacrylate monomer only at a low rate and the electron donating (reducing agent) amines 

are used as the photo-accelerator to expedite the polymerization. Here three different 

coinitiators were used. According to Cook 120 the conversion of the exciplex state obtained 

after electron transfer into free radicals depends on the amine structure/nature and 

concentration. Thus N-phenyl glycine (NPG) as another amine was tested beside DMAEMA. 

CQ/DMAEMA is regarded as the most compatible coinitiator for HEMA with/without water 

present in the polymerization system as described by Wang et al.173  They have reported that 
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the principle advantage of the CQ/NPG system is that it should be biologically less toxic than 

other amine coinitiators. Furthermore a higher photo-reactivity was reported for NPG 

compared to DMAEMA.173 On the other hand, unlike the amines, 1,3-benzodioxole (BDO) 

was tested as a natural new coinitiator and was compared with the traditional amine 

coinitiators.  

 

Figure 3-9 shows the swelling degree as a function of the swelling time for different Dex-

HEMA concentrations with two different coinitiators (DMAEMA and NPG). It is noteworthy 

that the equilibrium swelling ratio (ESWR) is reached after 5 days in case of CQ/DMAEMA. 

For samples which were crosslinked with CQ-NPG system, ESRW is reached after 1 day. 

Additionally, there is not much difference between SWRs of hydrogels which have been 

initiated by NPG and BDO coinitiators in the initiator system. From these swelling 

measurements, the average number molecular weight between two adjacent crosslinks (Mc), 

the crosslinking density (Px), and mesh size (ζ) were calculated using Eqs. 4-20, 4-21 and 4-

29-1 (chapter of Appendix), respectively. 

 From the results depicted in Table 3-8, it can be clearly seen that the swelling ratio decreases 

with increasing Dex-HEMA concentration, thus more crosslinks points are formed and a 

tighter network structure results. Furthermore, it is noticed that no crosslinking took place 

with low Dex-HEMA concentrations of 10 and 15 wt. % for the CQ/DMAEMA initiating 

system, while crosslinking was easily achieved for these concentrations in case of CQ/NPG 

and CQ-BDO even with low Dex-HEMA concentrations at 10 and 15 wt.%. That is, the 

reactivity of the initiating system containing NPG or BDO as coinitiator is higher than that 

containing DMAEMA. This is in accordance with the results reported by Wang et al.173 

Furthermore, it can be observed that the crosslinking density (Px) is dramatically improved 

with an increase of Dex-HEMA concentration. The Px is also depending on the type of 

coinitiator used. Accordingly, the mesh size or correlation length of the network was 

significantly reduced with an increase of Dex-HEMA concentrations in all coinitiators used 

and the type of correlation length changed from macro-porous to micro-porous paralleling 

with an increase of the Dex-HEMA concentration increase. Beside the influence of the 

concentration of Dex-HEMA, also an influence of the type of coinitiator can be observed from 

the presented data in Table 3-8. The highest crosslinking densities (Px) and the lowest degree 

porosity are obtained from hydrogels which were initiated by CQ-NPG. BDO a new non-

amine coinitiator is less effective than NPG but more effective than the CQ-DMAEMA 

system.   
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Figure 3-9: Effect of Dex-HEMA concentration (Wt. %) on swelling ratio (SWR %) in presence of two 

different amine coinitiators used. 
 
 

Table 3-8: Effect of Dex-HEMA concentration on the gel yield%, average molecular weight between two 
adjacent crosslinks (Mc), crosslinking density (Px) and mesh size (ζ) for different three coinitiators  

Photoinitiator 

system 

[Dex-HEMA] 

(Wt. %) 
Yield 

% 

Mc  

(103 g/mol) 
Px  

(10-6 mol cm-3) 
ζ 

(nm) 
ζ 

type 

10 - - - - - 
15 - - - - - 
20 22 3929 0.424 720 Macro. 

CQ- 
DMAEMA-DPIC 

30 63 296 5.61 118 Macro. 
10 24 868 1. 92 250 Macro. 
15 56 152 10. 94 74 Micro. 
20 63 89 18. 72 51 Micro. 

CQ- 
NPG-DPIC 

30 65 41 40. 27 29 Micro. 
10 20 1155 1. 44 332 Macro. 
15 53 453 3. 68 220 Macro. 
20 60 215 7. 74 124 Macro. 

CQ- 
BDO-DPIC 

30 61 99 16. 81 70 Micro. 
        -: No hydrogel obtained, Macro-: macroporous and Micro-: microporous of correlation length. 
 

Although hydrogels have been developed and studied for many years, morphologic 

observations of hydrogels by SEM, particularly their interior structure in dried or swollen 

states, are rare.160, 166 The surface morphology of freeze-dried hydrogels prepared from 

solutions with 20 and 30 wt % of Dex-HEMA using CQ with DMAEMA, NPG, and BDO as 

coinitiators respectively, was investigated by SEM (Fig. 3-10).  
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There are some clear differences between the gels prepared with different coinitiators. In case 

of DMAEMA as coinitiator for both Dex-HEMA concentrations, the hydrogels have fragile 

structures when compared with hydrogels, which were initiated using NPG or BDO as 

coinitiators. In the two latter cases, the surface structures are more uniform.  

The morphology surfaces of hydrogels which were crosslinked with CQ-DMAEMA exhibit a 

highly porous honeycomb-like structure with the presence of some of random cracks, holes, 

and deep caves especially in case of 20 wt.% of Dex-HEMA. The pore size distribution was 

broader than for hydrogels, which were crosslinked with CQ-NPG or CQ-BDO systems. It 

was observed that the surfaces of hydrogels which were crosslinked with CQ-NPG are 

relatively smooth, and that there are no more pores or very tiny pores especially when the 

Dex-HEMA concentration is increased. SEM results for CQ-NPG and CQ-BDO show less 

pores and a denser structure without any random cracks as they appeared at the surface of 

hydrogels which were crosslinked with CQ-DMAEMA.  

On the other hand, the results obtained with higher swollen gels prepared with the CQ-

DMAEMA system (Fig. 3-9) which show a much higher ESWR,  are similar to the rugged 

and broad porous structure as found in the hydrogels prepared by Kim and Chu160, 166 for 

highly swollen hydrogels (Fig. 3-10). Thus, it can be concluded that a higher ESWR 

correlates with a more structured surface. Gels which do not swell as much, because of a 

higher crosslink density, show a smooth surface.  

Kim and Chu160, 166 found that an un-swollen dextran methacrylate hydrogel showed a 

relatively smooth surface with very tiny pores or without any pores. These results are 

comparable with the results obtained here for swollen hydrogels, when CQ-NPG and CQ-

BDO are used for the crosslinking. Thus, these coinitiators give hydrogels with small swelling 

ratios especially for high Dex-HEMA concentrations.  

To show that the efficiency of the initiating system has an impact on the Tg, crosslinked 

material prepared with the most effective photoinitiator system CQ-NPG and the least 

effective system CQ-DMAEMA were investigated. The Tg is higher for CQ-NPG system, 

thus the difference in the crosslinking density impacts the results in Tg difference (Table 3-9). 

Additionally, Tg values in the CQ-NPG cured gels are increased dramatically with an increase 

of Dex-HEMA concentration due to the formation of more crosslinked points resulting in a 

compacted and tighter network structure. 

 
Table 3-9: Tg values of different Dex-HEMA concentrations with DMAEMA and NPG coinitiators used 

                                       DSC results, Tg (°C) 
[Dex-HEMA] 

wt. % 
CQ-DMAEMA-DPIC CQ-NPG-DPIC 

10 - 96 
15 - 104 
20 97 114 
30 106 144 

                                  -: No hydrogel obtained. 
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Figure 3-10: SEM images photographs of hydrogel surfaces with 20 and 30 wt. % of Dex-HEMA 
concentration, initiated with CQ-DMAMEA, CQ-NPG, and CQ-BDO systems (the original magnification 

was ×800). 
 

3.2.2. Effect of Coinitiator Concentration on Crosslinking Behavior 

It has already been mentioned that the DMAEMA, NPG, and BDO have different efficiencies 

as coinitiators in the photocrosslinking of Dex-HEMA with CQ. Moreover, it was noticed that 

in the absence of coinitiators no crosslinking took place. Wang et al.173 have previously used 

DMAEMA and NPG as coinitiator amines with CQ to crosslinking BisGMA-HEMA. In a set 

of experiments, the concentration of the coinitiators was varied from 0.25 to 3.0 mol % at 

constant CQ concentration (0.25 mol %). The gel yield, Mc, Px, and ζ were determined as a 

function of the concentration of coinitiator. Gel yield % has been determined according to Eq. 

4-2 (Appendix, p.147). The results shown in Table 3-10 indicate that there is no significant 

influence of the coinitiator concentration on the gel yield. On the other hand, the Mc and ζ 

values grow toward thier maximum at 1.0 mol % DMAEMA concentration and then slightly 

decrease. Accordingly, the crosslinking density (Px) is significantly decreased to its minimum 

and then slightly increases again. This implies that the most effective crosslinking is observed 

for the lowest concentration of coinitiator (0.25 mol %). At higher concentrations of the 

coinitiator, the crosslinking is less effective resulting in lower crosslinking density and longer 

chains between the crosslinks.  
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Table 3-10: Effect of coinitiator concentration for DMAEMA, NPG, and BDO (0.25-3.0 mol %) at constant CQ 

concentration (0.25 mol %) and Dex-HEMA concentration (20 wt. %) on  the  gel yield, average molecular 
weight  between two adjacent crosslinks (Mc), crosslinking density (Px) and mesh size (ζ) 

 
Photoinitiator   

system 

[Coinitiator] 

(mol %) 
Yield  

% 
Mc   

(103 g/mol) 
Px   

(10-6 mol cm-3) 
ζ 

(nm) 
ζ 

type 

0.25 77 880 1.89 253 Macro. 
0.5 77 1161 1.44 307 Macro. 
1.0 76 3067 0.544 606 Macro. 
2.0 78 2375 0.702 507 Macro. 

CQ- 

DMAEMA-
DPIC 

3.0 81 928 1.8 263 Macro. 
0.25 64 63 26.3 40 Micro. 
0.5 67 81 20.5 48 Micro. 
1.0 64 106 15.6 58 Micro. 

CQ- 
NPG-DPIC 

2.0 62 134 12.4 68 Micro. 
0.25 72 66 25.0 41 Micro. 
0.5 70 52 31.7 35 Micro. 
1.0 73 53 31.4 35 Micro. 

CQ- 

BDO-DPIC 

2.0 77 48 34.1 33 Micro. 
          Macro-: macroporous and Micro-: microporous of correlation length. 
 

The effect of decreasing crosslinking efficiency with increasing coinitiator concentration was 

explained according to Cook120 by the fact that an excess of amine coinitiator acts as retardant 

in the crosslinking reaction. This result was confirmed also by Sastre et al.182 A similar 

observation can be made in the case of NPG as coinitiator. The Px values decrease with 

increasing NPG concentration. Thus, also for this coinitiator increasing the concentration 

makes the photocrosslinking less effective. On the other hand, in the case of BDO, the Mc 

values monotonically decrease and the crosslinking densities (Px) increase with increasing 

BDO concentration. Thus, the non-amine coinitiator BDO does not show any retarding effect 

on the photocrosslinking.  

It can be concluded from the presented results that both amine coinitiators (DMAEMA and 

NPG) have almost the same behavior regarding the crosslinking efficiency. Furthermore, a 

significant impact on the mesh size and the correlation length changing from micro-scale to 

micro-scale was found according to the type of coinitiator used. The non-amine coinitiator 

(BDO) shows a different behavior. The exact reaction mechanism for the CQ-BDO system is 

still unknown. It can be speculated that it is similar in transferring hydrogen from the 

activated α-C-H of amine to CQ. However, it seems as if neither the BDO nor its reaction 

products act as retarder as it is the case for the amine coinitiators. Further experiments are 

necessary to elucidate this effect in detail. The results presented here suggest that BDO is a 

very effective alternative to conventional amine coinitiators used in the dental resin 

formulations. Some amine can actually be used as polymerization inhibitors. The crosslinking 

behavior seems to be dependent on many factors, such as the number of methyl groups 

attached to the nitrogen atom as well as the potential for steric hindrance. Above certain 

limits, any amine coinitiator may act as a reaction retarder.  



3. Results and Discussion   

 

68 

Consequently, an excess of amine may resist the initiating radicals by termination reaction. 

An additional problem is that an excess of amine can cause color instability because of the 

eventual formation of oxidative products. 

In Fig. 3-11, the interior structure of the cryofractured hydrogels is depicted. It is evident that 

different sizes of pores can be observed at the surface and within the same hydrogel by 

comparing Fig. 3-11 (A and B), for hydrogel prepared by DMAEMA and NPG respectively, 

with the corresponding image of the same hydrogel presented in Fig. 3-13. We found a fibril 

structure in the case of CQ-DMAEMA systems (Fig. 3-11(A)), whereas the surface seems to 

be rugged and dedicated surface structure (Fig. 3-13 DMAEMA, 20% water content). The 

inner structure of the gel which was initiated by the CQ-NPG system (Fig. 3-11(B)) is denser, 

whereas the surface exhibits uniform and smooth surface hydrogel (Fig. 3-13 NPG, 20wt. 

water content). 

 

 
Figure 3-11: SEM Images photographs of cross-sectional interiors of swollen Dex-HEMA hydrogels with 
coinitiators, DMAEMA (A) and NPG (B), 20 wt. % water content in both samples, (Original magnification 

×800). 
 

It is of importance to discuss the influence of the coinitiator type used on the mechanical 

properties of non swollen hydrogels. The oscillatory frequency sweep rheology measurements 

were conducted under isothermal conditions at 25 oC, while angular frequency ranged from 

0.1 to 10 Hz and constant amplitude was applied. The hydrogel samples that have been tested 

in Fig. 3-12 are non swollen hydrogels (the polymer samples were directly crosslinked in the 

Al-plate of rheology instrument without further swelling in water). Additionally, this result 

shows the average of three analyses. The typical linear viscoelastic behavior of Dex-HEMA 

hydrogels as a function of different coinitiators used in the photoinitiation system is shown in 

Fig. 3-12.  

This figure indicates that the linear region of hydrogels which were crosslinked with CQ- 

DMAEMA and CQ-NPG is higher than for hydrogels which were crosslinked with either CQ-

BDO or CQ-L-arginine wich will be used in the coming experiments as a new coinitiator, 

whereas hydrogel which was crosslinked with CQ-BDO, the lowest storage modulus values 

were found. 
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The big difference in the viscoelastic behavior can be attributed to the hypothesis of the 

reactivity ranking of coinitiators,173 additionally by the degree of homogeneity and 

compatibility of coinitiators with DMSO/water mixture and with each other (see Table 3-7, p. 

62). The storage modulus (G') outperformed the loss modulus (G'') in all hydrogel samples 

from 0.1-10 Hz frequency, thus rubbery-like structure behavior dominates over the 

viscoelastic properties of hydrogel tested.  
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Figure 3-12: The frequency-dependent storage or elastic modulus of Dex-HEMA hydrogels were 

crosslinked with different amine and non amine coinitiators. 
 

3.2.3. Effect of Water Content in the Photocrosslinking Mixture on Crosslinking 

Behavior 

Because CQ is only partially water soluble, using mixture of DMSO-water is necessary for 

hydrogel formation. For the dental adhesives and resins based on HEMA/BisGMA, a distinct 

influence of water content on the  photoreaction was found.173 The dental resins which have 

been crosslinked with CQ/DMAEMA as an initiation system, Wang et al.173 and Paul et al.183 

have reported that a water content of more than 5% inhibits the photopolymerization of 

HEMA, even when the concentration of photoinitiator was increased. On the other hand, it 

was reported that the addition of water promoted the polymerization of HEMA in the case of 

NPG as coinitiator.184 This might have to do with the hydrophilicity of the components in the 

dental resins and their compatibility with each other and with water.  

Wang et al.173 proved that hydrophilic coinitiators (DMAEMA and NPG) outperformed the 

hydrophobic coinitiator dihydroxyethyl-p-toluoidine (DHEPT) and CQ photoinitiator system 

containing only the hydrophobic coinitiator did not initiate the polymerization of HEMA.173 

Wang et al.185 found also that the addition of diphenyliodonium hexaflorophosphate (DPIHP) 

as a third initiator component in BisGMA/HEMA as a model of dental resin instead of DPIC 

increased the efficacy of the photopolymerization. In systems with different water content, the 
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polymerization rate decreased with the increase of water content.185 This does not necessarily 

mean that the degree of conversion is also decreased. Furthermore, Wang and coworkers185 

suggested that there might be an increase in the degree of conversion in the presence of water 

in these resins, due to the lower viscosity of the monomer mixture.  

The influence of the solvent for the gel formation has been investigated by increasing the 

amount of water in the DMSO based solution from 0 to 30 wt %. The gel yields, Mc, Px, as 

well as ζ were determined for the different solvents and different coinitiators were used.  As 

can be seen from the results shown in Table 3-11, there is a distinct influence of water content 

on the gel yield. The yield % clearly increases with water content. No hydrogels were 

obtained with low amounts of water in the solvent for hydrogels which were crosslinked with 

CQ-DMAEMA. However, hydrogel is formed without water content in the solvent for 

hydrogels which were crosslinked with CQ-NPG. This result refers to a big difference of 

reactivity between the coinitiators used. Furthermore, for all used coinitiators, an increase in 

crosslinking density and reduced mesh size (ζ) with higher amounts of water in the solvent 

can be easily observed. Thus, efficiency of the photocrosslinking increases with increasing 

water content. When comparing the different coinitiators, BDO is the most effective under 

these conditions. 

 
Table 3-11: Effect of water content on the crosslinking behavior as measured by gel yield %, average molecular 

weight between two adjacent crosslinks (Mc), crosslinking density (Px) and mesh size (ζ) for different three 
coinitiators used 

Photoinitiator 

system 

Water 

content 
(wt.%) 

Yield  

% 

Mc 

(103 g/mol) 
Px   

(10-6 mol cm-3) 
ζ 

(nm) 
ζ 

type 

0 - - - - - 
10 - - - - - 
20 59 3464 0.481 660 Macro. 

CQ- 
DMAEMA-DPIC 

30 77 855 1.95 248 Macro. 
0 56 138 12.0 69 Micro. 
10 61 88 18.9 51 Micro. 
20 70 66 25.1 42 Micro. 

CQ- 
NPG-DPIC 

30 79 67 25.3 41 Micro. 
0 - - - - - 
10 25 237 7.01 100 Micro. 
20 65 60 27.6 39 Micro. 

CQ- 
BDO-DPIC 

30 75 48 34.4 33 Micro. 
        -: No hydrogel obtained, Macro-: macroporous and Micro-: microporous of correlation length. 

 

Figure 3-13 representatively shows SEM images of the surface structure of freeze-dried Dex-

HEMA hydrogels which were prepared with different water contents in the solvent. The 

images show a relatively smooth surface with some tiny and uniform pores in case of NPG 

coinitiator, whereas in case of DMAEMA as coinitiator the hydrogels exhibit a rugged, fragile 

and highly porous honeycomb-like structure. The width and the area of the pores decreased 

with increasing water content. In contrary, in the case of the CQ-BDO initiation system, the 

porosity in terms of density and width increased with an increase of water content. This might 

be caused by the more hydrophobic coinitiator. In fact, BDO is much less soluble in water 
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than DMAEMA and NPG (BDO solubility in water: 0.25% at 25 oC, DMAEMA and NPG are 

completely miscible with water) (see Table 3-7). Results regarding the influence of the water 

content on the photocrosslinking and gel formation can be attributed to the compatibility and 

homogeneity of the different components with water and with each other. However, here 

hydrophilic materials were investigated in solution, whereas previously mostly more 

hydrophobic materials were investigated in bulk. 

 
Figure 3-13: SEM images photographs of swollen Dex-HEMA hydrogel surfaces using different coinitiators, 

(Original magnification ×800). 
 

3.2.4. Effect of Irradiation Time on Crosslinking Behavior 

As expected, the irradiation time has an important impact on the crosslinking behavior of 

Dex-HEMA hydrogels. Irradiation times were varied from 30-240 seconds. The results listed 

in Table 3-12 show the influence of different irradiation times on the network parameters of 

hydrogels were prepared with three different coinitiators. It was observed that in case of 

DMAEMA, no hydrogel is obtained after a short irradiation time of 30 sec. Whereas, after 30 

sec. a hydrogel has been formed using other coinitiators such as NPG and BDO. This is 

referring to the higher photo-reactivity of CQ-NPG amine and CQ-BDO non-amine 

coinitiator compared to CQ-DMAEMA. A 120 sec. as irradiation time has been used as an 
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optimum irradiation time in most experiments, because no a big difference was detected in 

crosslinking densities after 120 sec. (see Table 3-12). It was also noticed that both yield and 

the crosslinking densities are gradually increased with a prolonged irradiation time regardless 

the type of coinitiators used. It was attributed to increase of the conversion of methacrylate 

groups and formation of more crosslinked points at network polymer chain while; the type of 

coinitiator itself has a pronounced impact on crosslinking behavior of Dex-HEMA hydrogel. 

The mesh sizes of Dex-HEMA hydrogels which were crosslinked with CQ-DMAEMA 

significantly reduced from macro porous scale to micro porous scale, when hydrogels were 

formed using CQ-NPG or CQ-BDO. 

 

Table 3-12: Effect of irradiation time on the crosslinking behavior as measured by gel yield %, average 
molecular weight between two adjacent crosslinks (Mc), crosslinking density (Px) and mesh size (ζ) for different 

three coinitiators used 
Photoinitiator 

system 

Irradiation 

time 

(Sec.) 

Yield  

% 

Mc 

(103 g/mol) 
Px   

(10-6 mol cm-3) 
ζ 

(nm) 
ζ 

type 

30 23 - - - - 
60 32 591 2.8 186 Macro. 

120 56 518 3.2 179 Macro. 
180 63 306 5.5 121 Macro. 

CQ- 
DMAEMA-DPIC 

240 66 292 5.7 117 Macro. 
30 56 96 17.3 53.7 Micro. 
60 60 87 19.2 50 Micro. 

120 66 72 23 44 Micro. 
180 70 73 24 44 Micro. 

CQ- 
NPG-DPIC 

240 75 65 26 41 Micro. 
30 60 65 26 41 Micro. 
60 68 56 30 37 Micro. 

120 71 51 33 34 Micro. 
180 75 48 34.6 33 Micro. 

CQ- 
BDO-DPIC 

240 78 44 38 31 Micro. 
             -: No hydrogel obtained, Macro-: macroporous and Micro-: microporous of correlation length. 
 

3.2.5. Effect of Photosensitizer (Camphorquinone) Concentration on Crosslinking 

Behavior 

The influence of CQ photosensitizer concentration on the crosslinking behavior of Dex-

HEMA hydrogels was also evaluated. The concentration of CQ photoinitiator was varied from 

0.125-1.5 mol% at constant DMAEMA or NPG coinitiator’s concentrations. Kim et al.186 

have investigated the effect of CQ concentration by variation from 0.1 to 1.0 wt.%. They have 

used CQ/ethyl-4-dimethylaminobenzoate as photoinitiation system to crosslink Bisphenol-A-

glycerolate dimethacrylate/triethyleneglycol dimethacrylate and silanized barium silicate was 

used as a filler to form dental restorative composite materials. The effect of CQ concentration 

on the polymerization behavior was observed by measuring the depth of cure and the degree 

of conversion using Real-Time-FTIR measurements. They have reported that the CQ 

concentration has a significant impact on the degree of conversion. The degree of conversion 

(DC) increased with an increase of CQ concentration till 0.6 wt%, but at higher concentrations 

a decrease was observed.186 Additionally it was found that the CQ concentration did not play a 



3. Results and Discussion   

 

73 

significant role for the depth of cure of crosslinked materials.186 Furthermore, the mechanical 

properties of crosslinked polymeric materials were improved with the CQ concentration 

increased till 0.6 wt., increasing the CQ concentration to more than 0.6% is undesirable 

because the materials become colored, which is not acceptable for a dental restorative 

material.186 The same results have been demonstrated by Yoshida et al.187 They have studied 

the influence of varying concentrations of CQ and DMAEMA on the degree of conversion; 

they have reported that at low CQ concentration the degree of conversion increase.  

 

In the present work the crosslinking density has been investigated as a function of the CQ 

concentration. From the results depicted in Table 3-13, it is easily observed that at a low 

concentration of CQ 0.125 mol%, the highest crosslinking densities have been found with two 

amine coinitiators used, while at a high CQ concentration, a less effective Px is observed. 

Paralleling with these results, the mesh sizes increased with the increasing of CQ 

concentration for both amine coinitiators used. Furthermore, at a high CQ concentration (1.5 

mol %), very fragile hydrogels were obtained and they are degraded completely after one day 

in the water.  The samples which are initiated by CQ-NPG still saved their micro pores at 

surface structure while, those samples which are initiated by DMAEMA have macro pores. 

Consequently, larger amounts of CQ photoinitiator probably inhibit the photocrosslinking 

reaction and result in a lower degree of conversion that is lower degree of crosslinking. The 

hypothesis of that both mechanical properties due to high crosslinking degree and degree of 

conversion can be achieved by increasing the initiator and activator concentrations is not true. 

The degree of conversion may increase but the crosslinking degree and mechanical properties 

decreased as the concentrations of CQ initiator and amine activator were increased as proven 

by Viljanen et al.188 

 

 
Table 3-13: Effect of photoinitiator (CQ) concentration on the crosslinking as measured by average molecular 

weight between two adjacent crosslinks (Mc), crosslinking density (Px) and mesh size (ζ) of different two 
coinitiators used 

Photoinitiator 

system 

[CQ] 
(Mol %) 

Mc 
(103 g/mol) 

Px   
(10-6 mol cm-3) 

ζ 
(nm) 

ζ 
type 

0.125 249 6.7 100 Macro. 
0.25 296 5.6 118 Macro. 
0.5 530 3.1 178 Macro. 
1.0 341 4.9 130 Macro. 

CQ- 
DMAEMA-DPIC 

1.5 - - - - 
0.125 50 33.1 34.2 Micro. 
0.25 58 28.7 37.2 Micro. 
0.5 57 29.2 37.3 Micro. 
1.0 56 29.3 37.1 Micro. 

CQ- 
NPG-DPIC 

1.5 77 21.6 46.1 Micro. 
                   -: No hydrogel obtained, Macro-: macroporous and Micro-: microporous of correlation length. 
 



3. Results and Discussion   

 

74 

3.2.6. Effect of pH Value of the Medium on the Swelling Behavior 

To simulate the conditions of hydrogels or nanocomposite hydrogels which will be used as 

drug delivery system or in dental applications in the human body, it is essential to study the 

effect of different pH values on the swelling behavior of hydrogels. Table 3-14 shows the 

different pHs testing results of common foods and drinks.  

 
Table 3-14: Different pHs of common foods and drinks. (Source http://biology.clc.uc.edu/scripts/pHResl.pl) 
Substance tested Average-pH meter reading Substance tested Average-pH meter reading 

Saliva 7.0 Juice, Lime 3.0 

Coca Cola 2.5-4.2 Green Tea 3.3 

Cola diet rite 2.75 Lemon juice 1.8 

Pepsi 3.0 Kiwi, Oranges  2.0 

Sprite 3.3 Food, hot sauces 3.7 

Wine, Red-White 2.0-3.0 Sweets, tarts 3.5 

 

The swelling behavior of Dex-HEMA hydrogels (DS= 0.038) in various pHs swelling 

medium levels from 2 to 9, were investigated (Fig. 3-14 (A, B and C)) for hydrogels prepared 

with CQ and the different coinitiators. Generally, most of the water was absorbed in the first 

three days in all pH media. The maximum water uptake of the Dex-HEMA hydrogels was 

after 5 days in the case of DMAEMA amine coinitiator for pH 2 and 7.5 (Fig.3-14(A)). 

Whereas in a pH 5 of the medium, the swelling ratio was faster reaching to the maximum and 

make a plateau after one day swelling. Interestingly, the swelling ratio of the Dex-HEMA 

hydrogels in pH 9.0 was the highest, but the swelling ratio could not be measured because this 

sample degraded completely after two swelling days. Accordingly, the swelling ratio of Dex-

HEMA in pH 7.5 was the highest (5000%), while the swelling ratio in pH 2.0 is a little 

smaller than for pH 7.5 (4000%) (Fig. 3-14(A)).  

A similar swelling behavior was found in the case of hydrogels prepared by CQ-BDO in the 

different pH levels, but the swelling for all pH levels much faster finished after one day 

(Fig.3-14(C)). On contrary in the case of hydrogels prepared by CQ-NPG (Fig. 3-14(B)), the 

effect of different pH media on the swelling behavior is very slight. It was found that the 

swelling ratios are highly depended on the pH of swelling media in case of DMAEMA and 

BDO used systems in the photoinitiation system. However, the differences in swelling ratios 

between different pH levels are not pronounced for hydrogel prepared with the CQ-NPG 

photoinitiating system (Fig. 3-14 (B)).  

It can be assumed that the high acidic and alkaline conditions of swelling media can hydrolyze 

the Dex-HEMA hydrogels, because the hydrogels contain carbonyl ester linkage susceptible 

for alkali or acid catalyzed hydrolytic degradation. It is very clear in Fig. 3-14(A) in pHs 2 

and 9. The result of this swelling property of Dex-HEMA hydrogels formed by visible light is 

slightly different from that of Dex-HEMA hydrogels formed by UV light which previously 

discussed by Kim et al.160 Conversely, the current results of swelling ratio are consistent with 
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swelling results of Dex-HEMA hydrogels formed by visible light which obtained by Kim et 

al.189  

It was worthwhile to mention that in the case hydrogels formed by UV light the pH- 

independent swelling property was observed and the equilibrium swelling ratios was around 

80% in all pHs.160 It can be assumed that the hydrogel formed by visible light was affected by 

acidic and alkaline pHs more than hydrogels formed by UV light.189 This implies that the 

hypothesis of pH-dependent of hydrogels formed by visible light, are consistent completely 

with our results and the results of swelling in different pH levels which previously reported by 

Kim et al.189   

 

The Dex-HEMA hydrogel has not any pH sensitive groups e.g. free–COOH group as present 

in other pH-sensitive-polysaccharide polymers such as sodium alginate and chitosan. 

Accordingly, the variations of swelling ratios of Dex-HEMA hydrogels in different pH levels 

can be attributed to tightness, the different pore sizes and pore structure of the obtained 

hydrogels. Moreover,  due to the presence of carbonyl ester groups in Dex-HEMA hydrogels 

which showed big swelling ratio higher in the acidic and alkaline pHs than in a neutral pH and 

hydrogel structure disintegration also occurred faster in high alkaline pH 9.0 (Fig.3-14 (A)). 

These carbonyl-ester groups can be regarded to be responsible for pH-dependency of the 

hydrogel formed by visible light. 
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Figure 3-14: Effect of pH values of swelling medium on the swelling ratios (SWR %) of Dex-HEMA 

hydrogels as a function for different coinitiators. 
 

3.2.7. Effect of Photoinitiator Type on Crosslinking Behavior of HES-HEMA Hydrogels 

Attempts were undertaken to determine the distinctions and the criteria among different 

photoinitiators used for crosslinking HES-HEMA. In this study, Camphorquinone (CQ λmax 

=260 nm), Ketopenic acid (KPA, λmax =285nm) and Irgacure 2959 (I2959 λ max =276nm) have 

been used as different photoinitiators. The photocrosslinking was carried out by irradiation 

with UV-light at 254-366 nm for 2 minutes and an irradiance of 3.5 mW/cm2.  

This study is performed in order to determine the efficiency of the different photoinitiators 

and to explore their different crosslinking behavior at the same time in the same sample. 



3. Results and Discussion   

 

77 

Although, using UV-light in biomedical applications is very restricted, due to its high health 

risks. However, in this comparative study it can be used to investigate the different 

photoinitiators and to understand the different crosslinking behavior. 

It can be seen in Fig. 3-15, that the swelling ratio of the hydrogel which has been crosslinked 

by CQ-DMAEMA reached the maximum value and the equilibrium state after 5 days 

swelling. The other hydrogels that have been crosslinked by CQ-NPG, KPA-DMAEMA, 

KPA-NPG and I2959 reached the equilibrium swelling state already after one day (Fig. 3-15). 

This means that I2959, KPA and CQ-NPG have higher photoreactivity in the UV-region than 

CQ-DMAEMA. Furthermore, the results listed in Table 3-15 representatively display clear 

distinctions between the crosslinking behaviors of different used photoinitiators. The average 

molecular weight between two adjacent crosslinks (Mc) sharply decreased with use of NPG as 

a coinitiator in both CQ and KPA photoinitiators. Accordingly, the crosslinking densities (Px) 

increased with use NPG as coinitiators with either photoinitiators CQ or KPA. In contrast, the 

hydrogels which have been crosslinked by I2959 showed the highest crosslinking densities (see 

Table 3-15). It can be concluded that the ranking of photoreactivity of different used 

photoinitiators in UV-region, can be listed as follows:          

                                      I2959 > KPA-NPG≥ KPA-DMAEMA> CQ-NPG > CQ-DMAEMA 

 

Interestingly, similar crosslinking densities of hydrogels were obtained with the UV-lamp 

which has a very low irradiance (3.5 mW/cm2) and the visible light-lamp which has a much 

higher irradiance (1000 mW/cm2). This can be attributed to the higher energy level of UV 

light (300-600 kJ/mol) compared to that of the visible light (150-300 kJ/mol).  

Thus the high energy level of UV-light can be regarded as an advantage in this end. Due to the 

health risks of using of UV-light in biomedical applications as well as, in order to satisfy the 

clinical and esthetical demands of dental polymeric materials, the visible light irradiation lamp 

has been essentially used in the next experiments. 

 
Table 3-15: Effect of used photoinitiator types on the photocrosslinking behavior as measured by average 

molecular weight between two adjacent crosslinks (Mc), crosslinking density (Px) and mesh size (ζ)  
 

Photoinitiator 

type used 

Mc 
(103 g/mol) 

Px   
(10-6 mol cm-3) 

ζ 
(nm) 

ζ 
type 

CQ-DMAEMA 675 2.5 210 Macro. 

CQ-NPG 122 13.7 63 Micro. 

KPA-DMAEMA 124 13.4 64 Micro. 

KPA-NPG 103 16.1 56 Micro. 

I2952 53 31.6 35 Micro. 

Macro-: macroporous and Micro-: microporous of correlation length. 
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 Figure 3-15: Effect of photoinitiator types used on swelling ratio (SWR %) in presence of two different 

amine coinitiators used. 
 

 

Cell adhesion of HES-HEMA hydrogels crosslinked by CQ-DMAEMA and CQ-BDO 

systems was evaluated using two different cell types e.g. human gingival fibroblast cells 

(HGF) and mouse fibroblast cells (BREluc). Figure 3-16 shows alternations in cell adhesion 

behavior onto HES-HEMA hydrogels crosslinked by using DMAEMA as an amine coinitiator 

and BDO as non-amine coinitiator. The cell adhesion was studied using fluorescence 

microscopy. It is evident that much more HGF and BREluc cells adhere on the hydrogel 

prepared by BDO. Furthermore, more cells are living (Fig.3-16 (C and D)). This might 

indicate that the natural structure of BDO is biologically less toxic than DMAEMA as 

coinitiator. Conversely, much less HGF and BREluc cells adhered and very limited living cell 

viability was observed on the hydrogel prepared with DMAEMA coinitiator (Fig.3-16 (A and 

B). Additionally, some morphological changes were detected, e.g. the cells are rounded, 

retracted, and significantly reduced in their size, due to the toxic amine structure of 

DMAEMA (Fig.3-16 (A and B)). 
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HGF cells BREluc cells 

  

  
 

Figure 3-16:  Representative fluorescence microscopy images of cells adhered on theHES-HEMA hydrogels 
crosslinked by CQ with different coinitiators (DMAEMA for A, B and BDO for C, D respectively, with 

different cell types HGF cells for A, C and BREluc cells for B, D respectively, original magnification 10× 
and incubation time 24 hours). 

A B 

C D 
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3.3.Improvement of Mechanical Properties of HES-HEMA Hydrogels: "Effect of 

Incorporation of Modified Clay Nanoparticles on HES-HEMA Nanocomposites: 

Swelling Behavior and Characterization" 

The incorporation of clay nanoparticles into hydrogel matrix can provide unique properties 

such as thermal and mechanical strength. Clays find wide range of applications in various 

areas of science due to their natural abundance and the propensity which can be chemically 

and physically modified to suit practical technological needs. Since the applications of 

hydrogels in biomedical and various industrial applications are somewhat restricted, due to 

their weak mechanical strength. Thus, different kinds of nano-fillers can be incorporated to 

improve the optical, thermal and mechanical properties.190 Semectites are widely used clays 

by virtue of their high cation exchange capacity, excellent ability to swell, high platelet aspect 

ratio and ease of their surface to be modified such as montmorillonite (MMT) and laponite 

RD which are famous examples for such often used semectites.191 However, charged 

nanoparticles, such as silicates, may exfoliate easily in water due to the colloidal interactions 

that stabilize the resulting gel. Nanoparticles that are neither charged nor stabilized by salt or 

polymer usually aggregated. Such aggregates strongly affect the morphological structure of 

the nanocomposite hydrogel and its mechanical properties.192   

 

Here, MMT and laponite-RD clays have been used as models for natural and synthetic clay in 

nanofiller composite materials, respectively. The presence of inorganic cations on the basal 

planar surface of the MMT layers makes it hydrophilic in nature and hence, render the clay 

ineffective for absorption of aliphatic and relatively hydrophobic compounds.191 Both 

Montmorillonite (MMT) and laponite RD have been chemically modified with 

hexadecyltrimethylammonium chloride (HDTMA) and Aliquat 336, respectively as described 

in the experimental part (Appendix, section No. 4.4.4) and in the synthesis (Fig. 6-3).  

 

The FT-IR analysis can be used as a technique to proof the intercalation or modification 

process of raw clay. FTIR spectra of raw Na-MMT, intercalating agent (HDTMA), and 

organophilic or modified MMT is shown in Fig. 3-17. The main mineral components of MMT 

and modified MMT can be easily observed as follows: A Si-O stretching band can be 

observed at 1045 cm-1 for the pure MMT and the modified MMT. Additionally, an Al-O and 

Mg-O stretching bands were observed at 600 cm-1 and 420 cm-1 respectively (Fig. 3-17). 

Evidence of cation exchange with the intercalating agent can be clearly seen by the presence 

of –CH2 groups stretching peaks at 2945 and 2865 cm-1 in the FTIR spectrum of the modified 

MMT and of the intercalating agent. Presence of these –CH2 groups in the spectrum of 

modified MMT proved that the intercalation step was successful presented. The results of 

FTIR analysis  are compatible with those which were previously both discussed by Yeh193 and 

Wang.150  
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Figure 3-17:  FT-IR spectra of raw Na-Montmorillonite (MMT), intercalating agent (HDTMA) and 

organophilic modified MMT clay. 
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Figure 3-18: FT-IR of spectra of pure HES-HEMA hydrogel and HES-HEMA/MMT nanocomposite 
hydrogels (0.5, 1.0, and 2.0 wt.% organo-MMT contents). 

 
The nanocomposite hydrogels were prepared by dissolving the HES-HEMA polymer in 

mixture of DMSO and water, followed by addition of the components of photoinitiator system 

(e.g. CQ, coinitiator, and DPIC). The modified clay was then added to polymerization 
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mixture. The mixture was kept under a continuous stirring to guarantee the penetration of the 

polymer inside the silica platelets of clay. The nanocomposite-polymer solution was prepared 

in the absence of visible light until the use on the same day; the nanocomposite-polymer 

solution was crosslinked upon exposure to visible light LED lamp (the experimental part 

[section No.4.4.5], chapter of Synthesis [Fig. 6-3]). The amounts of HES-HEMA polymer, DS 

of polymer used, CQ, amine coinitiator, DPIC, and irradiation time were fixed at 20 wt.%, 

0.06, 0.25 mol%, 0.5 mol%, 0.1 wt.%, and 2 minutes, respectively.   

 As the loading of the hydrogel with MMT clay is increased, the intensities of the MMT bands 

become stronger and easily visible in the FTIR spectra of nanocomposite hydrogels. The 

spectral feature between 3600-3000 cm-1 indicates hydrogen bonding between OH groups of 

HES-HEMA and the Si-O groups of MMT. It can be noticed that an increase of the content of 

clay leads to an increase of the intensity of the 3600-3000 cm-1 (Fig. 3-18).  

3.3.1. Effect of Clay Content on the Swelling Behavior of Nanocomposite Hydrogels 

The effect of clay content on the swelling behaviors of HES-HEMA / Lap-RD and HES-

HEMA/MMT nanocomposite hydrogels are shown in Figs. 3-19 and 3-20, respectively. The 

addition of organo-Lap.-RD in different contents 0-5.0 (wt. %), reduces the swelling ratios by 

20 to 60 % compared to the pristine HES-HEMA hydrogel. Furthermore, HES-HEMA/Lap 

nanocomposite hydrogels show a dramatic reducing in the swelling ratios with an increase of 

organic Lap-RD clay contents (Fig. 3-19). In the same context, the organic MMT clays were 

introduced to HES-HEMA hydrogels in various amounts 0-2.0 wt.% to obtain HES-

HEMA/MMT nanocomposite hydrogels. Three different types of coinitiator were used (Fig. 

3-20 (a, b and c)).  

It was noticed for DMAEMA and BDO coinitiators that the equilibrium swelling ratios 

(ESWR) of the nanocomposites have been reduced by 15-35% employing 0.5-1.5 wt.% 

MMT. However, the effect of reducing the ESWR is relatively weak for higher MMT 

contents (2.0 wt.%) (Fig. 3-20 (a and c)). Furthermore, it can be noticed that the effect of 

MMT content on the ESWR is less pronounced for the nanocomposite hydrogel crosslinked 

by CQ-NPG and therefore more effectively crosslinked (Fig. 3-20 (b)). Generally, this 

behavior is directly related to the packing effect of the incorporated MMT. It reduces the 

available pores at the surface of hydrogels as can be shown in SEM images (Fig. 3-21). The 

presented results in Figs. 3-20 (a, b and c), are in line with the results obtained by Paranhos et 

al.194 Another system like PVA-MMT nanocomposite hydrogel, a decrease in  both the 

swelling ratio and the diffusion rate of water molecules has been found with incorporation of 

MMT.195 Not only the swelling behavior is influenced by the packing effect of the MMT, but 

also the pore sizes of hydrogel surfaces and crosslinking degree of the used 

photopolymerization system. 
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Figure 3-19: Effect of organophilic Laponite-RD contents on the swelling behavior of HES-HEMA NCH. 
 

In this context, the current results of the swelling measurements are compatible with results 

that obtained by Lee et al. 196 who found the greater the MMT content in the gels the lower is 

the ESWR of a N-isopropyl acrylamide-MMT nanocomposite hydrogel. It can be deduced 

that the swelling ratios of nanocomposite hydrogels, in case of CQ-NPG system (Fig. 3-20 

(b)), is lower than 65% when compared with that in case of CQ-DMAEMA or CQ-BDO 

systems (Fig. 3-20 (a) and Fig. 3-20 (c), respectively). Conversely, the addition of MMT in 

the case of CQ-NPG system shows a little deswelling effect on nanocomposite hydrogels 

((Fig. 3-20 (b)). This is because the CQ-NPG photoinitiator results in a more effective 

crosslinking, as evidence by the lower ESWR for the pure hydrogel, after addition the MMT 

than has only a minor effect. These results proved that the using of coinitiator has a vital role 

in the pore size formation and for adjusting the crosslinking degree. The morphological 

investigations of nanocomposite hydrogel will be discussed in the next section.  
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Figure 3-20: Effect of the MMT incorporation on the swelling behaviour of HES-HEMA NCH crosslinked 

by the CQ with the different coinitiators used DMAEMA (a), NPG (b) and BDO (c), respectively.  
 

3.3.2. Effect of Clay Content and Type on the Morphological Surface Structure of 

Nanocomposite Hydrogels 

The morphology of the HES-HEMA/MMT nanocomposite hydrogels prepared with CQ-

DMAEMA, CQ-NPG, and CQ-BDO has been investigated by SEM (Fig. 3-21). Special 

cryofixation and cryofracturing techniques according to Chu et al.160, 166 have been used. The 

SEM micrographs in Fig. 3-21 show that the surface morphology of HES-HEMA/MMT 

nanocomposite hydrogel shows a more rugged and irregular shape than pure HES-HEMA 

hydrogel. Specifically, in the case of hydrogels prepared with CQ-DMAEMA, the surface is 

filamentous and fibril and relative big pores are observed. Furthermore, presence of random 

cracks can be seen. It was found that the polymerization medium after addition ≥1.5 wt. % 

MMT is less homogenous and highly viscous which reduce the rate of polymerization and the 
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mobility of the free radicals. Whereas, the nanocomposite prepared with CQ-NPG, the surface 

is more uniform, regular shaped and very tiny pore size are observed. On contrary, the surface 

morphology of hydrogels prepared by CQ-BDO is less uniform and a clear rugged surface as 

can be found with the increase of the MMT content. This confirms that the type of coinitiator 

used has a big impact on the morphological surfaces of nanocomposite hydrogels. Generally, 

increase of MMT contents leads to increasing the number of pores, reducing the pore size, and 

pore channel (Fig. 3-21).  

In Fig. 3-21, it can be generally seen that big amounts of pores were generated with addition 

the MMT accompanied with reducing in the swelling ratio (Fig. 3-20). This is because the 

packed structure which has been formed with the addition of MMT may reduce the diffusion 

of the water from and to the nanocomposite hydrogel. This behavior can be also attributed to 

the degree of homogeneity and compatibility between photoinitiating components mixture and 

clays. Additionally, the morphological changes in Fig. 3-21, can be attributed to the re-

ordered crystalline phase of the HES-HEMA matrix, causing a packed network structure. The 

representative morphology results slightly differ with those which have proven by Paranhos et 

al.195 who found that increase of the MMT content led to decrease on the number and the size 

of pores of PVA/MMT nanocomposite hydrogels. However, SEM results completely agree 

with morphological results of propylacrylamide-MMT nanocomposite hydrogels as described 

by Lee et al.196 They have reported that the amount of pores increased, the pore size 

decreased, and the swelling ratio decreased with increasing of the MMT content. Meanwhile, 

Yagci et al.197 found that an exfoliation and intercalation structures were found to be related 

with loading degree of MMT into poly (methylmethacrylate) nanocomposite which cause a 

big morphological changes of nanocomposite. These morphological distinctions were proven 

also by changing of the used clay type which is discussed in the next section.  

 

Laponite-RD is synthetic clay which was intercalated with Aliquat 336 as was described in 

experimental part (section No. 4.4.4). Figure 3-22 shows big morphological differences 

between HES-HEMA/MMT and HES-HEMA/LAP nanocomposite hydrogels as a function of 

clay type. In the case of HES-HEMA/MMT, the maximum loading of MMT into the hydrogel 

matrix was 2.0 wt. %, and over this content (i.e. >2.0 wt. %), the nanocomposite hydrogel 

yield is extremely weak, fragile and sometime no hydrogel obtained. In the case of HES-

HEMA/LAP, the surface appears more uniform and regular, while the maximum loading 

laponite to matrices extend to 5.0 wt% (Figs. 3-19 and 3-22). The hypothesis of increase clay 

content accompanied with increase of pores and decrease of pore sizes,196 were clearly 

observed particularly with synthetic laponite nanocomposite hydrogels (Fig. 3-22). These 

morphological changes may be attributed to high silica Si-O content of 59.5% in laponite-RD 

whereas, MMT contains to only 34.4 % of silica content (Tables 2-8 and 2-9 in p.43). Further, 

the type of different intercalating agent used in modification of clay. 

 



3. Results and Discussion   

 

86 

MMT Wt.%

D
M

A
E

M
A

N
P

G
B

D
O

C
o

in
it
ia

to
r 

ty
p

e

0 0.5 1.0 1.5 MMT Wt.%

D
M

A
E

M
A

N
P

G
B

D
O

C
o

in
it
ia

to
r 

ty
p

e

0 0.5 1.0 1.5  
Figure 3-21: SEM micrographs of the pure HES-HEMA hydrogels and HES-HEMA/MMT (0.5-1.5 wt. % 

MMT) nanocomposite hydrogels prepared with three different coinitiators (original magnification was 
×400). 
 

MMT was modified by hexadecyltrimethylammonium chloride (HDTMA) contains 16 carbon 

atoms, whereas laponite was intercalated by Aliquat 336 which contains 24 carbon atoms. In 

order to be concise, both of carbon atoms number of intercalating agent used and the number 

of silica layers content in the clay strongly affecting morphological structure of 

nanocomposite hydrogels. These results are consistent with results of Utacki et al.198 who 

found that the interlayer spacing of intercalated clays step-wise increases with the number of 

carbon atoms in the amine intercalating agent (CnH2n+1NH2) which in turn affects 

morphological and mechanical properties of nanocomposite polymers. All these directives 

refer to the significant impact of the type of used clay and the type of intercalating agent on 

morphological structure of hydrogels. Additionally, the synthetic clay has the advantage than 

natural clays in terms of rheological and morphological properties.145 Finally, it can be 

concluded that 1.5 wt.% is the optimal maximum MMT clay loaded into hydrogel whereas, 

≥3.0 wt. % is the optimal loading in case of laponite clays, due to the different nature of used 

clays and also  the different  types of the used modifier agents as have been discussed above.  
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Figure 3-22: SEM micrographs of the HES-HEMA nanocomposite hydrogels with (0.5-3.0 wt. % organo 

MMT and Lap.-RD) clay contents (original magnification was ×800). 
 

3.3.3. Effect of Clay Content on the Thermal Stability of Nanocomposite Hydrogels 

HES-HEMA/MMT nanocomposites have been thermally evaluated by using TGA and DSC 

analysis. Figure 3-23 shows the typical TGA curves of pure HES-HEMA hydrogel and series 

of incorporated nanocomposite with different MMT contents (0-2.0 wt.%). The onset 

temperature (Tonset) was measured by TGA analysis. Moreover, the decomposition 

temperature, weight loss after decomposition and amount of residue material of MMT after 

complete volatilization were measured (Fig. 3-23 and Table 3-16). Tonset is defined as the 

temperature at the intersection of the baseline mass and the tangent drawn to the mass curve at 

the inflection point or point of greatest rate of mass loss.199  

It is easily observed that the increase of MMT clay contents from 0.5-2.0 wt. % leads to very 

slight change in the thermal stability. For the second thermal decomposition step of the 

nanocomposites which started at approximately 210 oC and ended at 500 oC, the TGA results 

reveal that varying of the loaded MMT contents have little or no significant effect on the 

thermal decomposition (Fig. 3-23 and Table 3-16). In addition, Tonset values of both CQ-

DMAEMA and CQ-NPG have slightly increased after MMT addition. It is interesting to 

consider that Tonset values of CQ-NPG system are higher than those in case CQ-DMAEMA 

system, due to the higher efficiency in photocrosslinking of CQ-NPG than CQ-DMAEMA, as 

was previously discussed. After approximately 540oC (the third decomposition step), the TGA 

curves all became flat and mainly the inorganic minerals residues e.g. Al2O3, MgO and SiO2 
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remain. The amount of inorganic residues % of MMT increases with the increase of loaded 

MMT clay. This behavior was attributed to the degree of dispersion of the clay and to the high 

MMT content which acts as an insulator and mass-transport barrier to the volatile products 

generated during thermal decomposition, this heat barrier acts in a reverse mode, that is the 

accumulation heat by the clay could be released, acting as a new heat source, causing an 

acceleration on the decomposition process at the same time with the outside heat source.200 

 

The DSC results depicted in Table 3-16 reveal that the incorporation of MMT clay into the 

HES-HEMA network caused an increase in the glass transition temperature (Tg) with respect 

to pure HES-HEMA. Tg values have increased after MMT addition from 90.5 to 108 oC, then 

have returned to decrease at 97 oC for 2.0 wt.% MMT (in case of CQ-NPG). It should be born 

in mind that Tg decreased to 97 oC with a higher MMT content of 2.0 wt.% (Table 3-16). As 

well as, in the case of the less strongly crosslinked nanocomposites prepared with the CQ-

DMAEMA, the Tg also increases from 65 to 74 oC and returned to decrease at 68 oC for 2.0 

wt.% MMT content. However, the trend is less significant in this type of nanocomposites 

(CQ-DMAEMA). For an MMT content of 0.5 wt.%, an increase from 65 to 75 oC is observed. 

However, for higher amounts of MMT no further increase but rather a small decrease of the 

Tg takes place (Table 3-16). Thus, the MMT content in both two photoinitiator systems (CQ-

NPG and CQ-DMAEMA) shows an unexpected decrease of the Tg with higher amounts of 

MMT. A similar effect on the Tg behavior, in terms of increasing with low clay content and a 

decrease with high clay content is observed. The increase in Tg is tentatively attributed to the 

confinement of the intercalated polymer chains within the clay galleries, which prevent the 

segmental motions of the polymer chains.141 As the loading of the MMT clay is increased, the 

Tg of nanocomposite materials becomes higher but till at certain extent (1.5 wt.%) in two 

photoinitiator systems. The Tg results which presented here, are consistent with the Tg results 

obtained by Couderc201 and Dazhu.202 They have reported that the Tg with Org-MMT decrease 

a little with increasing the Org-MMT loading in the nanocomposite polymers.  

 
Table 3-16: TGA and DSC, thermal results of HES-HEMA/MMT nanocomposite hydrogels 

              TGA results DSC results 

Photoinitiator 
system used 

No. of  
 probes 

MMT 
wt.% 

Sharpe Td 
region 
(oC) 

Tonset 

(oC) 
Inorganic 
residues 

(%) 

Mass- 
change 

(%) 

Tg   

(oC) 

KE100-1 0 200-330 266 0 77.6 90.5 
KE100-2 0.5 220-326 268 2 71.8 99.0 
KE100-4 1.0 234-335 271 6 66.7 107 
KE100-5 1.5 237-338 272 8 65.6 108 

CQ-NPG-

DPIC 

KE100-6 2.0 222-330 267 9 65 97 
KE102-1 0 180-380 259 0 70 65 
KE102-2 0.5 200-360 260 3 65 74 
KE102-4 1.0 210-330 261 5 67 73 
KE102-5 1.5 200-350 261 6 67 70 

CQ-

DMAEMA-

DPIC 

KE102-6 2.0 210-355 260 8 66 68 
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Figure 3-23: TGA curves of pristine HES-HEMA hydrogel and HES-HEMA/MMT nanocomposite 

hydrogels. 
 

3.3.4. Effect of Clay Content on the Mechanical Stability of Nanocomposite Hydrogels 

The effect of the clay content on the elastic properties of the HES-HEMA/MMT prepared 

with (CQ-DMAEMA and CQ-NPG) and HES-HEMA/laponite nanocomposite hydrogels 

prepared with (CQ-DMAEMA) are shown in Fig. 3-24 (a, b, and c) respectively.  

As expected, at higher frequencies, storage modulus tend to increase for HES-HEMA/MMT 

nanocomposite hydrogel up to 1.5 wt. %. These results indicate a typical high elastic behavior 

of polymeric network. As shown, the presence of MMT clay causes a filler effect, the elastic 

or storage modulus (G') increases by ≈ 200-400% when compared with pure HES-HEMA 

hydrogel. These results demonstrate that the mechanical stabilities of HES-HEMA/MMT 

nanocomposite hydrogels were improved by the clay addition. It can be noticed that a 

maximum in storage modulus was obtained at 1.0 wt. % of MMT. At higher MMT content the 

effect is reversed and lower values of G' are observed. As a fact, the results for 2.0 and 3.0 

wt.% are comparable with the pure HES-HEMA hydrogels. This behavior was attributed to 

increase of the filler content may lead to less homogenous and high viscous medium which is 

reducing the mobility of free radicals during the photocrosslinking step. It was likely that a 

higher MMT content >1.5 wt.% may also leads to agglomeration of nanocomposite filling 

materials, which causes a reduce effect on the mechanical behavior. Accordingly, 1.0 wt. % 

MMT is regarded to be the optimal content to improve the mechanical properties of the 

nanocomposite hydrogels for both used coinitiators (Fig. 3-24 (a and b)).  



3. Results and Discussion   

 

90 

The nanocomposite hydrogels of CQ-NPG system in Fig. 3-24 (b), show a sharp and 

significant decrease in their mechanical properties compared to those of CQ-DMAEMA in 

Fig. 3-24 (a). This can be attributed to the adsorption of NPG at the surface of MMT clay, 

which compromises the overall crosslinking degree due to consumption and adsorption part of 

reactive pieces of photocrosslinking system ingredients at the clay surface. This hypothesis 

was studied earlier by Misra et al.203, 204 An irreversible adsorption of NPG at surface of 

hydroxyapatite nanoparticles was found. This can be attributed to chemisorption or certain 

chemical interactions of substrate calcium ions of hydroxyapatite with amino and carboxylic 

groups of NPG adsorbate. In order to be concise, the adsorption of NPG at the clay surface 

hampers and retards the crosslinking reaction and causes lower mechanical properties of the 

nanocomposite hydrogels. This is suggesting enough evidence that addition of MMT clay or 

degree of loading has a critical impact on the mechanical properties of HES-HEMA.  

The current results are consistent with results that were published by Zhu et al.205 They 

reported that the linear viscoelastic behavior of PLA-SiO2 nanocomposite materials decreased 

with an increase of the content of SiO2 nano-fillers. This result was explained with the fact 

that the higher concentration of SiO2 filling leads to the agglomeration of nanoparticles and 

de-aggregation under certain stress. Also the elastic or storage modulus of the PLA-SiO2 

nanocomposite filled with 3.0 wt.% was little lower than of pure PLA due to the latter above 

discussed reason.205 Kabiri et al.206 reported that higher concentration of MMT which filled 

into poly 2-acrylamido-2-methylpropanesulfonic acid (AMPS) nanocomposite hydrogel 

exhibited a lower storage modulus than with a lower MMT content and pure AMPS 

hydrogels.  

On the contrary, for the used synthetic laponite clays, the storage modulus strongly increases 

with increasing of the clay content in the nanocomposite hydrogels (Fig. 3-24 (c)). 

Additionally the mechanical properties of laponite nanocomposite exceeded those of natural 

MMT nanocomposite hydrogels, in respect of agglomeration or exfoliation behavior. These 

results can be attributed to the fact that the synthetic clays have the advantage over natural 

MMT clay of being chemically pure and free from crystalline silica impurities. Moreover, 

laponite clays have better mechanical properties in the nanocomposite hydrogels. In the same 

context, it was noticed that HES-HEMA/MMT which were crosslinked with CQ-DMAEMA, 

have better mechanical strength than nanocomposite those which were crosslinked with CQ-

NPG. This behavior maybe attributed to higher homogeneity and compatibility of DMAEMA 

in water compared to NPG, which has limited water-solubility (Table 3-7, p.62). 
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Figure 3-24: Frequency dependence of the storage modulus (G') of pure HES-HEMA hydrogel and HES-

HEMA/MMT nanocomposites were crosslinked by CQ-DMAEMA (a), CQ-NPG (b), and HES-
HEMA/Laponite RD was crosslinked by CQ-DMAEMA (c). 
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3.3.5. Effect of Clay Content on Exfoliation of Nanocomposite Hydrogels 

XRD is a powerful technique to observe the extent of silica dispersion, ordered or disordered 

structure in the HES-HEMA nanocomposite hydrogels. Additionally, it can be used for 

determining the interlayer spacing of the MMT silica platelets. Figure 3-25 shows the XRD 

patterns corresponding to raw Na-MMT, organically modified MMT clay, and a series of 

HES-HEMA/MMT nanocomposites with different MMT content. The interlayer spacing was 

calculated from peak positions using Bragg’s law: nλ= 2dsinӨ, where λ is the x-ray 

wavelength (0.154 nm). The diffraction peaks in the range 2Ө = 2o-50o, were recorded. As 

expected, the samples which are containing organically modified MMT show an increase in 

the interlayer spacing compared to the basal values obtained from the untreated MMT clay 

and Org-MMT (Fig. 3-25).    

The interlayer spacing of vacuum dried raw Na-MMT clay was 1.36 nm (2Ө = 6.5o) (MMT, 

Fig. 3-25), while the spacing increased after cation exchange reaction with the intercalating 

agent to 1.87 nm (2Ө = 4.73o). The small inorganic Na+ and Ca2+ cations were successfully 

exchanged by the ammonium groups of HDTMA intercalating agent. The bulk HES-HEMA 

hydrogel (100-1) does not present any x-ray diffraction peaks in this region (100-1, Fig. 3-25). 

Addition of 0.5 wt. % of MMT (100-2) causes a very weak intensity peak of MMT at 2Ө = 

2.0o (i.e. d = 4.41 nm), but addition of 1.0 wt. % of MMT (100-4) results in a shift of this 

diffraction peak towards a smaller angle (2Ө = 4.07o) which corresponds to a d-spacing = 2.17 

nm, suggesting a degree of intercalation of HES-HEMA into the MMT clay galleries. That is, 

when the amount of organo-clay present in nanocomposite decreases, the d-spacing 

systematically increases. The high d-spacing and only weak peak suggests that the MMT is 

exfoliated, that is separated and distributed in single layers within the nanocomposite in a 

large extend. Increasing the MMT content results in that the ratio of incompletely exfoliated 

MMT is increasing, as evidenced by the decreased d-spacing and the more prominent peaks 

were observed.  Similar behavior was observed before in polypropylene nanocomposites.207  

In the contrast, Fig. 3-25 further shows a lack of the diffraction peak of MMT for 1.5 and 2.0 

wt. % MMT, (100-5 and 100-6 respectively) referring that perhaps the d-spacing between the 

layered silicates had either been intercalated to a distance of more than 4.42 nm (2Ө< 2.0o) or 

exfoliated completely in HES-HEMA. This explanation is in line with WAXS pattern results 

obtained by Paranhos et al.195 who found that hydrogels containing higher amount of MMT 

clays do not show the diffraction peak, indicating an aggregation at higher MMT content can 

be observed. Furthermore, this hypothesis suggests that the silicate layers of MMT were 

intercalated at low clay content, but are exfoliated completely or aggregated at higher clay 

contents. This result refers to all MMT clays are completely exfoliated and agglomerated into 

HES-HEMA polymer matrix. These results are consistent with the results of mechanical 

measurements which were proven earlier by Wang et al.150 It was also observed that when the 

amount of organo-MMT clay content increases to 2.0 wt. %, there are small new diffraction 

peaks at 2Ө = 42o and 46o, this implies that there is a small amount of organically clays that 
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can not be exfoliated completely in the HES-HEMA up to 1.5 wt. %, which agglomerated and 

aggregated into polymer chain. Rehab et al.208 reported that the disappearance of the feature 

peak corresponding to intercalated organo-clay in poly urethane-MMT nanocomposite 

hydrogels, with high ratios of MMT which corroborate that the clay was homogeneously 

dispersed and completely exfoliated in the matrix of polyurethanes. Additionally these results 

confirm that the different percentage of organo-clay leads to high degree of the dispersion in 

the polymer matrix which as described before by Chen et al.209  

 
Figure 3-25: WAXS patterns of raw Na-MMT (MMT), organically MMT clay (Org-MMT) and HES-

HEMA nano-composite hydrogels with different MMT content [ 0 wt.% (100-1), 0.5 wt.% (100-2), 1.0 wt. 
% (100-4), 1.5 wt.% (100-5) and 2.0 wt. % (100-6) ]. 
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3.4.Crosslinking Behavior of HES-HEMA Polymer Using Carboxylated 

Camphorquinone-Amine System 

Since 1990, CQ is a widely used photosensitizer for visible light crosslinking in dental 

restorative materials.210 Three distinct disadvantages associated CQ were drawn as follows. 

First, its poor solubility in water or in physiological solutions, second its intense yellow color 

that can compromise the overall aesthetic result, in case of using it in the composite 

restoration which matching to natural teeth. To overcome the disadvantages of CQ, 

carboxylated camphorquinone (CQCOOH) was prepared. Many attempts have been done 

before to evaluate the new water- soluble photoinitiator systems and have shown that standard 

CQ-based photoinitiator system can indeed be replaced by other photoinitiators. CQ can be 

for example replaced by radical photoinitiators carrying the photosensitive CQ group in the 

side chain.  

3.4.1. Synthesis of Carboxylated Camphorquinone  

Carboxylated camphorquinone (CQCOOH) is known as di-ketopinic and was first described 

in 1991 as a modifier reagent for the guanidine groups of arginine residues.211 The exact 

synthesis of CQ-COOH has not yet been reported. The chemical structure of CQCOOH is 

given in Fig. 3-26.  Matsuda and coworkers 90, 92, 212 have used CQ-COOH as water soluble-

camphorquinone photoinitiator to prepare crosslinked gelatin hydrogels for drug delivery and 

in situ hydrogelation applications. In the current study, d-Ketopinic acid (KPA) was chosen as 

a commercial available starting material for synthesis of CQ-COOH. CQ-COOH was 

synthesized as described in Fig.3-26, the experimental part (section 4.4.6, p.144) and 

Synthesis (Fig. 6-4). 

 
Figure 3-26: Reaction scheme of the synthesis of CQCOOH from KPA. 

 
There are some factors which are strongly affecting the yield of the CQ-COOH. Table 3-18 

displays different methods to adjust the yield of CQ-COOH. It is noticed from the depicted 

results that both refluxing time and molar ratio of two reactants (KPA: Se) have a significant 

impact on the yield %.  It was found that the yield % increased from 21 to 48% with 

prolonging the refluxing time to more than 16 hours. In contrast, the yield of CQ-COOH 

predominantly increased with increasing the amount of selenium dioxide. The refluxing time 

prolongation has the strongest impact on the yield of CQCOOH (Table 3-17). The CQCOOH 

(7,7-dimethyl-2,3-dioxybicyclo[2.2.1]heptan-1-carboxylic acid) was readily synthesized and 

characterized by different methods to determine and proof the precise chemical structure e.g. 
1H-NMR, H-H COSY, H-C COSY-NMR, 13C-NMR, FT-IR, MS, and UV-Vis spectroscopy 
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(see Experimental part section No. 4.4.6, p.144). Table 3-18 shows the physical properties of 

different camphor derivatives photoinitiators used e.g. KPA, CQ, and CQCOOH. 

 
Table 3-17: Influence of reaction time and the molar ratios of reactants on the yield % of CQ-COOH 

 
KPA : Se Refluxing time (hours) Yield % 

1:1 16 15 

1:1.5 16 21 

1:1.5 >16 - 48 48 

1:3 16 34 

 
Table 3-18: Physical properties of different camphor photoinitiators  

                                                                Camphor photoinitiator derivatives 

                                   KPA CQ CQ-COOH 

 

Solubility 

Completely 
water-soluble at 

RT 

DMSO 
Ethanol 

Very poorly water-soluble 

Completely water- 
soluble at RT 

Colour and shape White powder Yellow crystals Yellow crystals 
Linear formula C10H14O3 C10H14O2 C10H12O4 

Molecular weight, 

(g/mol) 

182.22 166.22 196.1 

Mp (
o
C) 237-239 197-203 234-237 

Absorption 

spectra, λ max (nm) 

Only in UV 
region at 285 

In UV region at 254 and 
also in visible region  

at 467. 

In UV region at 215and 
also in visible light region 

at 455. 
Colour bleaching 

or photobleaching 

- Very low Very high 

 

3.4.2. Effect of HES-HEMA or HES-PEGMAn=6 Polymer Concentration/Type on the 

Crosslinking Behavior of Hydrogel  

CQ-COOH-amine-DPIC system has been basically used as photoinitiator system in all the 

following experiments for HES-HEMA and HES-PEGMAn=6 crosslinking in this section. 

Similar degree of substitutions (DS) of 0.062 and 0.055 for HES-HEMA and HES-PEGMAn=6 

was used, respectively. The concentrations of polymer, photosensitizer, amine coinitiator, 

DPIC as iodonium salt and irradiation dose time were fixed at 20 wt.%, 0.05 mol%, 0.1 

mol%, 1.0 wt.% and one minute respectively in all next experiments in this section, and the 

total amount of gel is one gram. The HES-HEMA or HES-PEGMAn=6 concentration is 

regarded as one of the most important factors which has a pronounced and direct impact on 

the hydrogel characteristics. The polymer concentration was varied from 15 to 40 wt. %. The 

swelling behavior of the hydrogels was observed gravimetrically. The water content of 

swollen polymer gels was calculated from Eq. 1 in Appendix. The equilibrium swelling ratios 

(ESWR) of HES-HEMA (left column) and HES-PEGMAn=6 (right column) hydrogels which 

were crosslinked with different DMAEMA, NPG, and L-arginine as coinitiators are shown in 

Figs. 3-27 (a, b and c), respectively. As seen in these figures, the swelling increased with time 

but after a while constant swelling value is observed. This value of swelling may be called 
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equilibrium mass swelling or equilibrium swelling ratio. The values of equilibrium mass 

swelling of HES-HEMA which was crosslinked by CQCOOH-DMAEMA range from 400-

5000% whereas, ESWR of HES-PEGMA ranged from 600-7400%, thus are showing a much 

higher swelling (Fig. 3-27 (a)). The values of equilibrium mass swelling of HES-HEMA 

which was crosslinked with CQCOOH-NPG range from 380-1200% and for HES-PEGMA 

from 650-2800%. Almost similar SWR% values were found in case of CQCOOH-Arginine as 

an initiator system ranging from 410-1200% for the HES-HEMA and 430-1800% for the 

HES-PEGMA hydrogels (Fig. 3-27 (b and c), respectively.  

In case of CQCOOH-DMAEMA as initiator system (Fig. 3-27 (a)), the time to reach the 

ESWR is quite different for different HES-HEMA polymer concentrations. Five swelling days 

were needed to achieve equilibrium for 15 wt.% of HES-HEMA, whereas  4, 3, 1 and 1 days 

were needed for 20, 25, 30 and 40 wt.% HES-HEMA concentrations, respectively. For HES-

PEGMA the time of swelling was significantly extended, which suggests that HES-PEGMA 

hydrogels have an enormous capacity of swelling degrees due to the presence of the longer 

spacer in their structure. No hydrogel is obtained with 15 wt. % of HES-PEGMA polymer. 

The time to reach equilibrium swelling was 8, 8, 5 and 3 days for 20, 25, 30 and 40 wt. % of 

HES-PEGMA polymer concentrations.  

In case of CQCOOH-NPG and CQCOOH-Arginine as initiator system (Fig. 3-27 (b and c) 

respectively, the ESWR was reached after one day for all HES-HEMA concentrations, while 

in case of HES-PEGMA hydrogels, it took 3 days in case of CQCOOH-NPG and 2 days in 

case of CQCOOH-Arginine.  

Generally, it is noticed that the ESWR decreased with increasing HES-HEMA or HES-

PEGAM polymer concentrations and the difference in time to reach equilibrium state was 

caused by the difference in pore size and the entanglement or crosslinking degree associated 

with the viscosity of polymer solution. Thus, the molecular entanglements or crosslinking 

begin to form. The reason behind this is probably that an increase of polymer concentration is 

accompanied with an increase of methacrylate (HEMA group) concentration and reducing in 

the hydrophilic –OH groups number,213 causing high entanglement degrees and forming 

higher and compacted hydrogel network structure. The differences in ESWR values and the 

required times to reach equilibrium states results are fit with results that obtained by Kim et 

al.214 who reported that ESWR is significantly decreased with increasing the polymer 

concentration or polymer viscosity in the solution for glycol-chitosan hydrogels.  

It is also inferred that the type of coinitiator used has a significant impact on the swelling and 

deswelling behavior of hydrogels, due to the difference in its photoreactivity which will be 

discussed in the following sections. The presence of poly (ethylene glycol) spacer in HES-

PEGMA which enhanced the polymer water-solubility, and dramatically raised the degree of 

swelling and the time required for equilibrium for HES-PEGMA when compared to HES-

HEMA hydrogels (Fig. 3-27).  
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Figure 3-27: Effect of HES-HEMA (left) and HES-PEGMAn=6 (right) polymer concentrations (wt. %) on 
the swelling ratios (SWR %) as function of different amine coinitiators used DMAEMA (a), NPG (b), and 

L-Arginine (c). 
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HES-HEMA and HES-PEGMA hydrogel matrices were evaluated in terms of the average 

number molecular weight between two adjacent crosslinks (Mc), crosslinking density (Px), 

mesh size (ξ), and mesh size type as calculated using equilibrium swelling theory.1 From the 

results depicted in Table 3-19. It can be concluded that the Mc is sharply decreased with 

increasing the concerntration of HES-HEMA polymer for all used coinitiator types. Thus, Px 

values are sharply increased with increasing HES-HEMA polymer concentration, due to 

formation tighter and more compacted hydrogel structures. 

It is clearly detected that the mesh size is significantly reduced with increasing the polymer 

concentrations. Specifically, NPG and L-arginine are more efficient amine coinitiators than 

DMAEMA, since in case of NPG and L-arginine the Px values are higher and ζ values are 

lower than for those of DMAEMA. Furthermore, those coinitiator systems showed micro-

porous structures, even with low HES-HEMA concentrations compared to DMAEMA 

coinitiator which results in a macro-porous structure for low HES-HEMA concentrations. 

This implies that the crosslinking densities and the mesh size strongly affected the polymer 

concentration in the solution.  Further, in case of NPG and L-arginine, they are more 

effectively initiator systems which result similar pores due to the tighter network structure 

formation.   

 
Table 3-19: Effect of HES-HEMA concentration on the gel yield, average molecular weight between two 
adjacent crosslinks (Mc), crosslinking density (Px) and mesh size (ζ) for different three used coinitiators  
Photoinitiation 

system type 
[HESHEMA] 

(Wt. %) 
Gel 

yield 
Yield  
(%) 

Mc × 103 
(g/mol) 

Px ×10-6 
(mol cm-3) 

  ζ 
(nm) 

ζ 
type 

15 540 69 1927 0.87 438 Macro- 
20 416 80 426 3.9 152 Macro- 
25 335 86 131 12.6 67 Micro- 
30 285 88 77 21.5 46 Micro- 

 
CQCOOH-
DMAEMA-

DPIC 
40 202 85 36 45.6 27 Micro- 
15 484 65 177 9.4 82 Micro- 
20 381 70 89 18.5 51 Micro- 
25 311 74 61 27.0 39 Micro- 
30 262 74 45 36.9 32 Micro- 

 
CQCOOH-
NPG-DPIC 

40 191 74 31 53.3 24 Micro- 
15 - 88 181 9.2 84 Micro- 
20 - 85 100 16.7 55 Micro- 
25 - 85 57 29.4 37 Micro- 
30 - 86 39 43.2 28 Micro- 

CQCOOH- 
L-arginine-

DPIC 

40 - 80 35 48.3 26 Micro- 
         Macro-: macroporous, Micro-: microporous of correlation length, and -: did not determine. 
 

A comparison of the listed results in Tables 3-19 and 3-20 reveals that no hydrogel is obtained 

with low HES-PEGMA concentration of 15 wt. % with DMAEMA as coinitiator, but 

hydrogels are obtained with other reactive used coinitiators such as, NPG and L-arginine. 

Additionally, the Mc values Table 3-20) tremendously increased compared to HES-HEMA 

samples (Table 3-19), accordingly the Px significantly decreased in case HES-PEGMA (Table 

3-20). HES-PEGMA hydrogels (Table 3-20) for all coinitiators used show wider pores 

structures than HES-HEMA hydrogel (Table 3-19).  
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Table 3-20: Effect of HES-PEGMA concentration on the average molecular weight between two adjacent 

crosslinks (Mc), crosslinking density (Px) and mesh size (ζ) for different three used coinitiators  
Photoinitiation 

system type 
[HES-PEGMA] 

(Wt. %) 
Mc × 103 
(g/mol) 

Px ×10-6 
(mol cm-3) 

  ζ 
(nm) 

ζ 
type 

15 - - - - 
20 3423 0.5 655 Macro- 
25 821 2.0 241 Micro- 
30 163 10.0 77 Micro- 

CQCOOH-
DMAEMA 

40 60 28 38 Micro- 
15 721 2.3 220 Macro- 
20 402 4.2 146 Macro- 
25 166 10 79 Micro- 
30 98 17 54 Micro- 

CQCOOH- 
NPG 

40 68 24 42 Micro- 
15 335 5 129 Macro- 
20 163 10 78 Micro- 
25 91 18 52 Micro- 
30 53 31 36 Micro- 

CQCOOH- 
L-arginine 

40 37 45 27 Micro- 
                      -: No hydrogel obtained; Macro-: macroporous and Micro-: microporous of correlation length. 
 
The storage or elastic modulus (G') was determined as a representative viscoelastic parameter 

from dynamic oscillatory measurements. Being a measure of the sample elasticity reflecting to 

the polymer network connectivity.215 The frequency-oscillatory measurements were 

conducted under isothermal conditions at 25 oC, with angular frequency ranged from 0.1 to 10 

Hz. The storage modulus (G') of HES-HEMA hydrogels as function of different HES-HEMA 

polymer concentrations is shown in Fig. 3-28.  

The storage modulus (G') monotonically increased with increasing the HES-HEMA polymer 

concentration. It was furthermore observed that the storage modulus sharply increased from 

500 to 24000 (Pa) when the HES-HEMA concentrations increases from 15 to 40 wt. %. In the 

same context, it can be seen that the plateau of the storage modulus is extended to low 

frequencies 0.1 Hz or even less and superior to the plateau of G'' (loss modulus) till 40 wt.% 

HES-HEMA concentrations. This phenomenon suggests that the hydrogels can be considered 

as rubber-like materials. G' which represents the elasticity of the hydrogel network, is 

virtually related to the typical strength of hydrogels. Therefore, if the degree of crosslinking 

Px is increased and thus swelling degrees should be decreased (i.e. Mc is decreased), the 

mechanical hydrogel strength must be increased (Table 3-19).  

It is detected that an increase of the degree of crosslinking must increase the mechanical 

properties of hydrogel.1 The obtained results of G' are consistent with results that obtained by 

Pen et al.140 They have reported that G' and G'' increase with the PVA polymer concentrations 

because of the increase in the number of crosslinking junctions and the formation of a more 

compact network structure. This hypothesis and the current results associated with the 

relationship between mechanical properties and crosslinking degrees, are consistent with 

results that obtained by Bowman-Peppas et al.1 Once the mechanical properties of hydrogels 

have been determined, it is often necessary to improve them in some manner to make the 
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material suitable for the desired application. In this section, three different ways for adjusting 

the mechanical properties of hydrogels beside adding clay or other fillers will be explored.  

The First way is to increase the concentration of crosslinkable groups by increasing either the 

polymer concentration or the degree of substitution of the polymer used. This should result in 

an increase of the crosslinks and therefore in a decrease of the ESWR. This was already 

discussed in detail in Table 3-19 and Figs. 3-27 and 3-28. Briefly, high HES-HEMA polymer 

concentrations gave hydrogels with much higher linear storage modulus. 

 
Figure 3-28: Frequency dependence of the storage modulus (G') of different polymer concentrations of 

HES-HEMA.  
 

The second way for adjusting the mechanical properties of the hydrogels is by altering the 

polymer type used in the crosslinking process. The effect of the type of polymer used on the 

strength of the prepared hydrogel is presented in Fig. 3-29. HES-HEMA, Dex-HEMA, and 

HES-PEGMAn=6 have been chosen for these experiments. A similar degree of substitution 

(DS) of polymers was used e.g. 0.032, 0.030, 0.038 of HES-HEMA, Dex-HEMA, HES-

PEGMAn=6, respectively. Likewise, similar crosslinking conditions have been used in this 

experiment.  

The mechanical strength of hydrogel is often derived almost entirely from the crosslinking 

degree in the system. Although, the linear molecular weight of the prepolymer used has a 

pronounced impact on mechanical properties, the presence of ethylene glycol spacer groups in 

HES-PEGMA tremendously reduced the mechanical properties of hydrogels (Fig. 3-29). This 

fact is especially relevant to the mechanical of the hydrogels since it implies that upon 

increase of both of poly (ethylene glycol) repeating units and thus hydrophilic groups 

increase, while the mechanical properties decrease. It is further evident that a much higher 

storage modulus was found for HES-HEMA hydrogel, whereas Dex-HEMA exhibited modest 

storage modulus values (Fig. 3-29). It is worth mentioning that HES-PEGMAn=8 hydrogels 

have also been mechanically tested results not shown and showed less mechanical properties 
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than HES-PEGMAn=6 hydrogels, which is supporting the hypothesis of increasing the 

hydrophilic groups through spacers results a significant reduction of the mechanical properties 

of the hydrogels (Fig. 3-29). 

 
Figure 3-29: Effect of the polymer type used on the storage modulus of the prepared hydrogels.   

 
The effect of HES-HEMA polymer concentrations on thermal stability of HES-HEMA 

crosslinked polymer has been evaluated by TGA analysis. TGA results for HES-HEMA 

crosslinked polymer as function of different polymer concentrations are listed in Table 3-21. 

From results in Table 3-21 it can be seen that the crosslinked HES-HEMA undergoes three 

steps of degradation. The first step is in the range 41-155oC, resulting from the loss of water 

traces or humidity. The samples start the pronounced decomposition in the next step of 

degradation 170-507 oC (second degradation step). The third degradation step for all curves 

tends to be flat referring to the complete thermal decomposition. Two parameters are 

determined from the TGA plot, and are summarized in Table 3-21 which include the onset 

point temperature and the degradation steps.  
 

           Table 3-21: Effect of HES-HEMA polymer concentration on the thermal stability of the crosslinked HES-
HMEA polymer 

Sample  

code 

[HES-HEMA] 

(Wt. %) 

Onset point 

(oC) 

1st step of degradation  (oC), 

(Mass loss %) 

2nd step of degradation (oC),  

(Mass loss %) 

KE140-1 15 304 41-100, (4.5) 170-450, (77) 

KE140-2 20 308 49-119, (4.5) 216-459, (79) 

KE140-3 25 311 49-116, (3.0) 210-460, (82) 

KE140-4 30 317 48-164, (4.0) 221-458, (80) 

KE140-5 40 318 48-155, (3.0) 220-507, (89) 

 

The onset point temperatures for the crosslinked HES-HEMA, gradually increase with 

polymer concentrations, Tonset increases from 304 to 318 oC, when HES-HEMA polymer 

concentration was increased from 15 to 40 wt.%, due to formation of tighter and more 
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compact network structures. The first degradation step was significantly expanded when HES-

HEMA polymer concentrations increased, due to formation of more compacted structures. 

The second real degradation step was substantially increased from 170 oC to 220 oC for 15 

wt.% and 40 wt.% respectively. These results are in agreement with the results reported by 

Garrido et al.216     

3.4.3. Effect of Photosensitizer Concentration on Crosslinking Behavior of Hydrogel 

The effect of CQCOOH photosensitizer concentration on the crosslinking behavior as 

described by Mc, Px, and ζ is summarized in Table 3-22. It was observed here in the case of 

CQCOOH-DMAEMA as initiator system that when the CQ-COOH concentration increases, 

the swelling degree obviously increases. This implies that an excess of CQ-COOH might 

cause retardation for the crosslinking reaction. It was found specifically that the Mc values 

slightly decrease then sharply increase with increasing of CQCOOH concentrations. 

Accordingly, the crosslinking densities increase with increasing of CQCOOH till 0.05 mol% 

then decrease and remain stable. On the other hand, in the case of CQCOOH-NPG, the 

crosslinking densities almost remained stable till 0.05 mol% of CQCOOH then decreased 

with increasing of CQCOOH concentration. It is detected that the increase of CQCOOH 

reduced the efficiency of the crosslinking. It can be speculated that the radicals formed should 

attack the double bond of HEMA in the polymer for crosslinking theses groups then have to 

undergo a polymerization or at least reaction with another polymer chain. However, if radicals 

combine with another initiator radicals, this implies that no or only less effective crosslinking 

was found. These results are parallel with those obtained by Viljanen et al.188 They have 

demonstrated that a large amount of CQ initiator probably inhibits the crosslinking reaction of 

dendrimer methyl methacrylate copolymer and lower the degree of conversion was obtained. 

Further Jonggu et al.217 found that high CQ photoinitiator concentrations in CQ-DMAEMA-

iodonium salt system to crosslink Bis-GMA/HEMA probably inhibit the crosslinking reaction 

and lower CQ initiator concentrations showed a better gelation and higher mechanical 

properties. 
Table 3-22: Effect of CQCOOH photosensitizer concentrations on the gel yield, the average molecular weight 
between two adjacent crosslinks (Mc), crosslinking density (Px) and mesh size (ζ) for different two coinitiators 

used 
Photoinitiation 

system type 
[CQCOOH] 

(Mol%) 
Gel 

yield 
Yield  
(%) 

Mc×103 
(g/mol) 

Px ×10-6 
(mol cm-3) 

  ζ 
(nm) 

ζ 
type 

0.025 425 80 434 4 154 Macro- 
0.05 422 85 342 5 130 Macro- 
0.1 421 78 784 2.13 233 Macro- 

0.15 400 77 777 2.15 232 Macro- 

 
CQCOOH-
DMAEMA-

DPIC 
0.2 400 76 802 2.10 237 Macro- 

0.025 396 72 83 20 48 Micro- 
0.05 397 73 89 19 51 Micro- 
0.1 374 68 109 15 59 Micro- 

0.15 371 67 105 16 57 Micro- 

 
CQCOOH-
NPG-DPIC 

0.2 352 61 124 13 64 Micro- 
        Macro-: macroporous and Micro-: microporous of correlation length. 
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In the same respect Jakubial et al.218 have demonstrated that increasing of CQ photosensitizer 

concentration can cause two possible reactions such as concentration quenching of the triplet 

state 3CQ* by CQ molecules and/or a fast termination reaction, due to the high photoinitiator 

concentration of formed radicals. All of the above mentioned works support the results which 

obtained here, that is the high CQCOOH photosensitizer concentrations probably cause 

inhibition or retardation for the crosslinking reaction. 

The storage modulus of HES-HEMA hydrogels which were crosslinked using different 

CQCOOH photosensitizer concentrations from 0.025-0.20 mol% are given in Fig. 3-30. The 

storage modulus of HES-HEMA hydrogels was improved from 17000 Pa to 20000 and 21000 

Pa, when the CQ-COOH concentration increased to 0.025, 0.05, and 0.10 mol%, respectively. 

On contrary, extremely lower storage modulus as found with CQCOOH concentration higher 

than 0.10 mol%. Comparing the crosslinking densities depicted in Table 3-23 and the storage 

modulus results as shown in Fig. 3-30, it is clearly observed that there is agreement between 

the results in terms of effect of CQCOOH concentration on crosslinking behavior. Whereas, 

the hypothesis that mechanical properties are increased by increasing the initiator and 

coinitiator concentrations was not true, and this speculation was previously proven by 

Viljanen and Rueggeberg.188, 219         

 
Figure 3-30: Effect of CQCOOH photoinitiator concentrations on the storage modulus of hydrogels.   

 

3.4.4. Effect of Amine Coinitiator Concentration on the Crosslinking Behavior of 

Hydrogel 

The traditional amine coinitiator forms by-products during the photocrosslinking reaction and 

can tend to cause yellow or brownish discolorations under the influence of heat or light. A 

part of biocompatibility and toxicity issues are also potential concerns which should be 

accounted. To avoid these problems, extensive studies have been made to replace the common 

amine coinitiators e.g. DMAEMA with amino acids e.g. N-phenylglycine (NPG) or L-
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arginine, which have been used as new alternative coinitiators having less biological toxicity 

than DMAEMA amine coinitiator. L-arginine was chosen in the next experiments as a new 

coinitiator (Table 3-7, p.62). L-arginine is an amino acid that has many biological activities, 

additionally L-arginine promotes the nitric oxide synthesis in the body and enhances the 

transportation into the cells, while the biocompatibility and the biodegradability are also 

important factors in adopting L-arginine in many biomedical matrix developments.220 

Furthermore, the overdose of L-arginine does not cause any side effects because the excess is 

excreted in the urine within few hours; water solubility of L-arginine also contributes for the 

selection as an appropriate electron donor in the photoinitiating system. 

The equilibrium swelling ratio of HES-HEMA hydrogels which were crosslinked using CQ-

COOH-amine system as function of different amine coinitiator concentrations, are given in 

Fig. 3-31.The amine coinitiator concentration was varied from 0.05-0.4 mol%. Increasing the 

DMAEMA concentration a dramatic effect on the swelling degrees can be observed; higher 

DMAEMA concentrations resulted in lower swelling degrees (Fig. 3-31 (a)). Conversely, high 

concentration of NPG amine coinitiator retarded the crosslinking reaction; hence the swelling 

is small only at low NPG concentrations (Fig. 3-31 (b)). The present results are consistent 

with those of Bibaut-Renauld et al.115 who have used different NPG concentrations in CQ-

NPG system. These big distinctions in swelling behavior between DMAEMA and NPG were 

attributed to the difference in the reactivity or in the ability extent for donating the electrons. 

 
Figure 3-31: Effect of amine coinitiator concentrations DMAEMA (a) and NPG (b) on the swelling ratio of 

HES-HEMA hydrogels. 
 

Inspection in Table 3-23 also shows that the reactivity of aliphatic amines-derived radicals 

seems to be a function of the number of methyl groups that are attached to the nitrogen atom 

of the amine: that is, DMAEMA results in higher hydrogel yield with the DMAEMA 
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concentration increased referring to high degree of conversion occurred. Likewise, the Mc 

slightly decreased, while the Px slowly increased with DMAEMA concentration increase. On 

the contrary, when NPG was used, increasing the NPG concentration retarded the crosslinking 

reaction. It was observed that the increase of NPG concentration significantly decreased the 

crosslinking densities of HES-HEMA hydrogels. Despite the stronger retardation effect with 

increasing NPG concentration, the hydrogels crosslinked with CQCOOH-NPG always 

stronger crosslinked than those prepared with CQCOOH-DMAEMA.   

These results are consistent with results that obtained by both Wang et al.173 and Guo et al.221 

They reported that the reactivity ranking of amine coinitiators is as follows: CQ-4E >CQ-

NPG >CQ-DMAEMA. Additionally, Guo et al.221 have found that 4-

(dimethylamino)benzoate (4E) and NPG as aromatic amine coinitiators showed high 

reactivity compared to DMAEMA for polymerization systems free-water solvent. Whereas, 

Stansbury 222 found that the aromatic amine coinitiators were found to be somewhat more 

reactive and clearly more effective than the aliphatic tertiary amine coinitiators. As such, it 

was also found that the poor reactivity of aliphatic amine can be explained by the fact that the 

aliphatic amine has a stronger nucleophilic character than aromatic amine.115 

This trend is consistent with the basicity order of amine coinitiators. Both 4E and NPG are the 

weaker bases, whereas DMAEMA is the strongest one. The stronger the basicity of the amine 

coinitiators is, the higher the tendency of salt formation e.g. DMAEMA. This ammonium salt 

formation blocks the electron transfer step, thus preventing radical initiation.221 In the 

contrary, the lower the basicity of amine coinitiators e.g. NPG or 4E is the higher reactivity. 

Thus, the efficiency of amine reactivity depends on many factors as previously described by 

Kim et al.223 for example, the structure of amine and its nature either aliphatic or aromatic, the 

steric hindrance structure of amine-derived radicals which must approach the reactive 

methacrylate C=C bond in polymer matrices, the number of methyl groups that are attached to 

the nitrogen atom of the amine which will be proton donors, and the solubility or the 

homogeneity of amine coinitiator with each other and with water as solvent.  

In this respect, it was observed the reactivity of an excess of DMAEMA has unusually 

excelled on NPG which was proven from the results of crosslinking densities as shown in 

Table 3-23 and the mechanical measurements in Fig. 3-32, due to higher homogeneity and 

solubility of DMAEAM in water than NPG (Table 3-7, p.62), additionally NPG loses a part of 

its reactivity in an excess of water and when increase NPG concentration, hardness polymer 

was obtained with free water as a used solvent.115 Unfortunately, with NPG a small yellowing 

of the obtained hydrogel is observed whereas, DMAEMA seems to be complete transparent 

hydrogels.  

The storage modulus of HES-HEMA hydrogels which were crosslinked by different 

concentrations of amine coinitiator DMAEMA and NPG are shown in Fig. 3-32 (a and b), 

respectively. Despite, NPG has a higher reactivity than DMAEMA coinitiators,173, 224 but 

HES-HEMA hydrogels that were crosslinked by NPG exhibited humble storage mechanical 

properties when compared to those which were crosslinked by DMAEMA. 
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Table 3-23: Effect of amines coinitiator concentrations on gel yield%, average molecular weight between two 

adjacent crosslinks (Mc), crosslinking density (Px) and mesh size (ζ). 

Photoinitiation 
system type 

[Coinitiator] 
(Mol%) 

Gel 
yield 

Yield  
(%) 

Mc×103 
(g/mol) 

Px ×10-6 
(mol cm-3) 

ζ 
(nm) 

ζ 
type 

0.05 422 77 824 2.0 241 Macro- 
0.1 423 81 564 3.0 185 Macro- 
0.2 432 85 552 3.1 182 Macro- 
0.3 442 92 309 5.4 121 Macro- 

 
CQCOOH-
DMAEMA-

DPIC 
0.4 472 95 513 3.3 173 Macro- 

0.05 395 69 107 15.6 58 Micro- 
0.1 395 65 128 13.0 64 Micro- 
0.2 382 63 127 13.1 65 Micro- 
0.3 357 60 144 11.6 71 Micro- 

 
CQCOOH-
NPG-DPIC 

0.4 365 60 192 8.7 87 Micro- 
          Macro-: macroporous and Micro-: microporous of correlation length. 
 

Inspection in Fig. 3-32 (b), it can be seen that the storage modulus significantly decreased 

with increasing NPG concentration. These results are consistent with those obtained by 

Viljanen et al.188 who have reported that flexural strength and flexural modulus of 

dendrimer/methacrylate copolymer decreased with increasing photoinitiator and coinitiator 

concentrations. Nie et al.225 reported that the high amine coinitiator concentration may result 

in the quenching of triplet state of CQ by excess amine that does not participate in the 

formation of exciplex. This means that for each CQ/amine photoinitiating system, there is an 

optimum amine concentration at which the rate of crosslinking, conversion, and mechanical 

properties are the highest. In addition due to the toxicity of amines like DMAEMA, it is 

generally recommended to use as little amine as possible to approach an optimal effect. 

Conversely in Fig. 3-32 (a), HES-HEMA hydrogels which were crosslinked by DMAEMA 

showed a very tremendously increasing storage modulus with increasing the DMAEMA 

concentration. The increase of hydrogel yield  (Table 3-23) which is indicating a higher 

degree of conversion and increase of storage modulus with increasing DMAEMA 

concentrations (Fig. 3-32 (a)) are attributed to the hypothesis of the high hydrophilicity of 

DMAEMA in water, which probably increasing of DMAEMA concentrations in 

photocrosslinking media may decrease the viscosity of the mixture, which would provide 

some benefits to the C=C double bond conversion185 and mechanical properties improvement.  

Furthermore, it is likely that increase the hydrophilicity and homogeneity between 

photoinitiator ingredients with each other and with water which is presented by increasing the 

DMAEMA concentrations, might improve the mobility of the reactive species which is 

imposed by the rapid formation of a highly crosslinked polymeric network, causing high 

conversion degree and the higher mechanical properties of hydrogels. The measurements of 

Fig. 3-32, have been conducted for three times to proof the obtained results.  
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It is necessary to be a separately study, effect of type of amine coinitiators used on the 

mechanical properties of HES-HEMA hydrogels as shown in Fig. 3-33. As mentioned, the 

hydrophilicity of coinitiator is strongly affecting the storage modulus of mechanical properties 

of HES-HEMA hydrogels. Inspection in Table 3-7, it should be kept in mind that both of 

DMAEMA and L-arginine have the highest water-solubility, thus HES-HEMA hydrogels 

crosslinked by both DMAEMA and L-arginine amine coinitiators, showed the highest 

mechanical properties as compared to those that was crosslinked with NPG amine coinitiator. 

Meanwhile, it is generally recommended as non-toxic amine e.g. L-arginine as possible is 

used to approach an optimal mechanical effect.  

 
Figure 3-32: Effect of amine coinitiator concentrations DMAEMA (a) and NPG (b) on the storage modulus 

of HES-HEMA hydrogels. 

 
 Figure 3-33: Effect of type of amines coinitiator DMAEMA, NPG, and L-arginine on the mechanical 

storage modulus of HES-HEMA hydrogels. 
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The thermal stabilities of the crosslinked HES-HEMA polymers which were crosslinked with 

different amine coinitiator concentrations have been conducted by TGA analysis. No 

significant changes were detected in thermographs curves, the onset point temperature, or the 

overall thermal stability due to altering the amine coinitiator concentration. 

 

3.4.5. Effect of Irradiation Time on the Crosslinking Behavior of Hydrogel 

In this section, it was not possible to make a comparison in the crosslinking behavior between 

hydrogels which were crosslinked by DMAEAM and NPG coinitiators , due to two different 

values of DS of HES-HEMA were used, namely DS= 0.13 and 0.045 for HES-HEMA were 

crosslinked by DMAEMA and NPG, respectively. The effect of a series of irradiation time 

dose on swelling behavior of HES-HEMA hydrogels which were crosslinked by DMAEMA 

and NPG was given in Figs. 3-34 (a and b), respectively. As expected, the swelling ratio 

gradually decreases with prolonging the light irradiation time. It is very clear in case 

DMAEMA (Fig. 3-34 (a)), the equilibrium swelling mass % decreases from 1200-600%, due 

to prolongation of the irradiation time from 10 to 120 seconds. A hydrogel was obtained after 

very short irradiation time almost 5 seconds, which indicates extremely high photoreactivity 

of the CQCOOH photosensitizer compared to another photosensitizer such as, CQ (minimum 

irradiation time is one minute). On the other hand, in case of NPG as coinitiator, similar 

swelling ratio results were found (Fig. 3-34 (b)).  

In short, the irradiation time strongly affects the swelling ratio of hydrogels, the results of 

decreasing the swelling ratios versus prolonging the light irradiation times are consistent with 

the swelling results which were previously reported by both Park et al.226 and Schacht et al.227 

The effect of irradiation time on crosslinking behavior of HES-HEMA hydrogels is shown in 

Table 3-24. As shown, the irradiation time prolongation has a substantial effect on the degree 

of crosslinking of HES-HEMA hydrogels. Longer exposure times can improve the radical 

network formation. It is therefore very important to adjust irradiation time, thus it can be 

desirable to reduce the light exposure time from 120 seconds to only a few seconds.  

Prolongation of the exposure time allows reducing the concentration of CQCOOH which may 

be a desirable requirement when considering later medical applications. Upon inspection of 

the data in Table 3-24, it is noticed that the crosslinking densities almost doubled with 

prolonging the time of irradiation from 10 to 60 seconds. In case of using NPG, it was 

detected that the improvement in crosslinking densities due to prolonging the time of 

irradiation from 10 to 120 seconds, was very low. 
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Figure 3-34: Effect of exposure irradiation times on the swelling ratios of HES-HEMA hydrogels, which 

were crosslinked with DMAEMA (a), and NPG (b) as coinitiators. 
 

Table 3-24: Effect of irradiation times on gel yield%, average molecular weight between two adjacent crosslinks 
(Mc), crosslinking density (Px) and mesh size (ζ).   

Photoinitiation 
system type 

Irradiation 
time (Sec.) 

Gel 
yield 

Yield  
(%) 

Mc ×103 
(g/mol) 

Px ×10-6 
(mol cm-3) 

ζ 
(nm) 

ζ 
type 

10 373 66 163 10.0 78 Micro- 
20 402 83 117 14.2 62 Micro- 
40 407 83 115 14.5 61 Micro- 
60 410 84 93 18.0 52 Micro- 

120 407 83 82 21 48 Micro- 

 
CQCOOH-
DMAEMA-

DPIC 

180 409 84 80 22.0 46 Micro- 
10 371 57 184 9.1 84 Micro- 
20 382 60 166 10 78 Micro- 
40 387 61 158 11 76 Micro- 
60 400 61 137 12 69 Micro- 

120 400 63 128 13 65 Micro- 

 
CQCOOH-
NPG-DPIC 

180 403 68 87 19 50 Micro- 
          Micro-: microporous of correlation length. 
 

In figure 3-35, the storage modulus (G') of HES-HEMA hydrogels which were crosslinked 

with CQCOOH-DMAEMA is plotted as function of the different irradiation times. It can be 

observed that the storage modulus values gradually incremented with prolonged the 

irradiation times, revealing that the mechanical strength of HES-HEMA hydrogels increases 

with increasing the light dose due to, the formation of a more crosslinked network structure. 

Over the entire frequency range (0.1 to 10 Hz), the storage modulus values ranging from 5 

KPa (10 Sec. irradiation time) to almost 80 KPa (240 Sec. irradiation time) is higher than the 

loss modulus (G'') values which indicates that the crosslinked HES-HEMA hydrogels behaved 

as an extremely soft viscoelastic solid materials, the storage results are consistent with results 
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that obtained by Hill et al.228 The visible light irradiation times-dependent rheological 

properties of HES-HEMA hydrogels (Fig. 3-35) are in a line with the swelling result from the 

experiments in Fig. 3-34 (a).   

The thermal stabilities of the crosslinked HES-HEMA polymers, which were crosslinked as 

function of different irradiation times, have been conducted by TGA analysis. No significant 

changes were detected in thermographs, the Tonset, or the overall thermal stability, due to 

prolonging the time of irradiation. 

 
 Figure 3-35: Effect of series of exposure irradiation times on mechanical storage modulus of HES-

HEMA hydrogels, were crosslinked by CQ-COOH-DMAEMA initiating system. 
 

3.4.6. Effect of Diphenyliodonium Chloride (DPIC) Concentration as an Iodonium Salt 

on Crosslinking Behavior of Hydrogels 

Visible light activated initiators are typically two-component radical initiator system: a light 

absorbing photosensitizer and an electron donating coinitiator molecule. Because the absorbed 

light energy in the visible region of the spectrum is generally less than the bond dissociation 

energy of most organic molecules, free radical active centers are produced via electron 

transfer followed by proton transfer from the electron donor to the excited state of the 

photosensitizer.229 Therefore, visible light induced polymerization predominantly requires 

electron transfer followed by a proton transfer reaction mechanism, which requires a two-

component initiator system. In this type of reaction, the photo-excited dye (i.e. 

photosensitizer) may act as either the electron acceptor or the electron donor with the former 

being far more common. However, the intrinsic characteristics of two component initiator 

system lead to numerous kinetic limitations. For example, in the bimolecular quenching 

process, quenching reactions by oxygen can intercept the photoinitiation step, thereby wasting 

the absorbed photon energy. In addition, back electron transfer and radical recombination 
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decrease the potential concentration of free radical active centers. Because the back electron 

transfer step is invariable thermodynamically feasible, an inefficient radical is often produced 

simultaneously in this electron transfer/proton transfer reaction step because the dye-based 

radical is not active for initiation but is able to terminate the growing polymer chains.180 These 

cumulative effects significantly delay production and overall concentration of radical active 

centers which affects the rate of initiation from the onset of polymerization. Because of the 

reduced efficiency and slower reaction kinetics, visible light polymerization tends to be less 

attractive than UV initiated photocuring for applications which demand a high polymerization 

rate. These challenges have driven the development of visible light induced three-component 

radical initiator system. Such systems generally comprise a photosensitizer, which is typically 

a dye e.g. (CQCOOH), an electron donor e.g. (amine coinitiator), and a third component, 

which is usually used as an electron acceptor or free-radical regenerator such as an iodonium 

or sulfonium salt. Three-component radical photoinitiator systems have been reported to be 

faster and more sensitive than comparable two-component initiator systems.180, 230-232 Wang et 

al.173 have demonstrated that the addition of DPIC to the photoinitiator system has a marked 

accelerating effect on the polymerization rate. Likewise, the addition of iodonium salt (DPIC) 

to the photoinitiator system dramatically increases the rate of free radical polymerization in 

comparison with systems having only a dye photosensitizer and amine coinitiator.180  

Kim et al.229 have proposed that the iodonium salt might act as an electron scavenger from the 

dye radical. It was also concluded that the third component or iodonium salt either 

diphenyliodonium chloride (DPIC) or diphenyliodonium hexaflorophosphate (DPIHP), is 

oxidizing the inactive dye-based radical, regenerating the original dye and producing an 

additional active radical (free-radical regeneration). This is an additional source of radicals for 

initiating polymerization (Fig. 3-36). The rational for including DPIC in CQCOOH-amine 

system was that in addition to its ability to increase the reactivity of the free radical cure and 

to improve the hydrophilicity or homogeneity of HEMA in water, it should also be more 

soluble in hydrophilic solvents due to its ionic nature.  

Wang et al.185 have reported that the addition of DPIHP which is an additional electron 

acceptor beside the photosensitizer has the following double roles: first, is to regenerate the 

dye molecules (photosensitizer) by replacing inactive, terminating radicals with active phenyl 

initiating radicals from DPIHP. Second role is to generate additional active phenyl radicals. 

Due to its unique ability, the DPIHP is expected to be an efficient, water compatible initiating 

component; furthermore due to high ability of DPIHP to enhance radical efficiency, addition 

of iodonium salt will significantly increase both final conversion and overall conversion rate 

of all photoinitiator systems that do not contain it. In addition, Guo et al.221 have reported that 

the incorporation of iodonium salt to CQ-amine photoinitiator system could facilitate the 

polymerization process of HEMA, whereas the addition of DPIC accelerated the rate of 

polymerization of BisGMA/HEMA mixture.185  

The HES-HEMA with a DS of 0.022 was used in this experiment and the DPIC concentration 

was varied from 0.25-3.0 wt. % as shown in Fig. 3-37. It was observed that the swelling 
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degree drastically decreases with increasing the DPIC concentration. ESWR decreases to 

almost one half from 5000% to 2100% by increasing the concentration of DPIC from 0.25 - 

3.0 wt. %. With increase DPIC concentration, a tighter hydrogel structure is formed. It was 

also found that there is no a significant change in the time necessary to reach the equilibrium 

swelling state of hydrogels (Fig. 3-37). 

 
Figure 3-36: Reaction mechanism of three-component photoinitiator system containing dye photosensitizer 

(CQCOOH), an electron donor (amine coinitiator), and electron acceptor (DPIC). 
 

 
Figure 3-37: Effect of DPIC concentrations on the equilibrium swelling ratios of HES-HEMA hydrogels, 

which were crosslinked with CQ-COOH-DMAEMA initiating system. 
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The presented data in Table 3-25 illustrate that the yield of HES-HEMA hydrogels slightly 

increases with increasing of DPIC concentrations. In the same respect, it is observed that both 

Mc and ζ values are significantly decreased and thus Px increases with DPIC concentrations. 

This is because, the increasing of DPIC concentrations are accompanied by increasing the 

free-radical regeneration which in turn causes rising of crosslinking degrees. 

    
Table 3-25: Effect of DPIC concentrations on the gel yield, average molecular weight between two adjacent 

crosslinks (Mc), crosslinking density (Px) and mesh size (ζ)      
Photoinitiation 

system type 
[DPIC] 
(Wt.%) 

Gel 
yield 

Yield  
(%) 

Mc ×103 
(g/mol) 

Px ×10-6 
(mol cm-3) 

ζ 
(nm) 

ζ 
type 

0.25 437 70 1675 1.0 397 Macro- 
0.5 426 78 1118 1.5 299 Macro- 
1.0 416 77 857 2.0 248 Macro- 
2.0 395 75 676 2.5 210 Macro- 

 
CQCOOH-
DMAEMA-

DPIC 
3.0 390 76 556 3.0 183 Macro- 

         Macro-: macroporous of correlation length. 
 

 

3.4.7. Effect of Degree of Substitution (DS) of HES-HEMA on the Crosslinking 

Behavior  

The swelling behavior of HES-HEMA hydrogels having different degrees of substitutions 

(DS) of 0.019-0.078, are plotted in Fig. 3-38. Apparently, the bulk of the maximum water 

uptake of HES-HEMA hydrogels occurred during the initial 6 days; except the hydrogel with 

the lowest DS (0.019). It is worthwhile to mention that the highly substituted hydrogel 

reached the equilibrium swelling faster (<5 days, for DS of 0.060 and 0.078) than the other 

hydrogels with lower DS (Fig. 3-38).  

 
Figure 3-38: Effect of degree of substitutions (DS) on the equilibrium swelling ratios of HES-HEMA 

hydrogels, which were crosslinked with CQ-COOH-DMAEMA as initiating system. 
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It can be noticed that the swelling ratio depends very much on the DS of the HES-HEMA. 

Generally, as the DS of HES-HEMA increases, the swelling ratio of the corresponding 

hydrogel drastically decreases. Thus the lowest DS of 0.019 and 0.022 show the highest 

swelling ratios. This is because the low DS polymer containing high amount of hydrophilic 

free–OH groups compared to high DS polymers as was previously proven by Kim et al.160 

They have also attributed the swelling results of dextran-methacrylate hydrogel to the 

availability of free OH groups and the tightness of the three-dimensional network. 

Additionally, high DS polymer precursors not only the formation of a tighter hydrogel 

network, but also reducing the availability of free OH groups, which contribute to adjust the 

hydrophilicity of hydrogel causing deswelling behavior. It can be also speculated that the 

elastic forces are higher for the hydrogels with a higher crosslinking densities which resulted 

from the higher DS polymers. These results are consistent with results that obtained by 

Schwoerer et al.169 They have reported that the drug release rate decreased with increasing the 

DS of HES-HEMA hydrogels, and a higher DS leads to a denser polymer network after 

crosslinking.  

Inspection of the listed data in Table 3-26, it can be detected that the yield is significantly 

increased with increasing of DS, while Mc values are progressively decreased with increasing 

DS of HES-HEMA polymers. This is because the amount of crosslinkable groups of HEMA 

strongly increases with increasing the DS of polymer forming a tighter hydrogel structure. 

Consequently, Px values are strongly increased with increasing the DS. The mesh size of 

hydrogel structure is very wide with the low DS and it is reduced by increasing the DS of 

HES-HEMA polymer. Some distinctive disadvantages were found by using the high DS 

polymer, are given as follow: first, the lack of water-solubility of high DS polymer (Table 3-6, 

p.58); second, the high viscosity which coming from the high DS polymer solution (DS of > 

0.15), may impede the mobility of free radical causing a low gel yield. To overcome theses 

problems, the moderated value of DS ≤ 0.1 of HES-HEMA polymer has been used.  
 

Table 3-26: Effect of different DS of HES-HEMA on the gel yield, the average molecular weight between two 
adjacent crosslinks (Mc), crosslinking density (Px), and mesh size (ζ)  

Photoinitiation 
system type 

DS 
values 

Yield  
(%) 

Mc ×103 
(g/mol) 

Px ×10-6 
(mol cm-3) 

ζ 
(nm) 

ζ 
type 

0.019 56 1077 1.55 291 Macro- 
0.022 65 561 2.97 184 Macro- 
0.035 77 313 5.32 122 Macro- 
0.049 79 349 4.77 132 Macro- 
0.060 80 153 10.9 74 Micro- 

 
CQCOOH-
DMAEMA-

DPIC 

0.078 91 159 10.5 76 Micro- 

 

It is noteworthy mention that the DS of HES-HEMA has an obvious impact on thermal 

stability of the crosslinked HES-HEMA polymer which is presented as the onset point 

temperature. Interestingly, when the DS was varied from 0.035 (KE136-1, Table 3-27) to 

0.055 (KE140-2, Table 3-21, p.101), the onset temperature clearly increases from 248 oC to 

308 oC respectively; respecting the other crosslinking conditions were fixed. This result 
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implies that increasing of crosslinking density of HES-HEMA hydrogel which was presented 

as increasing the DS, causing an improvement of the thermal stability of the crosslinked HES-

HEMA polymer. Thus far, the effect of DS of prepolymers on the thermal stability of the 

crosslinked polymer has not yet been reported.        

 
 Figure 3-39: Effect of different DS of HES-HEMA polymer on the mechanical storage modulus of 

HES-HEMA hydrogels, which were crosslinked with CQ-COOH-DMAEMA as initiating system. 
 

The storage modulus (G') of all the prepared HES-HEMA hydrogels in different DS, is shown 

in Fig. 3-39. G' increases from 5 KPa to 54 KPa with increasing the DS of HES-HEMA 

polymer from 0.035- 0.078. The storage modulus increase can be related to the equilibrium 

swelling measurements (Fig. 3-38), where the higher elastic modules correspond to the lower 

swelling ratio (Figs. 3-38 and 3-39). Both can be ascribed to the high density of the formed 

network. The inverse relationship between storage modulus results and swelling ratio results 

of NIPAAM-methacrylate-pullulan hydrogel was previously discussed by Masci et al.233 

Furthermore, Van-DenBulcke et al.227 have shown the great impact of DS variation of gelatin-

methacrylamide hydrogels on the storage modulus, they demonstrated that the storage 

modulus sharply improved with increasing the DS of methacrylamide-gelatin polymer.  

 

SEM is a powerful technique to investigate the surface and interior morphology of HES-

HEMA hydrogel. The surface morphology for hydrogels prepared with HES-HEMA of 

different DS of 0.019 and 0.078 has been previously shown in Fig. 3-7 (p. 59). There are some 

clear distinctions between the two different hydrogels. The surface morphology of hydrogels 

prepared with HES-HEMA having a low DS of 0.019 is fragile and delicate, compared to high 

DS 0.078 which is a tighter and denser structure. In terms of the pore structure, low DS 0.019 

hydrogel has relatively big caves, some random cracks, irregular shaped pores and the pore 
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size distribution is wider than that of high DS 0.078 hydrogel. Briefly, it was found that the 

flexibility of the resulted network structure is affected by the concentration of methacrylate 

groups represented by the value of DS. Therefore, the swelling, the mechanical properties, and 

the morphology surface structure of obtained hydrogels are strongly dependent on the DS of 

the HES-HEMA polymer.         

3.4.8. Effect of Incorporation of Hydroxyapatite Nanoparticles on the Swelling and the 

Mechanical Properties of HES-HEMA-HA based Nanocomposites  

Calcium phosphate or hydroxyapatite (HA) is widely used as inorganic fillers in polymer 

matrices to produce bio-composite materials, and to improve their biological and mechanical 

properties. The inorganic-organic composition and structure of bio-composite hydrogels can 

be simulating those of bone in the body. However, the interface of bio-composites is very 

poor while that of mineral and collagen in bone is considered to be an ideal composite 

interface. This interface is determined by the polarities of the filler and polymer matrix. 

Calcium phosphate is hydrophilic but most polymers are hydrophobic.  

The main purpose is to describe and proof the surface modification of HA to change the 

polarities (i.e. hydrophobic or hydrophilic modification). Therefore, in the last decades a lot of 

attentions have been paid to surface modification of calcium phosphate. Additionally, the 

surface modifications of HA also can change its behavior in physiological solutions and 

interaction with tissue in vivo. Therefore, the surface modification of HA not only remodels 

its surface state, but also controls its biological properties.  

Surface modifier for biomaterials should satisfy the following requirements: if these 

nanocomposite materials shall be implanted in the body: (i) no toxicity, (ii) biocompatibility, 

(iii) no obvious change of the biological properties of the inorganic fillers. The surface 

modifiers mostly used for HA include silane coupling agents,93 titanate coupling agents,234 

organic phosphate zirconyl salts,235 poly(lactide), chitosan, poly(ethylene glycol methacrylate 

phosphate), isocyanates,  polycaprolactone, and some other functional polymers. However, 

most of these chemicals can not satisfy the above requirements.  

For example, silanes are recognized as adequate coupling agents for a variety of polymer 

composites. Several studies claimed that silanes do interact with HA particles as well with 

bioactive glass, which confirms their potential to be used within the biomedical field.236 

Nevertheless, their applications in composites for biomedical applications is not 

straightforward, since these additives when not covalently bonded, have the potential of leach 

out from the implant to the organism, which can cause toxic reactions to the surrounding 

tissues and compromise the biocompatibility of the bulk compound materials.234 Some of the 

functional polymers e.g. poly (acrylic) acid retard strongly the deposition of peptides on 

implants parts, others like poly (lactic acid) and poly(ethylene glycol) are regarded the 

suitable modifier agents, but the grafting reactions which were used are very complex and 

difficult to control.234 
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Here, stearic acid (Sa) was introduced for the modification of calcium phosphate filler 

surfaces in order to resolve the problems as described above. Sa is a fatty acid also present in 

the body, and therefore biocompatible, Sa is decomposed into water and CO2 by metabolism 

process.234 

The surface of pristine HA was modified with Sa according the procedure as described in the 

experimenta part (section No. 4.4.8 in p.146). FTIR spectroscopy is an effective tool to 

examine the interaction between active groups at the molecular level. Figure 3-40 presents 

FTIR spectra of neat HA, Sa, and HA immersion in Sa-ethanol-water mediated solution for 6, 

12, and 24 hours. There are very distinct bands at 2920 and 2850 cm-1. These bands are due to 

the CH3- and CH2- groups steaming from the Sa molecules (Fig. 6-6 in Synthesis) and proves 

that Sa exists on the surface of the HA fillers. Moreover, the intensities of these bands 

increase by prolonging the modification reaction time. In the present work, the obtained 

characterization results are consistent with results that obtained by Li et al.234 and  Nicholas et 

al.237 It is worthy to note those three new bands 1545, 1583, and 880 cm-1 were detected. The 

bands at 1545 and 1583 cm-1 are ascribed to anti-symmetric stretching vibration of COO-Ca 

which is a result of the interaction between COOH of Sa and Ca2+ of HA, whereas the band at 

880 cm-1 can be assigned to the HPO4
2- group resulting from the reaction of PO4

3- with H+ 

from the COOH group of Sa. It was also observed that the band of COOH present in neat Sa 

at 1695 cm-1 completely disappear after coupling reaction. There is another band at 1385 cm-1 

in the FTIR spectrum of the unmodified HA (no Sa), which is ascribed to the CO3
2- group, 

and therefore is an indicator of carbonate in the HA structure which the intensity decreases 

with the surface modification degree. 
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Figure 3-40:  FT-IR spectra of pristine hydroxyapatite (HA), stearic acid (Sa), and surface HA modified 

with Sa as a function of different reaction times (6, 12, and 24 hours). 
 

 

XRD analysis has been conducted to further proof the surface modification of HA. Figure 3-

41 presents XRD diffraction patterns of neat HA, modified HA with Sa or with APS as 

function of different modification reaction times. The structure of HA stays in its original 

state, while the intrinsic properties of HA should not change after HA treating and 

successfully modified only at the surface. Indeed, XRD patterns of HA before and after 

modifications by Sa or APS are unchanged. This can be ascribed to the crystalline phases of 

HA powders before and after surface modification by Sa or APS are both HA phase as shown 

in Fig. 3-41. The obtained results of XRD are consistent with results that obtained by both 

Wei et al.93 and Li et al.234      



3. Results and Discussion   

 

119 

 
Figure 3-41: XRD spectra of pristine HA and surface HA modified with APS and Sa respectively as 

function of different modification reaction times KE131B (6h), KE131D (12h), KE132A (6h) and KE132B 
(12h). 
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The swelling behavior of HES-HEMA/HA nanocomposite hydrogel is a very important 

property to describe the obtained nanocomposite hydrogel material. Thus, the effect of HA 

content on the swelling behavior of HES-HEMA hydrogels, which were crosslinked by both 

CQCOOH-DMAEMA and CQCOOH-NPG, is shown in Figs. 3-42 (a and b), respectively. In 

this experiment, two DS values of 0.035 and 0.022 of HES-HEMA for Figs. 3-42 (a and b) 

were used, respectively.  

It can be seen that the incorporation of treated HA filler into HES-HEMA hydrogels 

progressively reduces the water uptake of nanocomposite hydrogels, due to the packing-effect 

of the incorporated HA. As expected, the maximum swelling ratio of HES-HEMA/HA clearly 

decreased from 3600% to 1200% with increasing the treated HA content from 0 to 5.0 wt. % 

(Fig. 3-42 (a)). The reduction in swelling ratio is somewhat similar 2900% to 2000% when 

0.5-2.0 wt.% of HA is incorporated, while the reduction is more pronounced from 2000-

1200% when 3.0-5.0 wt.% HA is incorporated (Fig. 3-42 (a)). Furthermore, the ESWR is 

reached faster, when higher amounts of HA are incorporated. It took 6 days when 0.5-2.0% of 

HA are incorporated, but only 4 days for 3.0-5.0 wt.% HA incorporation.  These results are 

completely consistent with results that obtained by Zhang et al.238 who demonstrated that the 

swelling ratios of sodium alginate-HA nanocomposite hydrogels were appreciably reduced 

with HA incorporation.  

On the contrary, for HES-HEMA/HA nanocomposites which were crosslinked by CQCOOH-

NPG, completely different swelling results are observed (Fig.3-42 (b)). It was found that no 

profound difference in the swelling ratios between 0-1.0 wt.% HA content (ca. 1000%). No 

nanocomposite is obtained with higher HA content (>2.0 wt. %). Whereas, the swelling ratio 

slightly increased to 1200 and 1300 % with increasing the HA content from 1.5-2.0 wt.%. The 

unexpected swelling ratios upon incorporation of HA in case CQCOOH-NPG, can be ascribed 

to the adsorption of phenyl rings of NPG to lie flat on the surface of HA as it was earlier 

discussed by Misra.203, 204 Thus, increasing the amount of HA in the nanocomposite reduces 

the available concentration of NPG for the photoinitiation process by adsorption and with that 

lower degree of crosslinking.  
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Figure 3-42: Effect of HA content on the swelling ratio of HES-HEMA nanocomposite hydrogels, which 

were crosslinked with DMAEMA (a) and NPG (b) respectively. 
 

The reason for adding filler to polymers is to increase the modulus or stiffness via 

reinforcement mechanisms of the latter. Properly, dispersed HA particles are very effective 

for increasing the stiffness of HES-HEMA based on nanocomposites as illustrated in Fig. 3-43 

by comparing the increase in the storage modulus of HES-HEMA-HA based on 

nanocomposites which were crosslinked with CQCOOH-DMAEMA (Fig. 3-43 (a)). It can be 

seen that the storage modulus progressively improved from 10 KPa to 32 KPa, with adding 

treated HA from 0-5.0 wt. %. This improvement is gradually found from 0-2.0 wt. % of HA 

content, while it is more pronounced from 3.0-5.0 wt. % of HA content.  

These improvement in the storage modulus are ascribed to the HA nanoparticles tend to 

agglomerate and form larger structure as a result of the inter-particle electrostatic or van-der 

Waal’s interactions. These aggregations have higher effective volume fractions compared to 

the actual solid phase and therefore exert stronger modulus forces. The obtained storage 

results are consistent with results that reported by Jabbari et al.239 who demonstrated that the 

treated HA nanocomposite exhibited better mechanical properties than untreated HA in 

poly(ethylene oxide-fumarate) PLEOF-HA composites. Further, the storage modulus of 

PLEOF-HA significantly increased with increasing the content of treated HA. On the other 

hand, Jayabalan et al.158 revealed that the ratio of HA filler to resin, and the filler size/content 

have an impact on storage modulus of poly (propylene fumarate) PPF-HA nanocomposite. It 

was also found that HA with nano-particles showed a better storage modulus and higher 

dynamic mechanical than those with HA micro-particles. 
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For nanocomposites of HES-HEMA/HA which were crosslinked with CQCOOH-NPG, the 

mechanical properties become worse with increasing the amount of the treated HA (Fig.3-43 

(b)). It can be also observed that presence of treated HA in different contents resists the 

mechanical properties to be increased. The storage modulus significantly decreased from 9 

KPa to 4 KPa, when the treated HA content was increased from 0 to 2.0 wt. %. In the light of 

the swelling experiments in Fig. 3-42 (b), this behavior was expected and further proves the 

hypothesis that the HA adsorbs NPG and therefore reduces the crosslinking efficiency and 

mechanical properties as shown in Fig. 3-43 (b).  

In order to simplify the comparison of the viscoelastic behavior of different HES-HEMA/HA 

composites, the indicated values of storage modulus (G') and loss modulus (G'') at a single 

representative oscillation frequency of 1Hz, are plotted in Fig. 3-44 as a function of HA 

content. Although, this approach does not characterize the complete viscoelastic behavior of 

the samples as Fig. 3-43(a) has done. It can be concluded from Fig. 3-44 that G' and G'' reach 

to their maximum values at HA content of 5 wt.%. For all the previous composite samples, 

the results show that the G' values are approximately one order of magnitude higher than G'' 

values, showing that the elastic characteristics play the major role.240 The presented results in 

Fig. 3-44, are also consistent with the dynamic mechanical results of microbial alginate-HA 

composite gels obtained by Moresi et al.241 and also with results for the storage modulus of 

poly (vinyl alcohol)-HA nanocomposite hydrogels which were obtained by Pan et al.140 They 

have pinpointed that G' and G'' of composites first increase, but decrease with increasing of 

HA concentration.    

 
 Figure 3-43: Effect of HA content on the storage modulus of HES-HEMA nanocomposite hydrogels, 

which were crosslinked with DMAEMA (a) and NPG (b), respectively. 
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Figure 3-44: Storage modulus (G') and loss modulus (G'') at an oscillation frequency of 1Hz, as a function 

of the HA contents of the HES-HEMA composites. 
 

They also found that G' has exceeded G'' in the whole composite samples and G' increased 

with the HA content till 6 wt.%, due to the strong interaction between calcium ions of HA and 

the hydroxyl groups of polymer which is the predominant effect for the viscoelastic behavior 

of the composites. On contrary,  a HA content higher than 6 wt.%, the G' values of PVA-HA 

nanocomposite hydrogels decreased, because nano-HA particles are more likely to aggregate, 

at this high content, which results that the mechanical properties of the composites decrease 

and become more worse in high HA conent.140  

It is very illustrating to compare the results of the storage modulus of HES-HEMA/MMT; 

HES-HEMA/Laponit based nanocomposites which were crosslinked with CQ-DMAEMA 

system (Figs.3-24 (a and c) respectively, p.91) and HES-HEMA/HA nanocomposites which 

were crosslinked with CQCCOH-DMAEMA system (Fig. 3-43 (a)). Despite, presence of 

some directories e.g. high DS (0.068) of the used HES-HEMA polymer, high amounts of CQ, 

DMAEMA and long irradiation time of 2 min., were used (Figs. 3-24 (a and c)), which predict 

that the higher storage modulus should be obtained logically, but the storage modulus for the 

used samples in Fig.3-43(a) is much higher. This might be ascribed to using the CQCOOH as 

high reactive photosensitizer and HA as a filler. The big differences in storage modulus can be 

also attributed as follows: First, higher photoreactivity of CQCOOH-amine system which was 

used in Fig. 3-43(a) compared to CQ-amine system which was used in Fig.3-24 (a and c). 

Second, addition of the treated HA as filler in Fig.3-43(a), shows some advantages and high 

storage modulus, for example both the maximum mass (HA content wt.% ) of filler which 

was loaded in hydrogel and the storage modulus ranking are listed as follow: HA > laponite 

RD > MMT.  

This hypothesis may be based on, the difference in size of the filler particles. For the smallest 

nanoparticles filler, the highest storage mechanical modulus were obtained, these results 

completely consistent with the results obtained by Jayabalan et al.158 Synthetic clays e.g. 
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laponite RD, have been shown to result in better mechanical properties than natural clays e.g. 

MMT. Another advantages of HA is the high compatibility with tissues and cells, because it is 

a form of calcium phosphate that comprises 70% of bone of human body. It promotes 

fractured bone in growth and it is a suitable carrier for BMP and other proteins in drug 

delivery. HA is highly biodegradable which is the case for other fillers e.g. laponite and 

MMT. All these advantages recommended HA, to be the suitable nanoparticles filler in 

biomedical applications.242    

The effect of HA content on the thermal stability of its composites is very rare reported. In 

this work, the thermal stability of dried HES-HEMA/HA composites was investigated by 

thermogravimetric analysis under nitrogen atmosphere. The TGA curves of crosslinked HES-

HEMA/HA polymer with different HA content from 0 to 5.0 wt.% of HA, are plotted in Fig. 

3-45. The TGA curve of the pure crosslinked HES-HEMA polymer (KE136-1, see Table 3-

27), shows three distinct degradation stages. The first degradation step of about 7.0% weight 

loss at 26-85 oC can be ascribed to the removal of traces of water vapor. The onset point 

temperature for the degradation of the polymer is observed at 248oC. The second degradation 

step results in a weight loss of about 93% between 145-540oC and this due to the 

decomposition and volatilization of the HES-HEMA components. Finally the third step 

referring to approximately >540 oC the thermal curve tend to be flat (Table 3-27).  

The TGA curves of HES-HEMA/HA nanocomposites are very similar. The weight loss at 30-

120oC is attributed to the water evaporation, where some delaying was detected from 26-85 oC 

to 30-120 oC after HA addition (first degradation step, Table 3-27). 

 

 
Figure 3-45: TGA curves of the crosslinked HES-HEMA/HA nanocomposite polymers with different HA 

content (0-5.0 wt.%). 
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The onset point temperatures for the degradation of nanocomposites are gradually improved 

from 248 to 260 oC, reflecting the effect of HA incorporation (Table 3-27). In the second 

degradation step, the huge weight loss decreases with increasing HA concentrations, while 

some delaying in the weight loss is detected at 145 shifts to 200 oC due to the HA 

incorporation. The third step of weight loss at 540-600 oC is attributed to be due to the 

decomposition of phosphate (Ca/P)., Above 600 oC, the curves all become flat and mainly the 

inorganic minerals residues e.g. Ca, and P of HA remain. The remained inorganic residues 

after complete thermal degradation increase with increasing of HA amount. The obtained 

results of onset points and delaying in the thermal decomposition temperatures particularly 

after HA addition indicates that the thermal stability of the crosslinked HES-HEMA was 

enhanced by the addition of treated HA. 

 
Table 3-27: Effect of HA contents on the thermal stability of HES-HMEA/HA nanocomposites. 

 
Sample  

No. 

HA content 

(Wt. %) 

Onset point 

(oC) 

1st step degradation (oC), 

(Mass loss %) 

2nd step of degradation (oC),  

(Mass loss %) 

KE136-1 0 248 26-85, (7.0) 145-540, (93) 

KE136-3 1.0 253 30-100, (7.4) 177-540, (88) 

KE136-4 1.5 253 30-116, (7.5) 186-545, (85) 

KE136-5 2.0 255 30-110, (7.0) 190-535, (80) 

KE136-6 3.0 256 30-115, (7.0) 190-550, (80) 

KE136-7 5.0 260 30-120, (7.0) 200-470, (70) 

 

The current results are consistent with results that published by Wang et al.243 who reported 

that thermal degradation of collagen-chitosan-HA nanocomposites which were divided into 

two degradation steps between 30-150 oC and 230-600 oC. They found that the sample weight 

is decreased rapidly with increasing the temperatures, this increasing was reduced after HA 

addition. Katti et al.244 have reported on novel of chitosan-MMT-HA nanocomposites which 

in the TGA plot show a degradation behavior different for the chitosan and its composite, and 

the MMT clay increased the thermal stability of chitosan/HA nanocomposites. So, the 

addition of filler provides a thermal barrier and hence delays both of weight loss and final 

thermal degradation temperature. Furthermore, Katti et al.244 have also discussed the onset 

point temperatures of chitosan-MMT and chitosan-MMT-HA nanocomposite hydrogels. They 

demonstrated that the onset point temperature was improved from 270 to 278 oC due to HA 

incorporation. Likewise, Zuo et al.245 have deduced that the thermal mobility of gelatin 

molecules was exceeded the intercalation of HA lamellas, thus the thermal stability of 

HA/gelatin composites were improved by HA introduction. Both the current results and the 

results published in literature show that the addition of treated HA nanoparticles further 

increases the onset temperature and the thermal stability of polymer nanocomposites.  
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3.5.Biological Activity Investigation of Polymerization Ingredients before/after 

Crosslinking 

3.5.1. Cell Viability and Cytotoxicity Testing of all Polymerization Ingredients 

Many studies have assessed the toxicity for the UV region (using UV-photoinitiators),246-248 

but for the visible light region (visible-light photosensitizer), these studies are very rare. The 

effect of dissolved polymers e.g. HES-HEMA, HES-PEGMAn=6, and the components of the 

photoinitiating system e.g. CQCOOH, NPG, L-arginine, and DPIC, on cell viability has been 

investigated by MTT-assay (Fig. 3-46) (see experimental part sections No. 4.2.2 and 4.2.3). 

Human gingival fibroblast cells (HGF) were chosen for this test as typical example of cells in 

contact with polymeric dental materials. It was necessary to investigate the cell viability of all 

ingredients of the hydrogels to avoid the risks arising from releasing some components to the 

tissues before or after the crosslinking step. Ingredients such as CQ-COOH (photosensitizer) 

and L-Arginine (coinitiator) show nearly no effect on the cell viability even in high 

concentrations (Fig. 3-46). Previously, published reports have surmised that CQ and its 

derivatives have no direct effect on relative human pulp fibroblasts cell viability and the lower 

cytotoxicity of CQ was related to the small amount of reactive oxygen species (ROS) 

produced.249, 250 Regarding the biocompatibility of L-arginine, it was previously proven that 

L-arginine is an amino acid that has many biological activities. Furthermore, it contributes in 

transportation among cells and finds application in many biomedical matrix developments.189, 

220 Therefore, the excellent biocompatibility as shown in Fig. 3-46 is expected.  

 

 
Figure 3-46: Cell viability testing by MTT-assays of proliferation of human gingival fibroblasts cells (HGF) 

with the single ingredients of photopolymerization mixture. 
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In the contrast, HES-HEMA and HES-PEGMA (polymers) show a strong reduction of cell 

viability which already appears at low polymer concentrations. The reduction in cell viability 

can be ascribed to the presence of free-HEMA in the polymer which increases the probability 

of cell death or the presence of DMAP traces catalyst which is known to be acute toxic. 

Spagnuolo et al.251 demonstrated that HEMA caused a strong decrease in HGF cell viability 

and an increase in the population of death cells after a 24h incubation period. Bouillaguet et 

al.252 revealed that the incorporation of HEMA in the formulation of conventional polymer 

dental cements increase their toxic effects. Additionally, Stanislawski et al.253 pointed out that 

the residual HEMA can easily diffuse through the dentinal tubules due to, its hydrophilicity 

and low molecular weight and can reach the dental pulp cells. The magnitude of the damage 

that may be caused by residual monomers to the pulp cells is inversely proportional to the 

remaining dental thickness between the cavity floor and the pulp tissue.  

The relationship between monomer or uncrosslinked polymer structures and cytotoxicity was 

previously established by Yoshii,50 who found that HEMA is more toxic than 

methylmethacrylate MMA but it is less toxic than other acrylates e.g. BisGMA and urethane 

dimethacrylate (UDMA).   

Similar effects can be observed for DPIC with the difference that viability is stable at a still 

acceptable level from low to medium concentrations (Fig. 3-46). Somehow a curious curve 

progression is shown by NPG (Fig. 3-46). The cell viability starts with medium values and 

becomes extremely better with higher concentrations indicating improved cell viability in the 

presence of NPG. In this case, it is assumed that a measurement error caused by the high auto-

staining activity as evidenced from the observation of cell morphology and controls without 

cells. On the other hand, there is no indication for any toxic effect for NPG. Furthermore, 

NPG has been previously reported to be less toxic than other amines used as coinitiators.175   

 

The LDH-test has been used as further complementary test to evaluate the cytotoxicity of 

HES-HEMA, HES-PEGMAn=6, CQ-COOH, NPG, and DPIC (Fig. 3-47) (see experimental 

part section No. 4.2.4). The results of LDH assay confirm substantially the observations in the 

MTT assay. As expected, major influences only take place with higher concentrations so MTT 

seem to be more sensitive technique which was preferred to be used in the coming tests. 

Again with HES-HEMA and HES-PEGMA polymers as well as with DPIC most cell death 

can be detected, whereas CQ-COOH and NPG no harm on the HGF cells are observed (Fig. 

3-47).  
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Figure 3-47: Cytotoxicity testing by LDH-assay of proliferation of human gingival fibroblasts cells (HGF) 
with the single ingredients of photopolymerization mixture.   

 

3.5.2. Cell Adhesion Test of the HES-HEMA and HES-PEGMA Hydrogels  

The HGF cell adhesion test for hydrogels which were crosslinked with CQ-NPG-DPIC 

system is shown in Fig. 3-48. In the course of seeding experiments human gingival fibroblasts 

(HGF) placed beside polymerized HES-HEMA or HES-PEGMA hydrogels with a small 

volume like 25 µl or 50 µl did not show any morphological abnormality. HGF cells show a 

typical spindle-shaped morphology with extended cellular processes like filopodia and 

lamellopodia, these shape structures of HGF are in agreement with the results obtained by 

Spagnuolo et al.251  However, with a 100 µl hydrogel in 1 ml medium cells change 

morphology, detach or disintegrate. In case HES-HEMA hydrogel, the HGF cells appear 

smaller, retracted, and rounded, whereas for HES-PEGMA hydrogels, HGF cells appeared 

less-developed. This can probably attributed to a toxic effect of the PEG chains which were 

used as spacers in the HES-PEGMA polymer. The toxic effect of PEG chains was previously 

proven by Miller,254 who has found that a polymer containing PEG in the backbone 

demonstrated toxic effects for the folate receptor cells (FR-cells). 

Indeed, the adhesion on top of polymerized hydrogels seems to be still possible with a volume 

up to 100 µl, even though cells are few and only slightly attached. However, the increasing 

volume of hydrogel to 200 µl or 500 µl leads to a complete loss of viable fibroblasts. This 

might be due to the increasing amount of free-HEMA or DMAP present as impurities in the 

polymer, resulting a decrease in cell viability and an increase in the population of dead cells 

(black spots) after a 24h incubation period (Fig. 3-48, bottom section). The results reason that 

in general the analyzed hydrogel matrices are compatible with human fibroblasts, nevertheless 
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some of the single ingredients (polymer backbone) and thereby the uncompleted polymerized 

hydrogel mixtures provide a cytotoxic potential.  

 

Volume of polymerized hydrogel in µl (in 24-well = 1000 µl medium) 
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Phase contrast microscopy pictures of cells aside or on top of crosslinked hydrogels 
 

Figure 3-48: Cell adhesion and morphological changes of HGF cells with variety of volumes of crosslinked 
polymer hydrogel. 
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3.5.3. Cell Viability Test for HES-HEMA Hydrogels as Function of Different 

Coinitiators, Irradiation Times, and Incubation Temperatures 

In this test, HES-HEMA hydrogels which were crosslinked with CQCOOH-DMAEMA and 

CQCOOH-Arginine are placed in 24-well plates, covered with DMEM standard medium and 

incubated without cells at 4 and 37 oC. The supernatant was removed everyday and frozen for 

later toxicity test using MTT-assay test (see experimental part, sections No. 4.2.2. and 4.2.3).  

Figure 3-49 illustrates the effect of different irradiation times (25-120 Sec.) and the type of 

coinitiator on the HGF cell viability of HES-HEMA hydrogel incubated at 4 and 37 oC.  

 

On the first two days the material is very initially toxic but with exchanging the medium, the 

leached out substances are removed. The first day, medium reveals 75-90% loss of 

mitochondrial activity of HGF cells for all either DMAEMA or L-arginine. On contrary, 

HES-HEMA hydrogels which were crosslinked by L-arginine, cell viability reaches to 80% at 

the second incubation day (Fig. 3-49, upper half). It can be speculated that methacrylate 

groups of both HES-HEMA and DMAEMA are responsible for reducing the cell viability 

level within the first two days of incubation regardless the incubation temperature. These 

results are consistent with results that obtained by Spagnuolo251 and Yoshii.50 They have 

proven the high toxic effect of methacrylate groups of either HEMA or DMAEAM toward the 

HGF cells. Therefore, when L-arginine is used as coinitiator, the cell viability reaches to the 

maximum at the second incubation day. 

In the case of filtered HES-HEMA hydrogels, the cell viability somewhat different compared 

to the unfiltered hydrogels. Identical dead cells ca. 80-90% are detected for all hydrogels in 

the first incubation day. But the cell viability significantly increased to the maximum between 

80-100 % in the second incubation day for hydrogels which were crosslinked with 

DMAEMA. No difference was detected between DMAMEA and L-arginine hydrogels after 

the second incubation day and incubation temperature as well (Fig. 3-49, bottom half).  

By other concept, when the second medium is exchanged, the toxicity usually decreases to 

20% or less for all hydrogels. Interestingly, most of mitochondrial activities of HGF cells 

substantially deteriorated in the first incubation day and afterward the cell viability level is in 

full biologically accepted. It was also found that the filtered hydrogels show less toxic effect 

than the unfiltered hydrogels (Fig. 3-49). This is because; the filter system might remove 

some toxic substances which have strong toxic effect in case unfiltered samples. This is 

referring to the filtration step is very necessary as a kind of sterilization for the polymer 

solution before crosslinking. The high initial toxicity in the first day incubation is regarded the 

major problem which reduces the opportunities using of HES-HEMA hydrogel in its original 

purpose application.  
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Figure 3-49: Effect of coinitiator types on the relative cell viability of unfiltered (up) and filtered (down) 
HES-HEMA hydrogels, which were crosslinked with DMAEMA (left column)) and L-arginine (right 

column) incubated at 4 or 37 oC.   
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In order to, addressing the initial toxicity of the incubated HES-HEM hydrogels which have 

already appeared in the first two incubation days (Fig. 3-49), additionally diketone or quinone 

compounds (e.g. photosensitizer) leading to increase the ROS levels,255 with related to  

reducing the cell growth.256 It is suggestion to some of antioxidants is added to polymerization 

system for reducing the reactive oxygen species (ROS) level and restores the mitochondrial 

activity of seeded cells. For example, N-acetyl-L-cysteine (NAC) antioxidant was added to 

HEMA hydrogels, where high concentrations of NAC significantly reducing level of ROS 

which in turn to reduce cell death and restore the mitochondrial activity of HGF cells.251, 257  

Moreover, numerous investigations have found that free radicals scavengers (e.g. 

antioxidants) such as, aspirin, NAC, glutathione, mannitol, ascorbic acid (vitamin C), and 

vitamin E can effectively reduce the reactive oxygen species (ROS) causes oxidative DNA 

damage in vitro particularly in visible light irradiated CQ-amine system.257, 258 Toward this 

end, it can be hypothesized that the presence of antioxidants reduces severity of oxidative 

DNA damage caused by both of visible light initiator system e.g. CQCOOH and HEMA 

polymer, which in turn reducing cell death and restore the mitochondrial activities.257, 258    

 
Table 3-28: Stability tests of HES-HEMA hydrogels incubated at 37 oC in DMEM medium without cells 

 
Time of 

irradiation  
(Sec.) 

Partial 
degradation  

(day) 

Complete  
degradation  

(day) 

Partial 
degradation  

(day) 

Complete  
degradation  

(day) 

 
Type of 

hydrogels 
used  

               L-arginine  

 
DMAEMA 

25  2 6 * 
40 6 * 6 * 
60  6 6 * 
90 6 * 6 * 

 
Filtered 

hydrogels 

120 6 8 6 * 
25  4  4 
40  4  4 
60  4  4 
90 4 6  4 

 
Unfiltered 

hydrogels 

120 4 6 4 6 
 *: Hydrogel is still stable 
 
The results of stability tests of crosslinked HES-HEMA hydrogels with L-arginine and 

DMAEMA as coinitiators are shown in Table 3-28. The whole samples are incubated at 37 oC 

in DMEM standard medium without cells (see experimental part, section No.4.2.2). 

Generally, a rapid mass loss and weakening of the hydrogel structure are observed for 

hydrogel samples which were incubated at 37 oC. Whereas, no degradation is detected with 

hydrogel samples which were incubated at 4 oC (Table 3-28). Furthermore it is worthy to 

mention that the filtered hydrogels and hydrogels which were crosslinked with DMAEMA as 

coinitiator are more stable hydrogels than the unfiltered hydrogels or with L-arginine as 

coinitiator respectively. Irradiation times have only slightly effect on the hydrogel stability. It 

is of importance to discuss the HES polymers are enzymatically degraded by α-amylase and 

are excreted via the kidneys.95α-Amylase breaks starch down into sugars and it is present in 
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human saliva, which starts the chemical process of digestion. Hennink et al.37 have reported 

that polysaccharide hydrogels modified with HEMA e.g. dextran-HEMA or dextran-lactate-

HEMA degraded under physiological conditions due to, the presence of carbonyle-ester 

groups, which hydrolytically unstable yielding free polysaccharide, and short fragments of 

PHEMA as degradation products. This degradation time varied from 1 day to more than 3 

months and can be controlled by the degree of crosslinking and crosslinking densities of the 

gel.37 The degradation behavior which has been detected in hydrogels incubated at 37 oC 

(Table 3-28), can be attributed to the presence of amylase enzyme as one of the basic 

components enzymes present in the fetal calf serum (FCS) which is mainly added in DMEM 

standard medium, (FCS contains a lot of proteins and enzymes, e.g. α-amylase is found in the 

serum in a concentration 1000-4000 units, lipase, aspartate transaminase, alanine 

transaminase, lactate dehydrogenase, isocitrate dehydrogenase, and aldolase).259 The 

degradation is significant for hydrogels incubated at 37 oC. This is because the enzyme 

activity increases with temperature till 40 oC, the enzyme denatures over 40 oC (amylase 

activity is almost 100% at 30 oC, pH 4.6-6.8).260 Thus, no degradation effect is observed with 

hydrogels incubated at 4 oC although the serum amylase is present, but the amylase is less 

active at low temperatures (at 4 oC). 

After 19 days incubation at 4 oC, cells are seeded onto HES-HEMA hydrogels and incubated 

at 37 oC for 24h. The results of hydrogels degradation are depicted in Table 3-29. It is 

observed that filtered hydrogel samples which were crosslinked with DMAEMA as coinitiator 

remain stable after more than 9 days of cell seeding, while the filtered hydrogels which were 

crosslinked with L-arginine as coinitiator are degraded completely within 4 days of cell 

seeding. As expected, the unfiltered hydrogels which were crosslinked with DMAEMA are 

quickly degraded completely after only one day of cell seeding (Table 3-29). In contrast, the 

remaining filtered HES-HEMA hydrogels of DMAEMA which are incubated at 37 oC for 19 

days in medium without cells show very long hydrogel stability, where hydrogels are stable 

for 9 days only of cell seeding.  
Table 3-29: Stability tests of HES-HEMA hydrogels incubated at 4 oC in DMEM medium with HGF cells. 

Time of 
irradiation  

(Sec.) 

Partial 
degradation  

(day) 

Complete  
degradation  

(day) 

Partial 
degradation  

(day) 

Complete  
degradation  

(day) 

Partial 
degradation  

(day) 

Complete  
degradation  

(day) 

  
Type of 

hydrogels 
used  

               L-arginine  

 
DMAEMA 

 
DMAEMA** 

25  23  *     25 
40  23  *   28 
60  23  *  * 
90  23  *  * 

 
Filtered 

hydrogels 

120  23  *  * 
25 - -  20 - - 
40 - -  20 - - 
60 - -  20 - - 
90 - -  20 - - 

 
Unfiltered 

hydrogels 

120 - -  20 - - 
 *: Hydrogel is still stable notable after 9 days of cell seeding and cells are alive.  -: Did not measure.  

**: Remaining hydrogels from 19 days incubation at 37 oC in medium without cells, then were transferred to 
medium with cells also at 37 oC for 1 day.    
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To avoid the degradation of polysaccharides polymers e.g. HES or dextran by amylase which 

is basically present in the serum of DMEM standard medium (Tables 3-28 and 3-29), it was 

suggested to use cellulose polymer-supported HEMA hydrogel as an alternative non-

degradable polymer regardless the presence of amylase enzyme.261 Cellulose is degraded only 

by cellulase or β-1,4 glucanase or β-glucosidase (cellobiase) to glucose units.262 It is also of 

importance to mention that cellulose enzymes e.g. cellobiase are not produced by the human 

body, but only by Penicillium janthinellum and Penicillium brasilianum.263 
 

3.5.4. Cell Adhesion of HGF Cells at the Surface of HES-HEMA Hydrogels 

The fluorescence images of HGF cell adhesion test on HES-HEMA hydrogels which have 

been incubated in standard DMEM medium for 19 days at 4 and 37 oC, are shown in Fig. 3-50 

(experimental part section No. 4.2.5). The control sample of HGF cells on the surrounding 

plastic shows the typical spindle-shape morphology. In contrary, there are tremendous 

morphological alternations for HGF cells adhered on the hydrogel. The cells appear smaller, 

rounded, retracted, and did not ideally adhere on the surface of the hydrogels. Furthermore, 

the spreading density of cells that is the number of adherent cells on the hydrogel is much 

lower than on the control sample (Fig.3-50). These great morphological changes can be 

attributed to the wettability of the hydrogel surfaces. These results are consistent with results 

that obtained by Van Wachem et al.264 and Grinnell.265  HEMA hydrogels and others are 

known as a highly hydrophilic hydrogel surface (very low contact angles for water θw = 0-

40o).266 Van Wachem et al.264 and Grinnell265 have both revealed that adhesion and 

proliferation of human endothelial cells (HEC) onto methacrylate polymers are influenced by 

polymer surface characteristics like wettability and charge of polymer surface. It was reported 

that the highest number of adhering cells and the most extensive spreading cells are only 

found on surface with moderate wettability, while less cells adhered onto more hydrophilic 

surfaces like PHEMA or more hydrophobic surfaces like PEMA. No adhered cells were 

observed onto poly hydroxyethyl methacrylate polymers due to, its very high surface 

wettability (very low contact angle = 4o).264  

Furthermore, cell attachment on hydrogels made from PHEMA or PEG is very weak and 

these hydrogels are regarded as non-adhesive cell materials.267, 268 The current results which 

reveal a very low cell adhesion and insufficient spreading of the cells onto the HES-HEMA 

hydrogels (Fig. 3-50), are therefore completely in agreement with the results obtained by Van-

Wachem.264 Additionally, Karl-Smetana269 have also demonstrated the strongly hydrophilic 

surfaces like HEMA hydrogels have a negative influence on prokaryotic as well as on 

protozoan cell adhesion. Moreover, hydrophilic HEMA hydrogel surface and hydrophilic 

anionic hydrogel surface like methacrylic acid hydrogels are not colonized by endothelial 

cells, while surfaces with moderate wettability, are more colonized by vascular endothelial 

cells than pure hydrophobic polymers like PMMA or pure hydrophilic materials like PHEMA 
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hydrogels.269 All these results support the results presented in Fig. 3-50 and evidence that 

there is  bad cell adhesion and low spreading cells on high hydrophilic hydrogel surfaces like 

HEMA.270 The cell adhesion on hydrophilic hydrogel surfaces can be enhanced by two 

methods as follows: (1) Reducing the degree of wettability of the hydrogel surface by 

blending with some of hydrophobic polymers like poly (EMA) or poly (MMA), this will 

convert a highly hydrophilic surface into a only moderately hydrophilic one.269 (2) Non-

adhesive hydrogels e.g. PHEMA or PEG can be functionalized with the RGD peptide (Arg-

Gly-Asp) sequence to facilitate the adhesion and spreading of cells at the hydrogel 

surfaces.267, 268, 271 It was found that the neat hydrogels prepared without RGD peptide did not 

support cell attachment and spreading, whereas sufficient attachment and spreading of cells 

were observed with the active hydrogel-RGD peptide.268 The same results were previously 

proven by Hubbell et al.272 who incorporated RGD peptide sequences into the hydrogel by 

functionalizing the amine terminus of the RGD peptide with an acrylate moiety, to promote 

spreading and adhesion behavior of cells onto weak or non-adhesive hydrogel materials e.g. 

PHEMA hydrogels. 

Type of 
hydrogel 

used 

Cells on surrounding plastic 
(control) 

Cells on hydrogel surface 

 
 

Filtered  
L-arginine 
hydrogel 
incubated  
at 4 oC. 

 
 

Filtered  
DMAEMA 
hydrogel 
incubated 
 at 4 oC. 

 
Filtered  

DMAEMA 
hydrogel 
incubated  
at 37 oC. 

Unfiltered  
DMAEMA 

hydrogel 
incubated at 4oC. 

 
Hydrogel completely degraded after 1 day of cell seeding  

Figure 3-50: Morphological alternations through fluorescence microscopy images of HGF cells adhesion on 
HES-HEMA hydrogels surface which were crosslinked by two coinitiators DMAEMA and L-arginine, 

(original magnification, 100×). 
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4. Appendix  

4.1.Materials 

 Each chemicals, reagent, solvents, clays and materials which have been used in this thesis 

were listed in as follows: 

Name of chemical Abbreviation Obtained from 

Dextran from Leuconostoc Mesenteroides 

(average Mw =35000-45000 g/mol), 

N-Phenylglycine  purity, 95 %, 

1, 3-Benzodioxole (purity 99%), 

2,6-Di-tert-butyl-4-methylphenol, 

4-Dimethylamino pyridine, 99.6 %, 

1,1-Carbonyldiimidazol, 

Diphenyliodonium chloride, 97 %, 

Hexadecyltrimethyl ammonium chloride, 

Tricaprylylmethyl ammonium chloride, 

(1S)-(+) Ketopinic acid, 99 %, 

Hydroxyapatite, 

Nano-powder < 200nm, 97 % synthetic, 

Selenium dioxide, 99.999%, 

Poly(ethylene glycol)methacrylate 

Mn = 360, Mn = 526 

Stearic acid , grade I, 98.5%, 

(3-Aminopropyl) triethoxy-silane 

Deuterium oxide, 99.9 atom %D, 

Methyl sulfoxide, d6, 99.9%, atom %D 

L-Arginine, >98.5%, FCC  

Dex 

 

NPG 

BDO 

- 

DMAP 

CDI 

DPIC 

HDTMA 

Aliquat 336 

KPA 

HA 

 

SeO2  

PEGMA 

PEGMAn=6, n=8 

SA 

APS 

D2O 

DMSO, d6 

L-arg. 

 

 

 

       

           

 

 

 

 

           

            Sigma-Aldrich Chemie GmbH, 

(Steinheim, Germany) 

 

Dimethyl sulfoxide, 99.7% purity 

Dimethylaminoethyl methacrylate 

DMSO 

DMAEMA 

        Acros-Organics, Germany  

Acros Chemica,  (Geel, Belgium) 

2-Hydroxyethyl methacrylate, 99+% 

Potassium bromide, 99.5 % 

HEMA 

KBr 

 

Fluka Chemie,  (Germany) 

DL-Camphorquinone, 99% 1, 7, 7-

Trimethylbicyclo [2. 2. 1]-heptane-2,3-dione 

CQ Acros-Organics, 

 New Jersey, USA. 

Hydroxyethyl starch  Mw = 130,000 g/mol HES Fresenius K. Rohstoff HAES, Germany 

Sodium-Montmorillonite Na-MMT der Süd-Chemie AG; Germany. 

Laponite-RD Lap-RD KREMER PIGMENTE GmbH, 

Aichstetten, Germany 

Irgacure 2959 I2959 Ciba- Chemicals, Basel, Switzerland. 
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Tetrahydrofuran (THF) was dried over sodium and distilled immediately before use. 

DMAEMA was further purified before the use to avoid any auto-polymerization during the 

time. All other compounds were used as received. 

 

4.2.Biological Activities Testing 

In order to, investigating of the biological activities of all photopolymerization ingredients 

before and after crosslinking, consequently, each experiments related to cytotoxicity, cells 

viability, cell adhesion, and compatibility have been conducted by Dr. Andreas Winkel in 

(Clinic for Prosthetic Dentistry and Biomaterial Science, Hanover Medical School (MHH), 

Carl-Neuberg st.1, 30625 Hanover, Germany).   

 

4.2.1. Cell Culture 

Due to an intended application of the hydrogel during dental restoration, human gingival 

fibroblasts (HGF, Provitro, Cat.-No.: 1210412) have been chosen for compatibility testing. 

The cells were cultured and grown in Dulbecco's minimal essential medium (DMEM) medium 

(Biochrom, Cat.-No.: FG0435) supplemented with fetal bovine serum (FCS, 10% v/v), 100 

U/ml penicillin and 100 µg/ml streptomycin at 37 °C in a 5 % CO2, 95 % humidified 

atmosphere. Regarding cytotoxicity assays cells were seeded at passage 9 with 5000 c/100 

µl/well in 96-well plates, for cell adhesion experiments cells were seeded with 15000 c/1000 

µl/well on top respectively aside of afore polymerized hydrogels and pre-incubated hydrogels 

of different volumes (25 – 500 µl) in 24-well plates. 

 

4.2.2. Evaluation of Cytotoxic Potential and Stability of Hydrogels 

Crosslinked hydrogels were placed in 24-well plates, covered with DMEM standard medium 

(see above) and were incubated without cells at 4 or 37°C for 48h. The supernatant was 

completely removed and frozen for later toxicity analysis. Remaining hydrogels, which were 

described regarding degradation process and again covered with medium for another 48h; 

procedure was repeated within the first 8 days. Furthermore, the hydrogels were kept under 

described conditions for 11 more days to describe long term-stability. 

 

4.2.3. MTT-Assay 

Traditionally, the determination of cell growth is done by counting viable cells after staining 

with a vital dye. Several approaches have been used in the past. Trypan blue staining is a 

simple way to evaluate cell membrane integrity (and thus assume cell proliferation or death), 

but the method is not sensitive and cannot be adapted for high throughput screening. 
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Measuring the uptake of radioactive substances, usually tritium-labeled thymidine, is accurate 

but it is also time-consuming and involves handling of radioactive substances. Recently, 

Yellow MTT (3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, a tetrazole) is 

reduced to purple formazan in the mitochondria of living cells (Fig. 4-1). The absorbance of 

this colored solution can be quantified by measuring at a certain wavelength (usually between 

500 and 600 nm) by a spectrophotometer. This implies purple color of the yield formazan 

referring to the concentration of mitochondrial living cells. Solutions of MTT solubilized in 

tissue culture media or balanced salt solutions, without phenol red, are yellowish in color. 

Mitochondrial de-hydrogenases of viable cells cleave the tetrazolium ring, yielding purple 

MTT formazan crystals which are insoluble in aqueous solutions. The crystals can be 

dissolved in acidified isopropanol. The resulting purple solution is spectrophotometrically 

measured. An increase in cell number results in an increase in the amount of MTT formazan 

formed and an increase in absorbance.273-275 

 
 

Figure 4-1: Reaction mechanism of MMT dyes with mitochondrial of living cells. 
 

In terms of determination the influence of single ingredients respectively complete crosslinked 

hydrogel mixtures on cell viability a quantitative colorimetric tetrazolium assay (MTT, 

Roche, Cat.-No.: 11465007001) was used. This assay detects only living cells via cleavage of 

tetrazolium salts into a blue-colored product (formazan dye) by dehydrogenase enzymes 

embodied in active mitochondria (Fig.4-1). Thereby the amount of intracellular converted 

formazan is directly proportional to cell viability. Cells were seeded in 96-well plates at a 

density of 5000 c/well and incubated overnight at 37°C and 10% CO2. Supernatant was 

replaced with fresh medium containing different concentrations of hydrogel ingredients 

(respectively the final concentration in 1 ml pure hydrogel: 50.0 % - 0.39 %) or supernatant 

was collected from crosslinked hydrogels pre-incubated in medium at 4 oC or 37 oC. 

Following 24 h incubation 10 µl MTT labeling reagent was added and after 4 hours cells got 

disintegrated by addition of 100 µl solubilization solution causing the formazan release 

overnight. The wells were evaluated on a multi-wall scanning spectrophotometer (Tecan 

infinite F200) using a wavelength of 540 nm with reference of 650 nm. Parallel medium 

containing test substances was treated the same way in the absence of cells to exclude staining 

effects by added substances itself. 
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4.2.4. LDH-Assay 

Lactate dehydrogenase (LDH) is an oxido-reductase which catalyzes the  

inter conversion of lactate and pyruvate. LDH is most often  

measured to evaluate the presence of tissue or cell damage. The colorimetric  

LDH assay is based on the reduction of the tetrazolium salt in a NADH-coupled enzymatic 

reaction to formazan, which is water-soluble and exhibits an absorption maximum at 492 nm.  

The intensity of the red colour formed is a measure for the LDH activity. The superior 

sensitivity assay allows the assay to be completed within 20-30 min with minimal pipetting 

steps. The conversion of pyruvate to lactate with the subsequent regeneration of NAD+ is a 

very favourable.274 The general reaction that lactate dehydrogenase (LDH) catalyzes is as 

follows:   Pyruvate + NADH + H+ = Lactate + NAD+ (red color) 

In LDH assays the amount of membrane damaged or dead cells can be defined by assessing 

LDH within the cell culture medium which has been released by those cells. Thereby the 

enzymatic activity of LDH measured in dye conversion is proportional to the cytotoxic effect 

of substances. 

Cells were seeded according to MTT-assay protocol but in contrast supernatant was replaced 

with FCS-reduced (1 % instead of 10 %) medium containing different concentrations of 

hydrogel ingredients to minimize basal LDH content in medium. As control cells in medium 

without substances (low LDH activity) and in medium with 1 % Triton X-100 (high LDH 

activity) has been used. After overnight incubation 100 µl of supernatant has been transferred 

carefully in new plates and got combined with 100 µl dye mixture (LDH, Roche, Cat.-No.: 

11644793001). Staining reaction took approximately 10 min before stopped by adding 50 µl 

1N HCl. The wells were evaluated on a multi-wall scanning spectrophotometer (Tecan infinite 

F200) using a wavelength of 492 nm with reference of 650 nm. Parallel medium containing 

test substances was treated the same way in the absence of cells to exclude staining effects by 

added substances itself. 

 

4.2.5. Cell Adhesion Testing on Hydrogels 

HGF cells are seeded on hydrogels which have remained after 19 days of incubation at 4 or 

37°C (see section of Evaluation of Cytotoxic Potential and Stability of Hydrogels). 

Subsequently, additional incubation took place at 37°C irrespective of previous conditions. 

Following 24h of incubation cells on top of hydrogels and attached to surrounding plastic 

were stained with Calcein AM (Invitrogen; Cat-No.: C3099) and documented via fluorescence 

microscopy. HGF cells and stability of hydrogels were controlled for 8 more days. Calcein is 

known as fluorexon, fluorescein complex, or a fluorescent dye. The acetomethoxy derivative 

of calcein (calcein AM) is a cell-permeate and non-fluorescent compound that is widely used 

for determining cell viability, also it was used in biology as it can be transported through the 

cellular membrane into live cells, which makes it useful for testing of cell viability and short 
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term labelling of cells.276 After transport into the cells, intracellular esterase removes the 

acetomethoxy group; the molecule gets trapped inside and gives out strong green fluorescence 

anion calcein. As dead cells lack active esterase, only live cells are labeled, with an excitation 

and emission wavelengths of 495/515 nm respectively. The fluorescent calcein is well-

retained in the cytoplasm in live cells (Fig. 4-2). Additionally, Calcein AM is the most 

suitable fluorescent probe for staining viable cells because of its low cytotoxicity. Calcein 

does not significantly affect cellular functions such as proliferation or chemo-taxis of 

lymophocyte. 

 
Figure 4-2: The reaction mechanism of Calcein-AM with living cells. 

4.3.Apparatus 

- Rotary evaporator (Heidolph VV2000, Germany). 

- Alcohol bath (HAAKE-K, with temperature monitor HAAKE-F3-fisons, Germany). 

- Vacuum oven (HERAEUS, Therom-Scientific, Thermo electron LED GmbH, 

Langenselbold, Germany). 

- LED unit curing lamp (Type: Bluephase, Ivoclar Vivadent Clinical, Lichtenstein). 

- UV-light curing lamp (λ = 366 nm, І ~3.5 mWcm-2) (Type: NU-8KL, Benda, Laborgeräte 

u. Ultra-violettstrahler, Wiesloch, Germany). 

- Freeze-dryer (CHRIST-BETA 2-8LD plus, SciQuip Ltd. - Shropshire, UK). 

- Balance (Type: Adventurer from OHAUS Corp. Pine Brook, NJ., USA). 

- Spectrophotometer (UV/VIS/NIR spectrometer Type: Lambda-9 obtained from PERKIN-

ELMER, Germany).   

- Additionally, some materials have been used e.g. dialysis tubular membrane (type: Zellu 

Trans, Regenerated Cellulose Tubular Membrane, from Carl Roth GmbH., Karlsruhe, 

Germany). Micro-filter unit 0.22 µm (Millipore Express PES Membrane, Carriglwohill, 

Co. Cork, Ireland). 
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4.4.Experimental Parts 

4.4.1. Synthesis of HES-HEMA 

• Activation of HEMA with CDI 

2-Hydroxyethyl methacrylate (HEMA) was activated by carbonyldiimidazole (CDI), as 

known CDI-method according to the procedure of Dijk-Wolthuis.162 Typically, CDI (6.488, 

40 mmol) was dissolved in 190 ml freshly distilled anhydrous THF under nitrogen 

atmosphere and HEMA (5.204 g, 40 mmol) was added. The reaction mixture was stirred for 

16 h at ambient temperature to obtain crude hydroxyethyl methacrylate-imidazolylecarbamate 

(HEMA-CI) (Syntheis, Fig. 6-1). 

• Coupling Reaction of HEMA-CI with HES 

 The synthesis of the 2-hydroxyethyl methacrylate modified with hydroxyethyl starch was 

carried out according to the procedure of Harling et al.163 After activation step, the 

purification of HEMACI should be carried out starting with as the following procedure, a 

small amount of 2,6-di-tert-butyl-4-methylphenol (4.407g, 40 mmol) or small amount of 

hydroquinone monomethyl ether was added to prevent premature polymerization reactions. 

The THF was evaporated, yielding a slightly yellow liquid; the crude product was dissolved in 

ethyl acetate, extracted with water for at least ten times to remove the inhibitor and imidazole 

byproduct as well as unreacted HEMA and CDI, and subsequently dried over MgSO4. After 

filtration and evaporation of the ethyl acetate, hydroxyethyl methacrylate-

imidazolylecarbamate (HEMACI) is obtained in purified way.  

The second step is the coupling reaction between HEMA-CI and HES. The HES was 

dissolved in DMSO under nitrogen atmosphere. After addition and dissolution of the required 

amount of 4-dimethylamino pyridine (DMAP) as a reaction-catalyst, a calculated amount of 

HEMACI was added drop by drop. The solution was stirred at 60 oC for different times to 

adjust the degree of substitution (Syntheis, Fig. 6-1).The product of the coupling reaction was 

then placed in dialysis tubes for 4 days in distilled water to completely remove excess of 

DMSO. The methylacryloxyethyloxycarbonyloxy starch (HES-HEMA) product was 

lyophilized for 4 days using freeze-dryer instrument and the white fluffy product was stored at 

-20oC until use.  

4.4.2. Synthesis of Dextran-HEMA (Dex-HEMA) 

The synthesis of 2-hydroxyethyl methacrylate modified with dextran, was carried out 

according to the procedure of Dijk-Wolthuis.162  

• Coupling Reaction of HEMA-CI with Dextran 

The second step is the coupling reaction between HEMA-CI and dextran. Dextran was 

dissolved in DMSO under nitrogen atmosphere. After addition and dissolution of the required 

amount of 4-dimethylamino pyridine (DMAP) as a reaction-catalyst, a calculated amount of 
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HEMACI was added drop by drop. The solution was stirred at room temperature for different 

times to adjust the degree of substitution. The product solution of the coupling reaction was 

then transferred into dialysis tubes for 4 days in distilled water to completely remove excess 

of DMSO. The Dex-HEMA product was lyophilized for 4 days using freeze-dryer instrument 

and the white fluffy product was stored at -20oC until use (Synthesis, Fig. 6-2). 

 

4.4.3. HES/Dex-HEME Hydrogels Formation by Visible Light Induced 

Photocrosslinking 

 HES-HEMA or Dex-HEMA polymer (20 wt.%, 0.2 g) was dissolved in DMSO-water 

mixture per 1g of hydrogel and the photosensitizer (CQ, 0.5 mol %, 10 mg) was then added. 

The DMSO-water mixture has been used as polymerization solvent, due to CQ has very poor 

water solubility (hydrophobic photosensitizer). The coinitiator (DMAEMA, NPG, or BDO 1.0 

mol %) was dissolved in a small amount of distilled water and added to the polymerization 

mixture. Finally, DPIC (1.0 wt. %, 10 mg) was added as the third photoinitiating system 

component to the polymerization mixture. The polymerization mixture was prepared in the 

absence of visible light and kept in the dark until use on the same day. Shaking and sonication 

were required to yield well mixed solutions.  

When water was added to the polymerization mixture, (in case IR analysis) the heavy water 

(deuterium oxide, 99.9%, D2O) was used because the absence of overlapping water bands at 

1640 cm-1 in the IR analysis. D2O or distilled water was added to polymerization mixture in 

different ratios 0, 5,10,15,20 and 30 wt. %. For photocrosslinking a visible light LED light 

curing lamp (type: Blue-phase, Ivoclar Vivadent Clinical, Lichtenstein) was used. The 

wavelength of the light is from 430-490 nm with an intensity of approximately 1000 mW/cm2. 

The light source was placed directly over the polymer solution. The mixture was exposed to 

the LED lamp for 40-120 sec. The produced gel was removed from the PE vial and soaked in 

distilled water or buffer solution to remove the DMSO and to determine the swelling ratio as a 

function of time (Synthesis, Fig. 6-2, second step). 
 

4.4.4. Preparation of Organophilic Modified Clays 

The organophilic modified clay (organophilic MMT) was prepared by a cation exchange 

method, which is an exchange the sodium inorganic-cations of raw MMT clay with organic 

cations of quaternary alkylammonium ions e.g. hexadecyltrimethyl ammonium chloride 

(HDTMA). The quantity of intercalating agent used for the cation-exchange reaction is given 

by the following equation:  Х = [(114/100) × 30 × 1.3 × Mw] / 1000 

Where Х is the weight in grams of the intercalating agent when 30g of Na-MMT clay is used, 

114/100 is the cation exchange capacity per 100g of Na-MMT clay, 1.3 is the excess amount 
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of intercalating agent used, Mw is the molecular weight of the intercalating agent, and 1000 is 

used to balance the units.277 

 

• Ion-Exchange Reaction between Sodium Montmorillonite and HDTMA 

Typically, 5g of raw Na-MMT clay was stirred in 600 ml of distilled water (beaker1) at room 

temperature overnight. A separate solution contained 2.19g of intercalating agent in another 

50ml of distilled water (beaker2) under magnetic stirring, to which a 1.0M HCL aqueous 

solution was added to adjust the pH to 3-4. After stirring for 3h, the protonated HDTMA 

solution (beaker2) was added at a rate of approximately 10 ml /min with vigorous stirring to 

the Na-MMT suspension solution (beaker1). The mixture was stirred overnight at room 

temperature. The organophilic modified clay was recovered by centrifuging (3500 rpm, 2h), 

followed by filtration the solution in a Buchner funnel. Purification of products was 

performed by strong washing and filtering the samples at least ten times to remove any excess 

of ammonium ions. The organophilic clay was thus obtained.141, 277 The cations-exchange 

reaction between raw MMT and HDTMA was schematically drawn in Fig. 2-12 page 46, 

whereas Fig. 4-3 shows the chemical structure of HDTMA. 

 

• Ion-Exchange Reaction between Laponite-RD and Aliquat 336 

Organically modified Laponite-RD clay was obtained by ion-exchange laponite RD with 

tricaprylylmethylammonium chloride, (Aliquat 336, Fig. 4-3) according to the procedure 

which has described blow: 

Laponite RD clay (1 wt. %, 10g), distilled water (1L), and 3.33g of Aliquat 336 surfactant 

were stirred at 70oC overnight on vigorous magnetic stirring plate. The mixture was then hot 

filtered using a Buchner filter with 2 filter paper, the slurry was then washed with at least 6L  

of hot distilled water at 70 oC followed by drying under vacuum for some time (2 hours). The 

dried clay was then ground using mortar and pestle into a fine powders. The clay was next 

Soxhlet extracted with ethanol overnight under nitrogen blanket; this extraction was repeated 

again using freshly distilled tetrahydrofuran (THF) to remove unreacted and excess 

ammonium salts. The final product (organically modified Laponite RD clay) was vacuum 

dried and ground again using a mortar and pestle. 

 

 
Figure 4-3: Chemical structures of hexadecyltrimethyl ammonium chloride (HDTMA) and 

tricaprylylmethyl ammonium chloride (Aliquat 336). 
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4.4.5. HES-HEMA/MMT or Lap RD Nanocomposite Hydrogels (NCH) Formation by 

Visible Light-induced Crosslinking 

20 wt. % (0.2 g) HES-HEMA for 1g hydrogel was dissolved in DMSO and photosensitizer 

(CQ, 0.25 mol %, 5.4 mg) was dissolved in DMSO-polymer solution. The coinitiator 

(DMAEMA or NPG, 0.5 mol %, 11µl, 5 mg respectively) was dissolved in a small amount of 

distilled water and added the mixture, then DPIC (1.0 wt.%,10 mg) was added to the 

polymerization mixture. The mixture was stirred at room temperature in dark or brown vial 

glass to avoid any premature photo-polymerization reactions. Finally, organophilic-MMT or 

Laponite RD clay was added to the mixture in different ratios (0, 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0 

wt. %). The polymerization mixture stirred for at least two hours to grantee enough swelling 

and complete penetration of nano-particles by HESHEMA polymer chains. The 

nanocomposite mixture was prepared in the absence of visible light and kept there until use on 

the same day, shaking and sonication were required to yield well mixed solution. The mixture 

was exposure to visible light LED lamp for 40-60 sec. The nanocomposite yield is soaked in 

distilled water or buffer solution to determine the swelling ratio in interval times. Figure 6-3 

(chapter of Syntheis), shows the complete general strategy for the synthesis of nanocomposite 

hydrogels beginning with the preparation of organically modified clays then incorporation of 

those organically clays to polymerization mixture ending with the photocrosslinking process. 

 

4.4.6. Synthesis of Carboxylated Camphorquinone (CQCOOH) 

The synthesis of carboxylated camphorquinone (CQCOOH) or di-ketopenic acid (D-KPA) 

requires three important steps e.g. chlorination of d-camphor-10-sulphonic acid, followed by 

preparation of KPA, and finally preparation of CQCOOH from KPA (Syntheis, Fig. 6-4). The 

synthesis methods are explained in details as follows: 

 

• Preparation of d-camphor-10-sulphonyl chloride 

The chlorination of d-camphor-10-sulfonic acid was prepared using phosphorous 

pentachloride PCl5 according to the method which has been previously reported by Sutherland 

and Shriner,278 or thionyl chloride SOCl2 as has done in the current procedure. The white 

material was washed several times with cold water. The crude product melted at 81-83 oC 

(yield 80 %) and was used as such in the next step. Typically, the mixture of DMF (300 ml) 

and thionyl chloride (200 ml) was used as a solvent phase, (50g , 0.22 mol) of d-10-

camphorsulfonic acid was added to the last mixture at 0 oC, and stirring for 3 hours, then 

stirring for 12 hours at room temperature, the reaction mixture was poured into a large amount 

of ice water. The organic phase was extracted by with ether and dried Na2SO4. The solvent 

was evaporated off to give the d-10-camphorsulfonyl chloride (34 g, yield 63 %). 
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• Preparation of Ketopinic acid, KPA 

Ketopinic acid can be prepared according to the following procedure: An aqueous solution of 

anhydrous sodium carbonate (315 ml), (34g, 0.14 mol) of d-10-camphorsulphonyl chloride 

and (210 ml) of potassium permanganate were mixed, stirring at room temperature for 1 hour. 

An aqueous solution of NaHCO3 (5 ml) and sulfuric acid (20%, 150 ml) were added 

dropwise. Other mixture of NaHCO3 (30g) solution was heated to 70 oC, was added to the 

main phase under vigorous stirring. The phase was extracted with ether and dried by Na2SO4. 

The residues obtained by evaporating the solvent which were re-crystallized from hot water to 

yield ketopinic acid (5.1g, yield 21%) (1H-NMR (DMSO, d6) δ=12.73 (broad, 1H, COOH), 

FT-IR (KBr): 1692 cm-1 (-COOH), 1755 cm-1 (R2-C=O). 

 

• Preparation of Di-ketopinic acid or Carboxylated Camphorquinone from KPA 

CQCOOH was previously synthesized from KPA with SeO2 as an oxidizing agent in dioxan 

by Pande et. al.211 Here also SeO2 was used as an oxidizing agent but in acetic acid as solvent 

of reaction. Ketopinic acid (4.0 g, 22 mmol) and selenium dioxide (3.4 g, 31 mmol) were 

refluxed in acetic acid (50 ml) for at least 25 hours. The suspension was filtered and the 

produced filtrate was concentrated under vacuum. The produced residues were dissolved in 

ethyl acetate (50 ml) and washed with distilled water for ten times to remove unreacted 

selenium dioxide and un-converted ketopinic acid, then dried with Na2SO4 and concentrated 

again under lower vacuum to remove the ethyl acetate. The crude product was re-crystallized 

in a mixture of ethyl acetate: hexane (1:10, RF=0.6) giving, yellow crystals of carboxylated 

camphorquinone (2.8 g, yield 64%). The obtained solid crystals were further purified using 

column-chromatography on a column of silica gel to guarantee the purity of produced 

camphorquinone carboxylic acid (1.75 g, yield 44%), (Syntheis, Fig. 6-4). 

 

4.4.7. Synthesis of HES-PEGMA Polymer 

• Activation of PEMA with CDI 

Typically, Poly (ethylene glycol) methacrylate was chemically activated by dissolving CDI 

(6.488 g, 40 mmol) in 190 ml freshly distilled anhydrous THF under nitrogen atmosphere and 

PEGMA (Mn = 526, 40 mmol, 21.04g or Mn = 360, 40 mmol, 14.4g) was added. The reaction 

mixture was stirred overnight at ambient temperature to obtain oily crude PEGMA-CI. The 

purification of PEGMA-CI has been conducted as the following: a small amount of 2,6-di-

tert-butyl-4-methylphenol (4.407g, 40 mmol) was added to prevent premature polymerization. 

The THF was evaporated, yielding a clear liquid; the crude product was dissolved in ethyl 

acetate, extracted with water for at least ten times to remove the inhibitor and imidazole 

byproduct as well as un-reacted PEGMA and CDI, and subsequently dried over MgSO4. After 

filtration and evaporation of ethyl acetate once again, PEGMACI is obtained in purified form, 

(Syntheis, Fig. 6-5). 
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• Coupling Reaction of PEGMACI with HES 

PEGMA-CI was modified with HES as the following method. HES was dissolved in DMSO 

under nitrogen atmosphere. After addition and dissolution of the required amount of 

dimethylamino pyridine (DMAP) as a reaction-catalyst, a calculated amount of PEGMA-CI 

was added drop by drop. The solution was stirred at room temperature for different times to 

adjust the degree of substitution. The product dissolved of the coupling reaction was then 

placed in dialysis tubes for 4 days in distilled water to completely remove excess of DMSO. 

The HES-PEGMA product was lyophilized for 4 days and the white fluffy product was stored 

at -20 oC until use, (Syntheis, Fig. 6-5). 

4.4.8. Surface Activation of Hydroxyapatite, HA 

• Surface Activation of HA with Stearic acid (Sa) 

At first, stearic acid (Sa) with a given amount (1-11 wt. %, relative to the amount of HA 

powder) was dissolved in 100 ml organic solvent e.g. ethanol to form a clear Sa solution and 

five grams of HA powders were added then, the mixture of HA/Sa/solvent was put into a 

reflux setup to keep reaction for different times at 175 oC. The modified HA powders were 

collected and washed several times with hot ethanol/water to remove the free Sa adsorbed on 

the surface and dried at 80 oC for 24 h.234 Figure 6-6 (chapter of Synthesis), representatively 

shows the general strategy for surface modification of HA using Sa.  

 

• Surface Activation with 3-aminopropyltriethoxysilane (APS) 

APS (0.001 mmol, 0.221 g) was added into an aqueous alcohol solution containing 90 ml of 

alcohol and 10 ml of water. The system was stirred for half an hour and then HA (1.0 g) was 

added to the system. Then the mixture was stirred for another 3 hours. The pH of the system 

was adjusted to 9-10 with NH4OH, and the reaction was continued for another 3 hours. After 

filtration, the powder was first dried at room temperature then dried under vacuum 

overnight,93 (Synthesis, Fig. 6-7).  
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4.5.Swelling Experiments and Flory-Rehner Calculations 

4.5.1. Calculation of Equilibrium Swelling Ratio (ESWR) of Hydrogel  

The hydrogel was swelled in distilled water or buffer solution, then after predetermined 

intervals it was removed, the water at the surface of the hydrogel was gently wiped by a soft 

paper towel and the hydrogel was weighted again. This procedure was repeated many times 

until no further weight change of hydrogel was detected. Subsequently the hydrogel was 

freeze dried and the dry weight determined. The equilibrium swelling ratio, SWR of hydrogel 

was calculated by the following equation of Peng et al.209  

Swelling ratio, SWR% = [(Ws-W0) / W0] ×100          (Eq. 1) 

Where, Ws is the weight of the swollen hydrogel and W0 is the weight of the dried hydrogel 

(xerogel). Whereas, The gel yield (%) was calculated using Eq.2.91  

Gel yield % = [Wgel / Wsolid] ×100                            (Eq. 2) 

Where, Wgel as the dried gel weight and Wsolid as the weight of pre-polymer used in the 

hydrogel formation. The crosslinking density of hydrogel network can be determined by 

swelling and by rheology measurements. The theories behind these measurements are 

equilibrium swelling theory and rubber elastic theory, which are described in detail in the 

following sections. 

4.5.2. Equilibrium Swelling Theory  

This is the most well known model used to calculate the average molecular weight between 

two adjacent crosslinks (Mc) and crosslinking density (Px). It is also known as Gaussian model 

(Flory-Rehner equation).1 The structure of hydrogels that do not contain ionic moieties can be 

analyzed by the Flory-Rehner theory.279 In the thermodynamic theory states that a crosslinked 

polymer gel which is immersed in a fluid and allowed to reach equilibrium with its 

surroundings. On further swelling of the polymer matrix, the thermodynamic force of mixing 

decreases and the elasticn retractive force of the polymer chain increases. At equilibrium, 

these two forces are equal. Eq. 3 describes the physical situation in terms of the Gibbs free 

energy.280, 281            ∆Gtotal   = ∆Gelastic    + ∆Gmixing                                        (Eq. 3)          

∆Gelastic is the contribution due to the elastic forces developed inside the gel. ∆Gmixing is the 

result of spontaneous mixing of fluid molecules with the polymer chains and is a measure of 

how compatible the polymer is with the molecules of the surrounding fluid.  

∆Gmixing     = KT [n1lnv1+n2lnv2+ χn1v2]                                                          (Eq. 4) 
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Where, n1 is moles of swelling agent, v1 is volume fraction of swelling agent, n2 is moles of 

polymer, v2 is volume fraction of polymer, K is Boltzmann constant, and χ is Flory polymer- 

solvent interaction parameter, this homogeneity is usually expressed by the polymer-solvent 

interaction parameter χ.280 For crosslinked system polymer chains n2 =0.  

∆Gmixing   = KT [n1lnv1+χn1v2]                                                                                         (Eq. 5) 

The elastic free energy is defined by the following equation:  ∆Gel = -T ∆Sel                 (Eq. 6) 

Where, ∆Sel   is the change in entropy from deformation process. For isotropic swelling the 

elastic free energy can be calculated through the following equation: 

∆Gel = (KT ve)/2 (3αs
2-3-lnαs

3)                                                                                           (Eq. 7) 

Where, ve is effective number of chains in the network, αs is expansion factor expressing the 

linear deformation of a network structure due to isotropic swelling. In the same context, the 

chemical potential of a solvent in a swollen gel can be determined using the following 

equation:                                      µ1- µ1,0 = ∆ µ elastic + ∆ µ mixing                                       (Eq. 8) 

Where, µ1 is the chemical potential of the solvent in the polymer gel, and µ1,0  is the chemical 

potential of the pure solvent. At equilibrium swelling, the difference between the chemical 

potentials of the solvent outside and inside in the gel must be zero, therefore, the changes of 

the chemical potential due to mixing and elastic forces must balance each other.1 The change 

of chemical potential due to mixing can be expressed using heat and entropy of mixing 

through the following equation using also the last equation.  

   µ1- µ1,0 = N (∂∆Gmix/ ∂n1)T,P  + N ((∂∆Gel/ ∂αs)T,P (∂αs/∂n1)T,P)                                    (Eq. 9) 

Where, N is Avogadro number. αs
3 = (v2)

-1 = (v0+n1v1/N)/v0                                                            (Eq. 10) 

Where, v0 is the molecular volume of the relaxed network (before swelling), and v1 is the 

molar volume of the swelling agent, considering the derivatives of αs
  is number of moles of 

swelling agent, with respect to n1 gives the following relationship: 

 (∂αs/∂ n1)T,P  = v1/3αs
2 v0N                                                                                              (Eq. 11) 

Using Eq. 10 and 11 in equation 9, we will obtain the following: 

    µ1- µ1,0 = RT[ ln (1-ν2,s) + ν2,s +χ ν2,s
2 + V1(ve/v0)( ν2

1/3- ν2/2)                                   (Eq. 12) 

 We define the equilibrium polymer volume fraction (ν2,s ) as the concentration at which the 

activity of the swelling agent is one, then at equilibrium state.  
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-ln (1-ν2,s) + ν2,s +χ ν2,s
2 = V1(ve/v0)( ν2

1/3- ν2/2),  ve = ν (1-2 Mc/Mn) and ν =V/ ν Mc    (Eq. 13)  

The changes of chemical potential in equation 12 due to the elastic retractive forces of the 

polymer chains can be determined from the theory of rubber elasticity. Upon equating these 

two contributions, an expression can be written for the determination of molecular weight 

between two adjacent crosslinks, Mc of a natural hydrogel prepared in the absence of a solvent 

through the following equation 14, which is known as a Flory-Rehner model equation.280, 282 

   (Mc)
-1= (2/Mn) – (ν/V1)[ ln (1-ν2,s) + ν2,s +χ1 ν2,s

2]/ ν2
1/3- ν2/2                                    (Eq. 14) 

Here, Mc is the average number molecular weight between two adjacent crosslinks; Mn is the 

average number molecular weight of polymer before crosslinking, ν is the specific volume of 

dry polymer (0.62 cm3g-1 at 20°C for dextran, and unknown for HES), V1 is the molar volume 

of water (18.062 cm3 mol-1) and χ the Flory-Huggins interaction parameter or the polymer-

water/solvent interaction parameter (0.473 for dextran).   

Peppas and Merrill 1 have modified the original Flory-Rehner equation for hydrogels prepared 

in the presence of water as solvent. The presence of water is effectively modifies the change 

of chemical potential due to elastic forces. This term must now account for the volume 

fraction density of the chains during crosslinking. Equation 15 predicts the average molecular 

weight between two adjacent crosslinks, (Mc) in the presence of water.  

(Mc)
-1= (2/Mn) – (ν/V1)[ ln (1-ν2,s) + ν2,s +χ1 ν2,s

2] / ν2,r [(ν2,s/ ν2,r)- (ν2,s/ 2ν2,r)]              (Eq. 15) 

Here, ν2,r  is the polymer volume fraction in the relaxed state, which is defined as the state of 

the polymer immediately after crosslinking, but before swelling. ν2,s is the polymer volume 

fraction in the swollen state and can be derived from the water content through equilibrium 

swelling state as the following in next section.1 

ν2,r  = Vp/Vg,r  and    ν2,s =  Vp/Vg = Qv 
-1                                                                         (Eq. 16)                                                     

Where, Vp is the volume of the dry polymer, Vg is the swollen gel volume, and Qv is the 

volumetric swollen ratio. 

• Description of Hydrogel Network by Flory-Rehner and Peppas-Merrill Models 

Four important parameters are critical in describing the nanostructure of crosslinking hydrogel 

networks: (1) polymer volume fraction in swollen state, ν2,s, (2) the number average molecular 

weight between two adjacent crosslinks, (Mc), (3) the specific crosslinking density (Px), and 

(4) network mesh size or pore size of network hydrogel structure (ζ). The polymer volume 

fraction ν2,s in the swollen state describes the amount of liquid that can be embedded  in the 

hydrogels. The volumetric swollen ratio Qv (QV
-1 = ν2,s) can be calculated from Qm. The mass 
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swollen ratio or the hydrogel swollen ratio based on mass (Qm) was calculated by dividing the 

gel mass after swelling equilibrium by the dry gel mass.3         

           Qm = (W Weight of hydrogel at equilibrium swelling state / W weight of xerogel)                              (Eq. 17) 

As described above in equation 16, the volumetric swollen ration Qv which can be related to 

the densities of the solvent and polymer, as describing in the following equation 18.   

            QV = 1+ (ρp /ρs) (Qm -1)                                                                                     (Eq. 18) 

Here, ρp is the density of the dry polymer (1.6667 g/cm3 for dextran and HES, 1.369 g/ cm3 for 

gelatin) and ρs the density of the solvent (1 g/cm3 for water, 1.1 g/cm3 for DMSO). According 

to Flory-Rehner equation, the crosslinking density can be described by the average molecular 

weight between two adjacent crosslinks, Mc (Fig. 4-4). The Mc was calculated using a 

simplification of the Flory-Rehner equation (Eq. 19):283  

           QV 
5/3 = (Mc ν / V1) (0.5-χ )                                                                               (Eq. 19) 

Here, ν the specific volume of dry polymer (0.62 cm3g-1 at 20°C for dextran, unknown for 

HES),V1 the molar volume of water (18.062 cm3 mol-1), and χ is the Flory-Huggins interaction 

parameter which is depending on both temperature and equilibrium of polymer volume 

fraction at swollen state (χ= 0.473 for dextran, HES, and hyaluronic acid), ν2,s and it is 

adequately represented as a function of polymer volume fraction at 37 oC by (χ = 0.220 + 

0.904 ν2,s)  for pHEMA.1, 284 The Mc was further simplified into Eq. 20. 

       Mc = (18 / 0.0162) Qv
5/3    g mol-1                                                                       (Eq. 20) 

The crosslinking density (Px) is defined as number of network chains per unit volume, it is 

very important for determining the degree of crosslinking. The crosslinking density Px, is 

determined by the following equation.1 

Px = (Mc ν)-1   mol cm-3 → Px = (0.62 Mc)
-1   or   Px =1.6667 Mc

-1   mol cm-3           (Eq. 21) 

From equation 21, it was easily concluded that the effective crosslinking density can be 

calculated in different ways as the following equations: Px = (Mc ν)-1   = ρp   Mc
-1     (Eq. 22) 

Combining equations No. 21 and 22, it was easily to calculate the density of dry polymer used 

(dextran or HES) as the following equation:183 

     ρp = (ν) -1     i.e.        ρp    of dextran = (0.62)-1 = 1.6667 g /cm3                            (Eq. 23) 

Both the specific volume of dry polymer (ν) and the Flory-Huggins interaction parameter (χ) 

of HES are unknown, but because HES and dextran have similar chemical structures, thus it 
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was possible to estimate these parameters from the known parameters of dextran and 

hyaluronic acid, additionally the difference between crosslinked and uncrosslinked polymers 

in terms of these unknown parameters were assumed to be negligible.283   

Mesh size is defined as the average linear distance between two adjacent crosslinks (Fig. 4-4). 

Mesh size is affected by several factors including (1) degree of crosslinking of the gel, (2) 

chemical structure of the composing monomers and (3) external stimuli such as temperature, 

pH and ionic strength. Mesh size is important in determining the physical properties of the 

hydrogels including mechanical strength and degradability. The primary mechanism of release 

of many drugs from hydrogels is diffusion, occurring through the space available between the 

polymer chains. This space is often regarded as the pore. Depending upon the size of these 

pores, hydrogels can be conveniently classified as (1) non-porous hydrogels consist of 

covalently or ionically crosslinked molecular chains with typically correlation length, ζ = 10-

100 Å or less, (2) micro-porous hydrogels contain pores larger than the correlation length, 

described by an average pore radius rp or 0.01-0.1 µm, and (3) macro-porous hydrogels 

contain pores in size greater than 0.1 µm with convective mass transport dominating. 

Structure parameter that is often used in describing the size of the pores, is the correlation 

length, or mesh size. Mesh size can be calculated using the following equations:1   

                   ζ = α (ro
2)1/2                                                                                                  (Eq. 24) 

Here, α is the elongation ratio of the polymer chains in any direction and (ro
2)1/2 is the root-

mean square end to end distance of the polymer chains between two neighboring crosslinks. 

On the other hand, α can be related to the polymer volume fraction, ν2,s and  the volumetric 

swelling ratio QV through the following equation:1 

                  α = (ν2,s)
-1/3 = (QV) 1/3      i.e.   ζ = (QV)1/3  (ro

2)1/2                                          (Eq. 25) 

The unperturbed end-to-end distance of the polymer chain between two adjacent crosslinks 

can be calculated using equation 29.1, 3 

Since,        (ro
2)1/2 = L (Cn N)1/2     i.e.    Cn = ro

2 / N L 2                                                 (Eq. 26) 

Here, Cn is the Flory characteristic ratio or rigidity factor (Cn is 6.9 ±0.5 for PHEMA and 8.4 

for PMAA), L is the length of the bond along the polymer backbone (for vinyl polymers or C-

C bond length is 1.54 Å) and N is the number of links of the chain or the number of bonds 

between adjacent crosslinks, that can be calculated through the following equation:1, 3 

    N = 2Mc/Mr                                                                                                            (Eq. 27) 

Here, Mr is the molecular weight of the repeating units from which the polymer chain is 

composed which was calculated by gel permeation chromatography. Finally, when we are 
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combining equations 25, 26 and 27, the mesh size can be estimated by equation 28:1, 3                                                                                        

ζ =   (QV)1/3 (2Cn Mc/Mr)
1/2
 L   (nm)                                                                             (Eq. 28) 

Equation 28 was further simplified according to Peppas-Merrill model as the following 

Equation 29-1.1, 3  

ζ = 0.071 QV
1/3 Mc

1/2   (nm) …….for Dex-HEMA1, 3 and HES-HEMA.                     (Eq. 29-1) 

Also, ζ = 0.1748 QV
1/3 Mc

1/2   (nm) ………….for GMA-hyaluronic acid.283              (Eq. 29-2) 

           
Figure 4-4: Schematic explains ideal Gaussian network Mc and mesh size ζ of hydrogel network structure.  

 

4.5.3. Rubber Elasticity Theory 

Hydrogels resemble natural rubbers in their remarkable property to elastic response to applied 

stress. A hydrogel subjected to a relatively small deformation, less than 20%, will fully 

recover to its original dimension in a rapid fashion. This elastic behavior of hydrogels can be 

used to elucidate their structure by utilizing the rubber elasticity theory originally developed 

by Treloar282 and Flory281 for vulcanized rubbers and modified to polymers. However, the 

original theories of rubber elasticity do not apply to hydrogels prepared in the presence of a 

solvent. Such expression were developed by Silliman285 and later modified by Peppas and 

Merrill.1 The form of rubber elasticity theory used to analyze the structure of hydrogels 

prepared in the presence of a solvent.  

τ = ρ RT/ Mc  (1 – 2Mc / Mn) ( α –  α -2) (ν2,s/ ν2,r)
1/3                                               (Eq. 30) 

Here, τ is the stress applied to the polymer sample, ρ is the density of the dry polymer, R is 

the universal gas constant, T is the absolute experimental temperature and Mc is the desired 

molecular weight between crosslinks. In order to perform an analysis of the structure of 

hydrogels using the rubber elasticity theory, experiments need to be performed using tensile 

testing systems. Interestingly, the rubber elasticity theory has not only been used to analyze 
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chemically, but also physically, crosslinked hydrogels,1 as well as hydrogels exhibiting 

temporary crosslinks due to hydrogen bonding.  

Other method has been used to determine the average number molecular weight between two 

adjacent crosslinks by rheological studies. Young’s modulus (E) of hydrogels was calculated 

by E = 3G' as previously calculated by Flory.280 From the pseudo-stress versus deformation 

profile, Young’s modulus (E) of hydrogels was used to estimate the average molecular weight 

between two adjacent crosslinks. By assuming that the end-to-end distances of chains are 

Gaussian, which the network deformation is isothermal and affine, and that dangling ends. 

The Mc was determined using the following equation No. 31.1, 280, 286 

          Mc = 3 ρ RT/ E                                                                                                (Eq. 31) 

Here, ρ is specific density of polymer, R is gas constant (8.314 JK-1 Mol-1), T is absolute 

temperature (293 K) and E is Young’s modulus. The storage modulus, G' has been used for 

determining the Mc and Px through Eq. 32. To derive Mc from rheology analysis, G' was then 

obtained by extrapolation of the rheogram to the zero frequency. The graph was extrapolated 

oscillation to 0.1 Hz and these data were linearized by plotting G' against log frequency. 

Extrapolated values of G' were estimated to concentrations respectively. Mc of the 

photocrosslinked gels were calculated using rheology analysis, it means the G' can be 

converted into crosslinking density (Px) through rubber elastic theory using the following 

equation 32.287 

   G' = 2 Px RT ν2,s
1/3     i.e.   G' = 2 (Mc ν)-1 (RT ν2,s

1/3 )                                               (Eq. 32) 

Due to the lack of some parameters for HES e.g.χ, ρp, and v, the values of these parameters 

were estimated to be those of dextran based on several assumptions. It was assumed that these 

parameters are comparable to that for dextran, well-studied polysaccharides, because both of 

HES and dextran have similar chemical structures. Therefore, these differences between 

resemble polysaccharides and their crosslinked polymers were assumed to be negligible.   

• Other Calculations 

The theoretical molecular weight of HES-HEMA or Dex-HEMA polymers before 

crosslinking were determined as follows:    

Mr = MAGU + DS by H-NMR (MHEMA substituted – 1.0079 g/mol)                                  (Eq. 33) 

Here, Mr is the molecular weight of the repeating units from which the polymer chain is 

composed (HES or dextran), MAGU is the molecular weight of atomic group units (185.5 g/mol 

of C7H13.5O5.5 for HES and 162.142 g/mol of C6H10O5 for dextran), M HEMA substituted is the 

molecular weight of HEMA groups substituted 157 g/mol and 1.0079 is the atomic weight of 

proton. The molecular weight of repeating units (Mr) can be simply estimated as the following 

equations:     Mr = 185.5 + [DS × (156.1442)] for HES     and   
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   Mr = 162.142 + [DS × (156.1442)] for dextran                                       (Eq. 34) 

  Mw HES-HEMA = (MAGU + [156.1442 × DS]) NMw                                          (Eq. 35) 

Where, Mw is the theoretical molecular weight of polymer e.g. HES-HEMA before 

crosslinking, NMw   is the number of links per polymer chain (NMw of HES = Mw of HES /MAGU = 

155000/185.5 = 835.6), and DS is the degree of substitution of polymer calculated from 1H-

NMR data. 

4.5.4. Calculation of Degree of Substitution (DS) of Polymers 

• Calculation of DS of Dex-HEMA 

The degree of substitution (DS, the amount of methacrylate group per 100 dextran 

glucopyranose residues) can be calculated from the 1H-NMR spectra. The three protons of the 

methyl group of methacrylate are detected at 1.97 ppm (s, 3H, Hb) (Figs. 4-8B, 4-9D, 4-10b). 

Whereas, two protons of methylene group of methacrylate group are found at 6.11 and 5.58 

ppm (s,2H, Ha1,a2) (Figs. 4-8B, 4-9D, 4-10b). The ethyl group of pure HEMA appeared at 3.9 

ppm and 4.3 ppm of (m, 4H, Hd,c) respectively (Fig. 4-8B), but these signals shifted after 

coupling with dextran to 4.44 ppm and 4.71 ppm of (m,4H, Hd,c) (Fig. 4-10b). The signals 

from the dextran glucopyranose unit appear at 3.28-3.85 ppm (m, 6H, e2,3,4,5,6,6'), at 4.94ppm 

(broad, 1H, e1), and at 5.13 ppm (broad, e1 of α-1,3 branch) (Fig. 4-10b). The degree of 

substitution, DS was calculated by integration of the corresponding signals according to Van 

Dijk-Wolthuis12:  

DS = [Area (δ=6.0-4.95 ppm + δ=4.95-2.15 ppm) / Area (δ= 5.1-4.95 ppm × 1.04) -5) / 7]-1                               

(Eq. 36)  

The correlation factor (1.04) is necessary to take into account the 4 % α-1,3- linkages in the 

dextran.162 The peaks for the solvents (DMSO-d6 at 2.5 ppm, D2O at 4.8 ppm and traces of 

water at 3.33 ppm in case DMSO-d6 was used) were omitted in the corresponding 

integrations. Batches of Dex-HEMA having degrees of substitution of 0.033, 0.056, 0.15, 

0.25, 1.1, 1.5 and 2.6 were prepared. The Dex-HEMA batches with a DS > 0.15 are no longer 

completely soluble in water. Therefore, Dex-HEMA with a DS = 0.056 was used for all 

further experiments.  

• Calculation of DS of HES-HEMA 

Similarly, the DS of HES-HEMA polymer was calculated using the following equation.  

DS = [Area (δ=6.0-3.4 ppm + δ=3.35-2.15 ppm) / (δ=5.1-4.95 ppm)-5)/9]-1               (Eq. 37)  

 

• Calculation of DS of HES-PEGMA 

The DS of HES-PEGMA was calculated according to Eqs. 38-1 and 38-2. 

DS = [Area (δ= 6.0-3.4 ppm + δ= 3.35-2.15 ppm) / (δ= 5.1-4.95 ppm)-41)/ 9]-1        (Eq. 38-1)  

DS = [Area (δ= 6.0-3.4 ppm + δ= 3.35-2.15 ppm) / (δ= 5.1-4.95 ppm)-26)/9]-1         (Eq. 38-2)  
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Where, 41 is referring to the protons sum of repeating units of ethylene glycol groups (in case 

of HESPEG8MA, n~8 units, Mn = 526 g/mol) equation 35-1. Whereas, 26 is the number of 

protons in repeating units of ethylene glycol (in case of HESPEG6MA, n~6 units, Mn = 360 

g/mol) equation 35-2. A 9 is accounting number of  both free protons of glucopyranose 

residues of HES and two protons of two methyl groups of HES structure with (0.5 DS, i.e. 4/2 

= 2 protons from two methylene groups). 
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4.6.Characterizations of HES-HEMA and Dex-HEMA Polymers  

4.6.1. FTIR Analysis  
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Figure 4-5: FT-IR spectra of pure HES, uncrosslinked HES-HEMA and Crosslinked HES-HEMA dried 

hydrogel. 
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Figure 4-6: FT-IR spectra of pure Dextran, uncrosslinked Dex-HEMA and Crosslinked Dex-HEMA dried 
hydrogel. 
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 Figure 4-7: FT-IR spectra of different DS values of HES-HEMA polymer samples. 
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4.6.2.  1
H-NMR of HES-HEMA and Dex-HEMA Polymers 

 

 

 

 

 
Figure 4-8: 1H-NMR spectra of pure HES (A) and HEMA (B), respectively. 

 
A. HES. 1H-NMR (2H2O 4.8 ppm): δ= 3.41-4.15 (m, stretching, 6H, H2, 3, 4, 5, 6, 6'), 5.0 (s-broad, 1H, H1), 

5.43 (s-broad, 1H of α1-2 branch), 5.71 (s-broad, 2H, H7or H8 substituted). 

B. HEMA. 1H-NMR (2H2O 4.8 ppm): δ= 1.96 (s, 3H, Hb), 3.86-3.89 (m, 2H, Hd), 4.27-4.31(m, 2H, Hc), 5.75 

(s, 1H, Ha2), 6.19 (s, 1H, Ha1). 
13C-NMR (2H2O): δ=20.22 (Cb), 62.43 (Cd), 69.17 (Hc), 129.77 (Ca), 138.64 (C=CH2), 172.64 (C=O). 

A

B
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Figure 4-9: 1H-NMR spectra of HEMA-CI (C) and HES-HEMA (D), respectively. 

 
C. HEMA-CI. 1H-NMR (DMSO,d6 2.5 ppm): δ= 1.87 (s, 3H, Ha), 4.38-4.47 (m, 2H, Hc), 4.64-4.66 (m, 2H, 

Hd), 5.70 (s-broad, 1H, Hb2), 6.1 (s-broad, 1H, Hb1), 6.88 (m, 1H, Hf), 7.58 (m, 1H, He), 8.25 (m, 1H, Hg). 
13C-NMR. (DMSO,d6 ): δ= 18.56 (Ca), 61.86 (Cc), 66.0 (Cd), 119.56 (Cf and Ce), 127.0 (Cb), 130.5 

(Cg), 135.6 (C=CH2), 149 (C=O of Imidazole), 166.9 (C(CH3)-C=O). 

D. HES-HEMA. 1H-NMR (DMSO,d6 2.5 ppm and 2H2O 4.8 ppm ): δ= 1.94 (s, 3H, Ha), 3.22-4.08 (m, 6H, H2, 

3, 4, 5, 6, 6'), 4.34 (m, 2H, Hc), 4.58 (m, 2H, Hd), 5.1 (s, 2H, He and Hf), 5.44 (broads, 1H, Hh1), 5.49 

(broads, 1H of α 1-2 branch), 5.72 (s-broads, 1H, Hb2), 6.10 (s-broads, 1H, Hb1).  

C

D
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Figure 4-10: 1H-NMR spectra of pure dextran (a) and Dex-HEMA (b), respectively. 

 

A. Dextran. 1H-NMR (2H2O 4.8 ppm): δ= 3.52-4.23 (m-stretching, 6H, H2, 3, 4, 5, 6, 6'), 5.0 (d-broads, 1H, 

H1), 5.35 (broads, 1H of α 1-3 branch). 
                    13C-NMR. (2H2O): δ= 68.2 (C6), 72.0 (C4), 72.9 (C5), 74.2 (C2), 76.3 (C3), 100.5 (C1). 

B. Dex-HEMA. 1H-NMR (DMSO,d6 2.5 ppm ): δ= 1.97 (s, 3H, Hb), 3.28-3.91 (m-st., 6H, H2, 3, 4, 5, 6, 6'), 

4.44 (m, 2H, Hd), 471 (m, 2H, Hc), 4.95 (d-broads, 1H, He1), 5.13 (broads, 1H of α 1-3 branch), 5.7 (s, 

1H, Ha2), 6.08 (s, 1H, Ha1). 

b 
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Figure 4-11:  1H-NMR and 13C-NMR spectra of pure PEGMA, respectively. 
 

PEGMA. 1H-NMR (DMSO,d6  2.5 ppm): δ= 1.91 (s-broads, 3H, Ha), 3.36  (s, 1H, Hd), 3.49-4.23 (m, of nH 

Ethylene glycol repeating units Hc), 5.71(s, 1H, Hb2), 6.08 (s, 1H, Hb1). 
13C-NMR. (DMSO,d6 ) δ= 17.94 (Ca), 69.76 (Ce, f), 125.78 (Cc), 135.78 (Cb), 166.50 (Cd). 
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Figure 4-12:  1H-NMR and 13C-NMR spectra of PEGMA-CI, respectively. 
 

PEGMA-CI. 1H-NMR (2H2O 4.8 ppm): δ= 1.96 (s-broads, 3H, Ha), 3.68-4.63 (m, of nH PEG repeating units 

Hc,d), 5.76(s, 1H, Hb2), 6.18 (s, 1H, Hb1), 7.11(m, 1H, Hf), 7.65 (m, 1H, He), 8.37 (m, 1H, Hg). 
13C-NMR: (DMSO,d6 ) δ= 17.91 (Ca), 59.69 (Cf), 69.76 (Ce), 117.44 (Ci, Cj), 124.85 (Cc), 127.98 (Ch), 139.13 
(Cb), 151.45 (Cg), 166.46 (Cd). 
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Figure 4-13: 1H-NMR spectra of pure HES-PEGMA. 

 

HES-PEGMA. 1H-NMR (2H2O 4.8 ppm): δ= 1.95 (s, 3H, Hb), 3.24-4.72 (m, [ 6H, Hg2,3,4,5,6,6' ], [nH, Hc,d]) 

5.04 (s-broads,2H, He and Hf), 5.44 (broads, 1H, Hg1), 5.58 (broads, 1H of α 1-2 branch), 5.72 (s-broads, 1H, 

Ha2), 6.10 (s-broads, 1H, Ha1).  
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4.7.Characterization of Nanocomposite Hydrogels (NCH) 

4.7.1. FTIR Analysis 
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Figure 4-14:  FT-IR spectra of raw Na-Montmorillonite (MMT), intercalating agent (HDTMA) and 

organophilic modified MMT clay. 
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Figure 4-15: FT-IR spectra of pure Laponite RD, intercalating agent Aliquat 336, HES-HEMA NCH, and 

organophilic modified Laponite RD clay. 
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4.8.Determination of the Chemical Structure of CQCOOH 

4.8.1. UV-Visible Spectra 
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Figure 4-16:  UV-visible spectra of camphorquinone CQ (up) and ketopinic acid KPA (down), respectively. 
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Figure 4-17:  UV-visible spectra of Carboxylated Camphorquinone CQ-COOH. 

                          CQ-COOH: UV/vis. 215, 457 nm 

 

4.8.2. FTIR Spectra 
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Figure 4-18:  FT-IR spectra of CQ, CQ-COOH, and KPA. 

 
                                      CQ-COOH: IR (KBr): ν = 1780, 1760 (C=O) cm-1, 1697 (COOH) cm-1.   
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4.8.3. 1
H, 

13
C, and H-C COSY-NMR Spectra  
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Figure 4-19:  1H-NMR,13C-NMR spectra of CQ-COOH and 1H-NMR of KPA, respectively. 
 

CQ-COOH. 1H-NMR (DMSO,d6  2.5 ppm): δ= 1.15 (s, 3H, H7a), 1.18 (s, 3H, H7b), 1.60-1.67 (m, 1H, H5a), 

1.89-1.97 (m, 1H, H6a), 2.19-2.28 (m, 1H, H5b), 2.48-2.55 (m, 1H, H6b), 2.79 (d, 1H, J=5.12 Hz, H4), 13.18 (s, 

broad, 1H, COOH).  

CQ-COOH.  13C-NMR (DMSO,d6 ): δ= 17.88 (C7a), 20.58 (C6), 21.99 (C7b), 26.15 (C5), 43.6 (C1), 57.44 

(C4), 67.40 (C7), 169.0 (COOH), 197.24 (C2), 201.05 (C1). 

 

KPA. 1H-NMR (DMSO,d6  2.5 ppm): δ= 1.02 (s, 3H, H7a), 1.07 (s, 3H, H7b), 1.34-1.40 (m, 1H, H5a),  
1.54-1.63 (m, 1H, H6a), 1.88-1.97 (m, 2H, H3), 2.07 (t, 2H, J= 4.36 Hz, H1), 2.19-2.27 (m, 1H, H5b), 

 2.45-2.47 (m, 1H, H6b), 12.47 (s-broad, 1H, COOH). 
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 Figure 4-20: 1H-13C COSY NMR spectra of CQ-COOH. 
 

4.8.4. Mass-Spectroscopy MS- Measurement (MP= 234-237 
o
C) 

 
Figure 4-21: Mass spectroscopy of CQ-COOH. 

CQ-COOH, C10H12O4 Mw 196 : MS (EI, 70 eV): m/z = 196 [M]+ (6), 181[M]+ (3), 168 [M]+ (40), 140 [M]+ (40), 

122 [M]+ (25), 96 [M]+ (52), 79 [M]+ (30), 68 [M]+ (40), 53 [M]+ (18), 44 [M]+ (18), 41 [M]+ (5). 
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5.  Methods 

5.1.Proton of Nuclear Magnetic Resonance Spectroscopy (
1
H-NMR) 

NMR-spectra were recorded by a NMR-DRX400 instrument (BRUCKER, Germany, 300 

MHz). Approximately 50 mg of the product sample was dissolved in 0.8 ml of either D2O or 

DMSO-d6. Additionally, the degree of substitution (DS) of polymer before crosslinking has 

been determined using 1H-NMR spectra analysis via MestRec software program integration. 

5.2.Fourier Transform Infrared Spectroscopy (FT-IR) 

IR spectroscopic analysis was used to illustrate the type and the nature of bonding. The 

freeze-dried hydrogels, nanocomposite hydrogels, or clays were directly analyzed by FT-IR 

on an EQUINOX 55 instrument (BRUKER, Germany). The samples for IR analysis were 

freeze-dried, ground to a very fine powder between 1-2 mg, mixed with infrared grade KBr 

(about 130-150 mg) and pressed to transparent KBr disks. The FTIR spectrum was obtained 

by recording 64 scans between 4000-400 cm-1 with a resolution of 2 cm-1. 

5.3.Scanning Electron Microscopy (SEM)  

SEM images were recorded using a JEOL-JSM-6400 instrument (JEOL, Germany) at 20.0 

KV. Special cryofixation and cryofracture techniques were used to investigate the swollen 

hydrogel samples by SEM for surface and interior structures.160  The hydrogel is swollen in 

distilled water for 48 hours and then very quickly frozen using liquid nitrogen. The freezing 

process has to be very fast to prevent crystallization of the water, which would result in 

artifacts. The frozen sample is then freeze-dried at low temperatures of -90oC and low vacuum 

at 0.52 mbar to remove the water from the structure (Fig. 5-1). A very light-weight dry gel 

was obtained. For SEM images of the interior, the frozen specimens were Cryo-fractured by a 

very sharp knife at liquid nitrogen temperature and then freeze dried. Freeze-dried swollen 

hydrogels samples were fixed on aluminum discs with a carbon band and were coated with 

gold by vapor deposition. Brightness and contrast of each SEM photograph were carefully 

adjusted to the same level, because the pore size detection by images analysis software is 

based upon the gray-scale of the images. 

5.4.X-Ray Diffraction (XRD) 

Wide-angle X-ray scattering (WAXS) of nanocomposite hydrogel samples was performed 

using a Steo STADI P COMBI instrument (Darmstadt, Germany) transmission diffractometer, 

with a small linear position-sensitive detector. The fine powder highly-dried of 

nanocomposite hydrogel samples, have been measured in a 2Ө range of 2-50o at room 

temperature, operating with a Cu Kα radiation (λ= 0.15405 nm). The basal 001,002,003......etc 

reflections which depend on the nature of the interlayer cations in case polymer/clay 

nanocomposite, presence/absence of intercalating agent and the state of hydration of minerals 
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of clay. The experimental 2Ө value is the angle between the diffracted and incoming X-ray 

waves. The Wide-angle x-ray diffraction (WAXS) technique has been used to determine the 

inter lamellar spacing or d-spacing between layers of clay fillers depending on Bragg-law 

which was given as follows:     n λ = 2d sin Ө 

Where, n is an integer determinedly the order given e.g. d001=10 Å, d002= 5 Å.....etc, λ is the 

wavelength of X-ray (λ = 0.15418 nm), d is the spacing between the planes in the atomic 

lattice, and Ө is the angle between the incident ray and the scattering planes which resulting 

from 2Ө angle of X-ray graph. 

 

 
Figure 5-1: Cryofixation and Cryofracturing technique for hydrogels. a)  Hydrogel equilibrated in distilled 
water, b) Hydrogel was frozen in liquid N2, c) Fracture of some parts to observe the interior, and d) freeze-

drying at 0.52 mbar and -90°C. 

5.5.Thermogravimetric Analysis (TGA) 

TGA thermo-grams were recorded on a NETZSCH-204 Phoenix TGA instrument, Germany. 

The thermal decomposition was investigated from 50-600 oC at a heating rate of 10 oC/ min 

under flowing nitrogen 20 ml/min.  

5.6.Differential Scanning Calorimetry (DSC)   

Glass transition temperature (Tg) of freeze-dried hydrogels or nanocomposite hydrogels was 

determined using a differential scanning calorimeter a NETZSCH-204 Phoenix DSC 

instrument, Germany). The thermal characterization of ground freeze-dried hydrogel sample 

was accomplished using 5-7 mg, at a scanning heat rate of 5°C min-1. The Tg values were 

determined as mid-point in the thermogram, as measured from the extensions of the pre- and 

post transition baselines. 
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5.7.Oscillation Rheology Measurements 

Rheological characterization of hydrogel and nanocomposite hydrogel samples was performed 

with the help of a Rheo-stress RS-100-HAAKE, Karlsruhe, Germany. The oscillation shear 

flow measurement were conducted under constant thermal condition at 25 oC (plate-plate 

geometry PP20Ti) and the angular frequency range from 0.1 to 10 Hz using HAAKE standard 

application software version 2.1, (Fig. 5-2). The oscillation and rotation tests can be 

accomplished using this device. Each oscillation (ω = 2π.f) makes one point of the resulting 

graph. Thus, the measurement is independent of time. The oscillation test has two type 

measurements amplitude and frequency tests. The amplitude test is build up as following γ = 

0.1 to 100% deformation and frequency f= 1Hz. The sample to be measured of hydrogel or 

nanocomposite hydrogel was directly crosslinked in the measuring plate with minimum 

volume 0.8 ml solution of sample. For the swollen samples which to be measured, the swollen 

samples were coated with silicon grease to prevent water loss or moisture absorption during 

the measurements but this kind of samples were not been measured in this work. The results 

show the average of three analyses. 

 

 
 Figure 5-2: Plate-to-plate device of oscillation rheometer measurement (source http://www.anton-

paar.com/rheometer). 
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5.8.Gel Permeation Chromatography (GPC) 

The molecular weights and molecular weight distributions of dextran-HEMA, HES-HEMA, 

and HES-PEGMA polymers were determined by gel permeation chromatography (GPC) with 

a system consisting of a (MERCK HITACHI, L-6000A) water pump and (Wyatt Technology- 

Germany GmbH, DAWN-DSP) laser photometer at wavelength 632.8 nm and thermometry 

SHODEX KW series columns. The mobile phase was degassed Millipore water containing 

(0.05 wt. %) 10 mM NaN3 at 40 oC. The flow rate was 1.0 ml/min; the columns were 

calibrated with pullulan standards of known molecular weight and narrow molecular weight 

distribution (Fluka).  
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6. Synthesis 

6.1.Synthesis of HES-HEMA Hydrogel 

• Activation of HEMA with CDI 

 

• Coupling Reaction of HEMA-CI with HES 

 

• Photocrosslinking of HES-HEMA polymer 

 

Figure 6-1: Reaction scheme of synthesis and photocrosslinking of HES-HEMA hydrogels. 
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6.2.Synthesis of Dex-HEMA Hydrogel 

• Coupling Reaction of HEMACI with Dextran 

 

 

• Photocrosslinking of Dextran-HEMA 

 
Figure 6-2: Reaction scheme of synthesis and photocrosslinking of Dex-HEMA hydrogels. 
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6.3.Synthesis of Clay-Nanocomposite Hydrogel 

 

 
Figure 6-3: General strategy for synthesis of HES-HEMA/MMT or Lap-RD clay nanocomposite hydrogels. 

 

6.4.Synthesis of Carboxylated Camphorquinone (CQCOOH) 

 
• Chlorination of d-Camphor-10-sulphonic acid 

 

• Synthesis of KPA 

 

• Synthesis of CQCOOH from ketopinic acid (KPA) 

 
Figure 6-4: Reaction scheme of synthesis of carboxylated camphorquinone CQCOOH as a visible–light 

photosensitizer. 
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6.5.Synthesis of HES-PEGMA Polymer 

• Activation of PEGMA with CDI 

 
• Coupling Reaction of PEGMA-CI with HES 

 
 

 Figure 6-5: Reaction scheme of synthesis of HES-PEGMA polymers. 
 

6.6.Surface Activation of Hydroxyapatite (HA) 

 
• Surface Activation by Stearic Acid (Sa) 

 
 

 
 

Figure 6-6: Surface modification of hydroxyapatite (HA) with Stearic acid (Sa). 
 

• Surface Activation by APS 
 

 
Figure 6-7: Surface modification of hydroxyapatite (HA) with 3-aminopropyltriethoxysilane (APS).
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7. Summary and Outlook  

 

The present study describes the development of hydrogels as drug delivery system by in-situ 

hydrogelation with visible-light photocrosslinking. The basis is a photocrosslinkable 

hydroxyethyl starch derivative obtained by introduction of hydroxyethyl methacrylate side 

chains via coupling by the CDI-method to acquire HES-HEMA polymer. The crosslinking 

degree of the hydrogel network was determined by the choice of HES-HEMA derivatives of 

different degree of substitution (DS). DS was adjusted by the time and temperature of the 

coupling reaction, the DMAP catalyst concentration, and the molar ratio of reactants that is 

the activated HEMA to HES. The DS of HES-HEMA polymer significantly increased with 

increasing the coupling temperature till at 60oC, whereas minor changes in the DS were 

detected at higher temperatures of 80 or 100oC. Similarly, DS substantially increased with 

increasing the coupling time in the first 24 hours. This was attributed to an occurrence of side 

reactions which reduce the DS again. The DS of HES-HEMA progressively increased with 

decreasing the amount of DMAP catalyst and increasing the molar ratio of HEMA-CI to HES. 

  

Besides HES-HEMA, a dextran based derivative was also synthesized (Dex-HEMA). This 

polymer was crosslinked with camphorquinone (CQ) and amine coinitiators in mixtures of 

water-DMSO. The crosslinking strongly dependents on the polymer concentration, the DS of 

the polymer, the used coinitiator type and the water content in polymerization media. A higher 

Dex-HEMA concentration resulted in higher crosslink densities, and cramped mesh sizes. 

Furthermore, glass transition temperature Tg of the dried polymer network strongly increased 

from 96-144oC. Additionally the surface of the resulting hydrogel became smoother with 

increasing Dex-HEMA concentration. The influence of the DS was studied in detail with 

HES-HEMA as polymer in a purely aqueous system with carboxylated camphorquinone as 

photoinitiator. Higher DS polymers gave hydrogels with better mechanical stability, higher 

crosslinking degrees, lower swelling degrees and less porous surfaces. Moreover, DS of HES-

HEMA polymer has a positive influence on thermal stability of the dried crosslinked 

polymers. 

 

Dex-HEMA hydrogels which were crosslinked with CQ and N-phenylglycine (NPG) as 

amine coinitiator are more thermally stable than those crosslinked with dimethylaminoethyl 

methacrylamide (DMAEMA). Furthermore, a prominent effect of coinitiator type and 

concentration on the crosslinking density and morphology of the surface was found. 

Benzodioxole (BDO) is more effective than the amine coinitiators (e.g. DMAEMA and NPG) 

and showed increasing efficiency with increasing concentration. On the other hand, higher 

concentrations of amine coinitiators resulted in a decrease of crosslink density, which might 

be attributed to a kind of retarding effect. The water content in the polymer solution has an 
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effect on the crosslinking behavior and morphology of the surface. The crosslinking density 

rose with an increase of water content, this is particularly the case for hydrogels which were 

crosslinked with CQ-NPG and CQ-BDO. Dex-HEMA hydrogels which were crosslinked with 

CQ-DMAEMA displayed rugged surfaces with irregular wide pores, some random cracks, 

and an irregular pore size distribution. On contrary, the hydrogels which were crosslinked 

with CQ-NPG or CQ-BDO have much smoother, less porous surfaces, and limited porous 

surface area. The swelling ratio of Dex-HEMA hydrogels was higher in the acidic and 

alkaline pHs than in a neutral pH. Dex-HEMA hydrogel structure disintegration also occurred 

faster in swelling medium with acid or alkaline pH, while the effect of pH was a very weak in 

the case of Dex-HEMA hydrogels which were crosslinked with CQ-NPG.   

 

The effect of fillers on the mechanical properties of the hydrogel was tested with HES-HEMA 

hydrogels and modified clays e.g. montmorillonite (MMT) or laponite RD (Lap-RD). Cation 

exchange was carried out for MMT and Lap-RD with long chain alkylammonium ions e.g. 

hexadecyltrimethylammonium chloride (HDTMA) and tricaprylylmethylammonium chloride 

(Aliquat 336), respectively. The cation-exchange reaction has been determined by FTIR and 

XRD analysis. The addition of organo-MMT nanoparticles reduced the equilibrium swelling 

ratio (ESWR) of nanocomposite. This reduction depends on both the amount of organo-MMT 

but not in a linear fashion and the efficiency of the used photocrosslinking system. Stronger 

crosslinked system e.g. the hydrogels which were crosslinked with CQ-NPG, showed less 

reduction in ESWR after the addition of MMT. The amount of surface pore area increased and 

the pore size decreased with increasing the MMT content. The nanocomposites which were 

crosslinked with CQ-NPG showed a higher thermal stability than those which were 

crosslinked with CQ-DMAEMA. The storage modulus (G') of HES-HEMA/MMT increased 

from 0.5 to 4.0 KPa with increasing the MMT content from 0 wt.% to 1.5 wt.%. At MMT 

contents of >1.5 wt. %, the medium was more viscous and less homogeneous, which resulted 

in a clear reduction in the mechanical properties. An irreversible adsorption of NPG at the 

surface of MMT clay was conjectured. This adsorption results in less effective crosslinking 

and with that in lower mechanical properties for HES-HEMA/MMT nanocomposites which 

were crosslinked with CQ-NPG. In the contrary, G' monotonically increased from 0.5 to 8.0 

KPa, due to incorporation of 0-3.0 wt.% laponite RD. HES-HEMA/Lap nanocomposites 

showed better mechanical properties, lower swelling and a more regular morphology than 

HES-HEMA/MMT nanocomposites. These advantages were attributed to the –SiO2 content in 

the used clay type and the used intercalating agent type. Hydroxyapatite (HA) nanoparticles 

modified with stearic acid have been investigated as filler for the HES-HEMA hydrogel 

prepared with the CQ-COOH-amine system and found to be very effective. The mechanical 

properties of HES-HEMA/HA nanocomposite have been improved from 10 to 32 KPa with 

increasing the HA content from 0 to 5.0 wt.%.  
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An essential part of the thesis is to overcome the problem of poor solubility of CQ in water. 

Carboxylated camphorquinone (CQCOOH) was prepared and its chemical structure has been 

proven. Hydrogels crosslinked with CQCOOH-amine show a very short gelation time (~5 s), 

the crosslinking is more efficient and results in mechanically more stable hydrogels than those 

crosslinked with CQ-amine system. An excess of CQCOOH or amine coinitiator caused a 

retardation of the crosslinking reaction. It was shown that diphenyliodonium chloride (DPIC) 

as third-component in the photoinitiating system regenerates the free radical and enhances the 

crosslinking efficiency. Finally, the different polymers were compared regarding the obtained 

crosslinking density. It was found that HES-HEMA hydrogels showed better mechanical 

properties and higher crosslinking densities compared to Dex-HEMA and HES-PEGMA 

polymers, respectively. 

The MTT-assay was used to evaluate the biocompatibility of polymers and the components of 

photoinitiating system using human gingival fibroblast cells (HGF). The results of MTT-assay 

were further evidenced by a LDH-assay. CQCOOH, L-arginine and NPG proved to be non 

cytotoxic even in high concentrations. However, DPIC decreased cell viability, thus its 

concentration has to be reduced as far as possible (below 0.25 %) in all experiments. Both of 

HES-HEMA and HES-PEGMAn=6 showed a reduction of cell viability, which already 

appeared at low concentrations. This toxic effect of the polymers was ascribed to the presence 

of unreacted HEMA or traces of DMAP catalyst which is known to be very toxic. HES-

HEMA filtered hydrogels which were crosslinked with CQCOOH-L-arginine exhibited lower 

toxicity than filtered or unfiltered hydrogels which were crosslinked with CQCOOH-

DMAEMA. This can be attributed to, L-arginine as coinitiator has less toxic effect than 

DMAEMA as previously evidenced by MTT-assay test. Additionally, the filtration step is 

very necessary as an important method for sterilization, which might remove some toxic 

substances.  

The stability of HES-HEMA hydrogels is extremely influenced by α-amylase, which is 

present in DMEM standard medium, particularly at 37oC incubation temperature. On contrary, 

this effect was not prominent in case of incubation at 4 oC. Furthermore, highly hydrophilic 

hydrogel surfaces show only weak cell adhesion and a low density of spread cells.  

HES-HEMA hydrogels which are crosslinked with a CQCOOH-amine photoinitiator system 

working with visible light show excellent crosslinking efficiency and satisfactory mechanical 

properties. However, some further modifications are necessary to further improve the 

properties before the hydrogels can be applied as drug delivery system. These modifications 

are stated in outlook section. 
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The results obtained within this work for the synthesis of Dex-HEMA and HES-HEMA 

polymers and their hydrogel formation by photocrosslinking have to be complemented by 

further investigations. Regarding the polymer synthesis, it is recommended for controlling the 

degree of substitution that a suitable approach to use a maximum temperature reaction at 60 
oC for one day reaction time. Additionally, using as the lowest amount of DMAP catalyst as 

possible to obtain a sufficient degree of substitution and water-soluble polymers 

simultaneously.  

Other prepolymers with different backbones e.g. chitosan and cellulose substituted with 

methacrylate can be used to adjust the enzymatic-stability of the hydrogel. Regarding the 

efficiency of the photoinitiator system, it is recommended to use the CQCOOH-Arginin-DPIC 

system. It showed satisfactory crosslinking behavior and resulted in good mechanical 

properties of the hydrogel. Further optimization for the used photoinitiator system in terms of 

photoreactivity, mechanical properties, and biocompatibility of the obtained hydrogels seems 

to be possible. Additionally, the use of the anti-oxidation additives in the crosslinking step is 

necessary to reduce the toxicity of methacrylate. For enhancing the spreading and adhesion 

behavior of cells onto hydrogels, RGD peptide sequence can be incorporated to the hydrogel 

by functionalizing the amine terminus of the RGD peptide with an acrylate moiety of the 

polymer. Regarding the optimal application of this hydrogel as a drug delivery system, the 

determination of the release profile for model compounds e.g. fluorescently labeled proteins is 

planned. Moreover, the stability of the protein against the conditions of the used 

photocrosslinking system has to be investigated.   
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