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Abstract 

The aim of this thesis was to develop a hydrogel system with enhanced mechanical 

performance. This hydrogel system has to be preferentially electrically conductive to 

facilitate possible controlled drug release. To fabricate a tough hydrogel system, a 

double network (DN) approach was employed by forming two polymer networks 

interpenetrated in each other with considerably different crosslinking ratios.    

 The new developments in tough hydrogel materials are highlighted in Chapter 1, 

and their enhanced mechanical performance and corresponding toughening mechanisms 

are discussed. These tough hydrogels have been mainly developed over the past ten 

years with many now showing mechanical properties comparable with those of natural 

tissues. The possibility of employing a conductive hydrogel system for controlled drug 

release purposes was investigated by studying chitosan hydrogel films containing carbon 

nanotubes in Chapter 2. A modulated release behaviour was demonstrated by tuning the 

strength and polarity of the applied voltage, ranging from -0.8 to +0.15 V. Attempts to 

make stronger hydrogels based on chitosan and other synthetic hydrogel networks 

resulted in fabricating chitosan-poly(acrylamide) fibres in Chapter 3, with up to, 

respectively, 11 and 8 times enhancement in modulus and tensile strength compared to 

PAAm hydrogel. Furthermore, to combine the strengthening mechanisms of hydrogen-

bonding and double network hydrogels in forming a toughened hydrogel system, a 

double network system based on poly(acrylic acid) and a bottlebrush network made of 

poly(ethylene glycol) methyl ether methacrylates oligomers was made and characterized 

in Chapter 4. Mechanical properties (tensile, compression) and swelling behaviour of 
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this system at various pHs were studied systematically, along with other physical 

properties such as transparency and surface contact angle. The results indicated that this 

system is strongly pH sensitive, with all of the mechanical and physical properties 

affected by the pH. 

 Finally, a conducting polymer (PEDOT) and carbon nanotubes were employed to 

introduce conductivity to the aforementioned hydrogel network, and the results are 

presented in, respectively, Chapter 5 and Chapter 6. Conductivity of hydrogels at various 

pHs was studied in Chapter 5, showing the DN-PEDOT hydrogels have remained pH 

sensitive with a conductivity up to 4.3 S/cm at acidic pH. In Chapter 6 the formation of a 

carbon nanotube-rich sheath around a tough double network hydrogel core via a phase 

segregation process is described. This phenomenon was observed in various double 

network hydrogel structures, regardless of the nature and composition of the networks. 

The obtained hydrogels are potentially applicable in the field of controlled drug release. 

The conclusion chapter (Chapter 7) summarises the thesis, with a few suggestions for 

future studies in this field. 
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Preface 

 

 

 

 

 The aim of this thesis was to develop a hydrogel system with enhanced mechanical 

performance. This hydrogel system has to be preferentially electrically conductive to 

facilitate the possible controlled drug release. This thesis consists of seven chapters, 

including a literature review chapter (Chapter 1) and the conclusions (Chapter 7). The 

framework of each chapter constitutes of an introduction section, followed by the 

experimental section, results and then discussion sections. Each chapter has a separate 

reference section which lists the references cited in that particular chapter. 

 In the literature review chapter (Chapter 1), the new developments in tough 

hydrogel materials are highlighted, regarding their enhanced mechanical performance 

and their corresponding toughening mechanisms. These tough hydrogels have been 

mainly developed over the past ten years with many now showing mechanical properties 

comparable with those of natural tissues. This review focuses on recently developed 

tough hydrogels, including topological hydrogels, nanocomposite hydrogels, double 

networks, hydrogels with hydrogen bonding, nano and micro sphere-based hydrogels, 
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hydrophobic association hydrogels, and hydrogels that are fabricated by click chemistry 

or made from tetrahedron-like macromonomers.  

 The possibility of employing a conductive hydrogel system for controlled drug 

release purposes was investigated by studying chitosan hydrogel films containing carbon 

nanotubes in Chapter 2. Attempts to make stronger hydrogels based on chitosan and 

other synthetic hydrogel networks resulted in fabricating chitosan-poly(acrylamide) 

fibres (Chapter 3) and a pH sensitive and mechanically strong double network system 

based on poly(acrylic acid) and a bottlebrush network made of poly(ethylene glycol) 

methyl ether methacrylates oligomers (Chapter 4). Mechanical properties (tensile, 

compression) and swelling behaviour of hydrogel systems at various pHs were studied 

systematically, along with other physical properties such as transparency and surface 

contact angle. Conducting polymers and carbon nanotubes were also employed to 

introduce conductivity to the hydrogel networks, and the results are presented in, 

respectively, Chapter 5 and Chapter 6. Conductivity of hydrogels at various pHs was 

also studied in Chapter 5. In Chapter 6 the formation of a carbon nanotube (CNT)-rich 

sheath around a tough double network hydrogel core via a phase segregation process is 

described. This phenomenon was observed in various double network hydrogel 

structures, regardless of the nature and composition of the networks. The obtained 

hydrogels are potentially applicable in the field of controlled drug release. The 

conclusion chapter (Chapter 7) summarises the thesis, with a few suggestions for future 

studies in this field. 



CHAPTER ONE 

Introduction 
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1. Introduction 

 

 

 

 

1.1. Introduction 

Hydrogels [1] are three dimensional networks made from hydrophilic polymer chains 

with chemical or physical crosslinking. Because of their hydrophilicity, hydrogels 

readily swell when brought in contact with aqueous solutions, but do not dissolve due to 

their crosslinks. Moreover, most of the hydrogels can respond to environmental signals 

such as temperature [2-7], pH [8-11], certain chemicals [12, 13], solution ionic strength 

[11], light [11, 14], and external electric fields [15]. The response is in the form of a 

volume change resulting from a change in the water content of the hydrogel and results 

in a change in shape or generation of a stress.  

 The dynamic responses of hydrogels is useful for many applications including 

artificial muscles [16, 17] and stimulated-release systems [18]. Since the pioneering 

work of Wichterle and Lim in 1950’s [19], hydrogels have been the subject of extensive 

studies in various fields ranging from food industry [20], delivery systems [18, 21, 22], 

tissue engineering [23-27], sensors and bio-sensors [13, 28-30] to flow control [31-33], 

supercapacitors [34], and actuators [35-40]. Because of the similarity in appearance and 
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properties to many soft, natural tissues, hydrogels have always been of interest for use in 

biological related applications [41-43]. Since then, the swelling [44], diffusion [45], and 

physical and mechanical behaviour [46-48] of hydrogels have been well documented, 

especially for drug delivery systems.  

 In this chapter, new advances that have been made over the last ten years to 

enhance the mechanical properties of hydrogels will be described. Emphasises will be on 

the structure of tough hydrogels, their mechanical properties and the mechanism of 

toughening. The next section describes the methods that have been used to characterise 

the toughness of a hydrogel, followed by the definition of toughness in section 1.3. In 

section 1.4 the mechanical performance of various hydrogels is compared with each 

other and other materials. Various new categories of tough hydrogels including TP 

hydrogels, NC hydrogels, DN hydrogels, hydrogels toughened by hydrogen-bonding (H-

bonding hydrogel), nano – micro sphere composite hydrogels, hydrogels prepared by 

click chemistry, tetrahedron-like PEG hydrogels, and hydrophobic association hydrogels 

are introduced in more details in section 1.5. The toughness mechanisms of some of 

these novel hydrogels are discussed in section 1.6. In section 1.7 conductive hydrogels 

are discussed with an emphesis on their electrical conductivity and mechanical 

properties. A brief introduction on the modulated drug release from hydrogels is 

presented in section 1.8.   Finally, section 1.9 covers a brief summary and thesis outline.  

 

1.2. Mechanical Properties of Hydrogels 
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Despite the extensive previous research, many applications of hydrogels are limited by 

their weak mechanical performance. Some applications proposed for hydrogels do not 

require any considerable mechanical strength. For instance, in food industry, drug 

delivery systems, cell culturing (where hydrogels are used as scaffolds), supercapacitors, 

and sensors and bio-sensors, there is no significant force involved in the process and 

mechanical failure is unlikely. In most of these applications the hydrogel does not even 

require sufficient strength to resist its own weight, as the hydrogel itself is supported by 

another element. However, there are many other applications for hydrogels such as 

actuators, flow control systems, and tissue engineering applications, where the 

mechanical properties of hydrogels have become an important factor. In many of these 

examples, hydrogels are not only required to sustain their own weight, but also should 

tolerate an external force as well. Thus, an optimal material for these applications is a 

tough hydrogel which can resist the applied force without failure. Many biological gel 

materials combine a high swelling degree and low modulus with high extensibility and 

high toughness. This combination of properties has been difficult to achieve with 

synthetic hydrogels, as they typically become brittle when highly swollen. 

 A further confounding factor in the application of hydrogels is the need to make 

thin gels to reduce their reaction time. Brittle gels made as thin films or fibres are very 

fragile and difficult to handle. These materials need to have reasonable toughness to be 

practically useful. The benefits of smaller dimensions giving faster response times can 

be illustrated by using hydrogel actuators as an example. Here, the volume change in the 

hydrogel is derived from a diffusion process making the actuation intrinsically slow 

unless the operational dimension reduces to microns. Figure 1.1 depicts the size 
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dependence of the corresponding characteristic time of volume change for a spherical 

hydrogel with a radius of r in a simple diffusion process with diffusion coefficient of D 

~ 10
-7 

cm
2
/s. To get a response (due to the swelling of the hydrogel) in around 1 second, 

which is similar to the response of skeletal muscle, the gel diameter should be about ~ 6 

μm. If the tensile strength of this hydrogel is ~ 30 kPa, the force it can support before 

rupturing is only ~  1 μN.   

 In recent years several new hydrogel categories have emerged with significantly 

improved mechanical properties that might make them suitable for advanced 

applications mentioned above. These new systems include topological (TP) hydrogels 

[49], nano-composite (NC) hydrogels [50], and double network (DN) hydrogels [51].   

 

 

Figure 1.1. A spherical hydrogel’s radius r against time to achieve equilibrium swelling 

t. The swelling is because of a diffusive process where D ~ 10
-7

 cm
2
/s. 
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 These materials all exhibit interesting mechanical properties, and several recent 

review articles have described the properties of particular types of tough hydrogels [52-

54]. Also, new polymerisation methods such as click chemistry [55] along with new 

monomer structures such as tetrahedron macromonomers [56] have been employed to 

produce hydrogels with a more homogeneous network and improved mechanical 

properties. Other tough hydrogels such as micro and nano sphere-based hydrogels [57] 

and hydrogels with hydrophobic associations [58] have also been produced and 

characterized.  

 

1.3. Definition of Toughness 

Measuring the toughness of materials is an old subject in material science. Standard 

fracture tests determine the fracture threshold stress by increasing the load until the 

sample breaks. The fracture stress is sensitive to the size of stress-concentrating defects 

that inevitably occur in all materials so that the fracture process in brittle materials is 

described by equation 1.1: 

𝜍 =
𝐾𝑐

𝑌 𝜋𝑎
                    (1.1) 

where  is the fracture stress, Kc is the critical stress intensity factor, Y is a geometry 

constant and a is the length of the largest sharp crack within the material. Since the size 

of natural cracks varies from sample to sample, so does the breaking stress. To 

overcome this problem, fracture testing involves inserting a sharp crack of known size 

prior to testing. The fracture stress then allows the determination of Kc. The latter is a 
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material constant that describes the material’s resistance to brittle fracture. It is well 

recognized that the fracture energy (or “toughness” Gc) is a more informative parameter 

for understanding a material’s fracture behavior, as the toughness can be directly related 

to the molecular mechanisms of fracture occurring within the material. Gc and Kc are 

related by: 

𝐺𝑐 =
𝐾𝑐

2

2𝐸
                    (1.2) 

where E is the material’s elastic modulus and Gc has units of J/m
2
 representing the 

energy absorbed in creating unit area of crack surface. Although the fracture properties 

of various polymeric systems including rubbers, composites, thermoplastics and 

thermosets have been extensively explored, little fracture testing has been done on 

polymer gels. Indeed, only the recent advent of tough gels has made it possible to 

conduct such fracture tests. 

 While fracture testing provides direct information regarding a material’s resistance 

to crack growth and insight into toughening mechanisms, simple tensile testing is more 

commonly employed. It is possible to estimate the toughness of a material from the area 

under the stress-strain curve. This area represents the actual energy stored and absorbed 

by the sample during a tensile test until the failure of the sample. This energy includes 

the fracture energy but also the elastically stored energy and any energy dissipated 

through plastic deformation. In the absence of true fracture energy values, the area under 

the stress-strain curve has been taken to be indicative of the material’s toughness as 

tougher materials will sustain higher loads and higher extensions before failure. To 

distinguish the area-under-the-curve method from the true toughness the term work of 
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extension, Wex, is used for the former. To measure Wex in this review, wherever the 

actual tensile curve was available the area under the curve was measured. In some cases 

that the tensile curve was not available Wex was estimated from tensile strength, σb, 

Young’s modulus, E, and elongation at break, εb, assuming Wex = ½ σb εb = ½ E εb
2
. This 

can give valid values for Wex when the material is brittle and the stress-strain curve is an 

almost straight line. Since most of the conventional hydrogels are very brittle the above 

estimation can predict acceptable values for Wex. The work of extension is given in units 

of kJ/m
3
 or energy per unit volume.    

 

1.4. Mechanical Behaviour of Hydrogels  

Reported fracture energy values for typical hydrogels normally range from 0.1 to 10 

J/m
2
 [59, 60]. Considering that rubbers usually have much higher toughness (typically 

10
3 

–10
5 

J/m
2
) [61]. it is a challenging problem to enhance the mechanical properties of 

hydrogels. Yet hydrogels are simply solvent-swollen rubbers, so the deterioration in 

strength of gels compared to rubbers can be attributed to the action of the solvent. The 

degree of swelling of gels can be controlled through the strength of the polymer-solvent 

interaction and the crosslink density of the network. Figure 1.2 illustrates the 

relationship between measured toughness values (expressed as work of extension) and 

the swelling ratio (mass of swollen gel / mass of dry gel) for various types of hydrogel 

and gel could be found in the literature [62-70]. In the case of conventional hydrogels, it 

is clear that as swelling ratio increases the work of extension tends to decline sharply 

(approximately to the inverse square power). However, even within these chemically 
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simple single network gels, the toughness can vary greatly at the same swelling ratio. 

For example, conventional gels with a swelling ratio ~ 20 show Wex that vary over 3 

orders of magnitude. Clearly, factors other than simple swelling ratio also have a strong 

bearing on the gel’s toughness.  

 Modification of the gel structure to improve the toughness usually also affects the 

swellability. Inclusion of hydrophobic monomers in copolymer single network gels, for 

example, reduces their swellability and consequently improves the toughness. Of more 

practical interest are those newer gel systems that maintain a high swellability (>10) 

with a high toughness. Tough hydrogel systems possess work of extension more than 

10
3
 kJ/m

3
 with swelling ratio values around or higher than 10. In general, it seems that 

most of the recently introduced tough hydrogel systems can exhibit a work of extension 

of at least two orders of magnitude larger than a conventional hydrogel with the same 

swelling ratio. For instance, for a NC hydrogel with a swelling ratio of ~ 50 the work of 

extension is ~ 10
3
 kJ/m

3
 while for a conventional hydrogel with a similar swelling ratio 

the work of extension can range from 10 to less than 0.1 kJ/m
3
. DN gels tend to have 

lower swelling ratios (5 – 30) than NC hydrogels (25 – 70) and Wex that ranges from 10-

10
4
 kJ/m

3
 with no strong link apparent between swellability and toughness. The Wex of 

NC gels is consistent around 10
3
 kJ/m

3
 regardless of the swellability. PEG hydrogels 

made by click chemistry can reach a work of extension as high as 10
4
 kJ/m

3
 with a 

swelling ratio of ~ 10. These systems have similar performance to the best DN 

hydrogels.  

 The wide variation in Wex values for the various materials shown in Figure 1.2 

reflect the differences in stress-strain behavior of these materials. The tensile strength of 
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various hydrogels is plotted against their corresponding elongation at break in Figure 1.3 

and the hydrogel modulus is shown in Figure 1.4 [62-69, 71-86].  The Young’s modulus 

is a key property of gels with many applications exploiting the exceptionally low 

modulus values of these materials. For use as implant biomaterials, it is important that 

the implant matches the modulus of the surrounding tissue so as to avoid inflammation. 

The moduli of softest tissue like heart muscle is in the range of 20 – 500 kPa [87], which 

is similar to highly swollen hydrogels. Modulus is directly related to the swelling degree, 

initially decreasing due to chain dilution as the swelling increases but then increasing 

again at higher swelling due to full extension of the network chains. 

 As shown in Figures 1.3 and 1.4 conventional hydrogels such as PAA, PAAm, 

PNIPAM, etc. show brittle mechanical properties with elongation at break (εb < 50 %) 

and low strength (σb ~ 10 kPa). There are not many examples in the literature of tensile 

data for these conventional hydrogels, simply because they are too brittle for tensile 

testing. I have not included here the data from compression testing as the interpretation 

of such data is less straightforward (especially at high strains) than tensile tests. The 

moduli of these conventional gels are usually quite low (< 100 kPa) since they are 

normally formulated to give high swelling ratios and modulus tends to decrease with 

higher swelling. 

 For comparison, hydrogels based on biopolymers with no reinforcement structure, 

such as gelatin, alginate, and l-carrageenan usually have higher Young’s modulus (~ 300 

kPa), low to medium elongation at break (10 – 90 %) and low to medium strength (10 – 

500 kPa) giving similar work of extension (10 – 250 kJ/m
3
). Bio-gels with internal 

ordered structure, such as BC, collagen, or cell derived matrices (e.g. elastin reinforced 
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collagen), have higher modulus and strength (up to 2000 kPa), and low elongation at 

break (~ 20 %) giving medium work of extension (up to 300 kJ/m
3
).      

 

 

Figure 1.2. Work of extension of various hydrogels and gels vs. their swelling ratio. The 

non H-bonding hydrogels are the same as H-bonding hydrogels with no hydrogen 

bonding due to pH. The dashed line indicates the work of extension of 10
3
 kJ/m

3
. The 

dotted lines highlight the region with slope -2.  
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Figure 1.3. Tensile strength of various hydrogels and gels vs. their corresponding 

elongation at break. 

 

Figure 1.4. Work of extension of various hydrogels and gels vs. their corresponding 

Young’s modulus.  
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 Synthetic copolymer hydrogels with both hydrophobic and hydrophilic segments 

have higher tensile strength (50 < σb < 10
4
 kPa) than conventional, synthetic hydrogels 

but have similarly low elongation at break (εb < 100 %). Their reduced hydrophilicity 

limits the swelling ratio thereby increasing modulus (10
2
 -10

4
 kPa) compared to the 

more highly swollen conventional gels. The hydrogels with hydrogen bonding, e.g. 

PEG-PAA gels, have high tensile strength (~ 1 MPa), with an elongation at break of 

about 100 %.[64] Similarly, poly(dimethylsiloxane) (PDMS) IPN gels swollen in 

toluene exhibit similar Young’s modulus (370 – 1800 kPa) and work of extension (70 – 

730 kJ/m
3
).  

 The toughness of high swelling NC and DN hydrogels is derived from quite 

different mechanical properties in each case. NC hydrogels are characterised by their 

extremely high elongation at break (up to 4500 %) and low moduli (<100 kPa). NC 

hydrogels show a wide range of tensile strengths from quite low (10 kPa) to high (up to 

~ 1 MPa). The very high elongations of the strongest NC hydrogels give these materials 

a very high toughness with area under the tensile curve of up to ~ 6700 kJ/m
3
 [71]. For 

DN hydrogels, the tensile behavior depends on the constituent components, ranging 

from very brittle with εb ~ 5 % in PAMPS-TFEA DN [51]  to very tough with εb up to 

1700 % in some of the PAMPS-PAAm DN gels. These latter gels even demonstrate 

necking behavior associated with plastic deformation in tough plastics [65]. The tensile 

strength of all the DN gels is mainly around 1 MPa. Modulus values for DN hydrogels 

(10
2
 – 10

4
 kPa) are significantly higher than single network synthetic hydrogels (< 10

2
 

kPa). DN hydrogels based on BC exhibit the highest modulus due to BC’s ordered 
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internal structure (up to 23 MPa) with medium work of extension (65 – 330 kJ/m
3
), 

when samples were stretched along the stratified direction of BC [69]. 

 An interesting hydrogel system here is PEG-PAA IPN hydrogels with hydrogen 

bonding [64]. The IPNs were produced from a crosslinked PAA network within an end-

crosslinked PEG network. Because of strong interpolymer hydrogen bonding, 

considerably high tensile strength (σtrue ~ 2 – 12 MPa) and initial Young’s modulus (1 – 

19 MPa) could be achieved, with Wex of up to 2000 kJ/m
3 

[64]. Interestingly, the 

intermolecular hydrogen bonding can be turned on and off by immersing the gel in a 

solution of controlled pH. At high pH the acrylic acid moieties are deprotonated thereby 

disrupting the hydrogen bonding with PEG units. The deprotonation of the acid groups 

also causes a large increase in swelling. The result is a decrease work of extension due to 

the drop in strength and elongation at break while modulus remains almost unaffected.  

 To summarize the mechanical performance of hydrogels in relation to the other 

materials the fracture energy of different categories of materials including conventional 

hydrogels [60, 88-90], organo-glasses [91] and glasses, silica sonogels [59], polymers 

[92-96], rubbers [61, 97], metals and DN hydrogels [98-101] is plotted against their 

modulus in Figure 1.5. All the fracture energy data presented in this graph has been 

originally obtained from a proper fracture test. As a result, there is no data included for 

other types of new hydrogel systems since true fracture data is not yet available. 

Interestingly, the PAMPS-PAAm DN hydrogels occupy the gap between rubbers and 

conventional hydrogels, with the modulus ranging from 0.1 to less than 0.5 MPa and 

fracture energy between 100 and 4000 J/m
2
. 
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Figure 1.5. Fracture energy of various materials vs. their modulus. 

 

 Conventional hydrogels have the lowest modulus in Figure 1.5 (< 0.1 MPa), 

followed by DN hydrogels which have modulus in the same order as some of 

biopolymers but with the former showing much higher fracture energy. The modulus of 

rubbers mainly fall between 10 and 100 MPa, followed by plastics (10
2
 < E < 10

4
 MPa), 

glasses (~ 10
5
 MPa) and metals (10

4
 MPa <). Although the fracture energy of PAMPS-

PAAm DN hydrogels can not reach that of rubbers (>10
3
 J/m

2
 ), it is in the same order as 

that of unreinforced conventional plastics (~ 10
3
 J/m

2
).   
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1.5. Tough Hydrogels 

1.5.1. Topological Hydrogels 

In 2001, Okumura and Ito [49] reported a new type of hydrogels based on PEG chains 

and α-cyclodextrin (α-CD) cyclic molecules. In their system, α-CD cyclic molecules 

were threaded by long chains of PEG capped with bulky end groups. To obtain the gel, 

α-CD molecules were chemically crosslinked by cyanuric chloride to achieve a structure 

similar to the illustration in Figures 1.6a and 1.6b. The structural model in Figure 1.6c 

suggests a slide-ring gel, in which the crosslinkers are able to slide along the polymer 

chians (pulley effect), providing high extensibility and swelling ratio (~ 400) [49]. It was 

shown that in contrast to elongated conventional crosslinked networks in which an 

abnormal butterfly-pattern [102-104] appears in scattering measurements representing 

increased spatial inhomogeneities due to stretching [105], a normal butterfly pattern 

forms for TP gels under uniaxial elongation [106].  

 Furthermore, SAXS results revealed that in poor solvent when the sliding 

crosslinks aggregate the pulley effect suppresses and an abnormal butterfly-pattern 

appears in SAXS measurements of these gels [107]. Based on these experimental 

evidences it is clear that when the crosslinks are not aggregated and are able to move 

freely, the polymer chains will orient under a uniaxial elongation in a similar way as the 

polymer chains would align in a flow field (Figure 1.6c). 
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Figure 1.6. Schematic drawing of a polyrotaxane with a) a polymer chain (PEG) 

threading the cyclic molecules (CD) and end capped with bulky end groups; b) after 

crosslinking of CD cyclic molecules to form the TP gels; c) pulley effect of cyclic 

molecules and polymer chains under tension.  

 

 To explain the elasticity of TP hydrogels a simple model was proposed by Koga 

and Tanaka [108]. They treated the TP hydrogels as a network with tri-functional sliding 

junctions. A simulation technique based on Brownian dynamics was used, adopting 

bead-spring model chains. The elastic force between two adjacent beads along a chain 

was described with a nonlinear elastic potential. To model the sliding crosslinks a slip-

link connection was assumed between chains. This slip-link could move along the chain 

and interact with beads of that chain. Similar elastic filed was used for the interaction of 
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slip-links and beads. The simulation could successfully present a qualitative stress – 

strain curve for non-slip model (chemically crosslinked chains) and slip model (TP gels), 

where higher elongation at break was predicted for TP gels (Figure 1.7). Interestingly, 

the simulation showed that the slip-links aggregate during the elongation and the 

distribution of these aggregated clusters would change as the extension ratio increases, 

while larger clusters would obtain at higher extension ratio [108].    

 

1.5.2. Organic – Inorganic Nanocomposite Hydrogels 

The organic – inorganic nanocomposites consisting of an organic polymeric matrix and 

inorganic nanoparticles were introduced in 1985 as the first nylon6-clay hybrid.[109]  In 

2002, Haraguchi and Takehisa[50] introduced a nanocomposite hydrogel by supposedly 

initiating the polymerisation of NIPAM monomers from the surface of exfoliated 

hectorite clays without using any chemical crosslinking agent (Figure 1.8).  

 The exfoliated clay platelets were regarded as crosslinking linkages and the 

resulting hydrogels exhibited very high elongation at break. Higher mechanical 

properties were achieved by optimizing the clay content [71], and monomer composition 

[73, 110]. In general, NC hydrogels exhibit very high elongation at break in tensile test 

(εb > 1000 %), with tensile strength of 10 – 1000 kPa and modulus of 1 – 50 kPa. 

Compression strengths are typically higher than tensile strengths at about ~ 1 – 5 MPa 

[74], and the addition of a small amount of a chemical crosslinking agent was shown to 

further enhance the compression strength of PNIPAM NC hydrogels to more than 5 MPa 

[111].  
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Figure 1.7. Uniaxial stress-extension curve for a) topological gel (slip-link) and b) 

chemically crosslinked gel (fixed-link) [108]. 

 

 

Figure 1.8. Schematic illustration of a NC hydrogel’s structure. Polymer chains connect 

the neighboring clay platelets separated with an average distance of dc. 
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  Based on experimental evidences, it is believed that the crosslinking structure 

within these NC hydrogels is more homogeneous than their chemically crosslinked 

analogues [50, 72, 74]. As a results, the hydrogels can experience very high elongation 

at break in a tensile test. Evidence of the homogeneous structure include: (1) minimal 

changes in transparency of NC hydrogels prepared at a polymerisation temperature Tp 

above the LCST of PNIPAM (in contrast to opaque chemically crosslinked PNIPAM 

hydrogels when Tp > LCST); (2) very high elongation at break with almost complete 

recovery of largely deformed samples; (3) no significant change in glass transition 

temperature Tg of PNIPAM in NC hydrogels when clay content varies (in contrast to 

considerable changes in chemically crosslinked samples when crosslinking ratio 

changes); and (4) remarkable enhanced deswelling rate of PNIPAM NC hydrogels when 

temperature increases above LCST in comparison to similar-sized chemically 

polymerized PNIPAM.    

 The initial model suggested to explain the mechanical behavior of NC hydrogels 

was based on the classic rubber elasticity [50], where the chains between the clays were 

assumed to be in their rubbery state. Using the classic rubber elasticity theory equation 

[112], the tensile stress σ is related to the extension of the sample λ by: 

𝜍 = ΦN∗kT  λ −  1
λ  

2

                     (1.3) 

where Ф is a front factor (Ф = (rj)
2
/(rf)

2
, rj and rf are the distance between the network 

junctions in swollen state and end-to-end distance of the network chains, respectively), 

and N
*
 is the number of network chains per unit volume in swollen state. N

*
 is 

approximately related to the molecular weight between crosslinks Mc by [72]: 
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𝑁∗~𝜌∗
𝑁𝐴

𝑀𝑐
                    (1.4) 

here ρ
*
 is the density of polymer in swollen state and NA is Avogadro’s number. By 

using equations 1.3 and 1.4 and tensile data of NC hydrogels, Mc and N
*
 can be 

calculated. If the clay is completely exfoliated then the number of separated clay 

platelets per unit volume n can then be estimated as well. Consequently, the number of 

crosslinked chains per each clay platelet can be calculated as: N
*
/n. This number is 

reported to increase with clay concentration, ranging from ~ 50 to ~ 120 [72]. This 

analysis provides evidences for the clay particles acting as multiple crosslinking sites for 

the polymer network. 

 Although the rubber elasticity model is very successful in explaining some of the 

tensile properties of NC hydrogels, it does not consider the possible effects of clays on 

the mechanical properties. For instance, a considerable tensile hysteresis was observed 

for PNIPAM NC hydrogels [67, 113] and NIPAM-co-sodium acrylate copolymer NC 

hydrogels,[76] when the gels were stretched up to 800 % (well below their failure 

elongation). On the other hand, PAAm NC hydrogels exhibited smaller tensile hysteresis 

with elastic recovery of ~ 95 % [67]. The differences in behavior was related to the 

molecular structure of polymer chains, where PNIPAM has bulky hydrophobic side 

groups which do not exist in PAAm case [67]. However, it was shown that a full 

recovery is possible even for PNIPAM NC hydrogels after a certain time, depending on 

the clay content [74]. A fast recovery (< 1 min) was observed for PNIPAM NC 

hydrogels with initial elongation of 900 % when clay content was small, while a slower 

time-dependent recovery was experienced when clay content was medium, with full 
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recovery after less than 24 h [74]. For higher clay contents a “pseudo-permanent” strain 

remained even after 14 days. Based on these experimental observations, a four-element 

mechanical model comprising of two springs (E1 and E2), and two dashpots (η2 and η3) 

was adopted (Figure 1.9). In this model, the dashpot η2 and spring E2 provide the 

viscoelasticity feature of the hydrogels, while the spring E1 models the elastic behavior 

of polymer chains and dashpot η3 models the permanent strain that occurs in some 

samples.  

 A three-element model with two springs and one dashpot was also presented 

elsewhere [114]. A simple structural model has been proposed to explain the recovery 

behaviour of NC hydrogels after elongation [74]. It was assumed that when clay content 

is more than a certain value, the clay platelets would be aligned parallel to the direction 

of elongation. Then, after the release of stress and as a result of high clay content, the 

clay platelets will partially retain their orientation as well as their residual strain. In 

lower clay content case, however, the orientation of clay platelets under the tension is 

not significant and it does not last for long after the force was removed. Figure 1.10 

illustrates a schematic picture for this mechanism [74]. To support this model, the SANS 

experiments showed an abnormal butterfly-pattern in the low q regions (q < 0.02 Å
-1

) 

originated from the orientation of clay platelets during the deformation, which is 

different to the abnormal butterfly-pattern assigned to crosslinking inhomogeneities 

[114, 115].     
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Figure 1.9. Four-element mechanical model. 

 

 

Figure 1.10. Schematic illustration of the structural model for a NC hydrogel with a) 

low clay content and b) high clay content. The model shows (I) an as-prepared NC 

hydrogel, (II) the elongation process and (III) the recovery of NC hydrogel after the test 

[74]. 
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1.5.3. Double Network Hydrogels 

Double network hydrogels were introduced by Gong et al. [51] in 2003, with 

considerably high compression strength while the hydrogels could maintain high 

swelling ratio (60 – 90 wt%). In general, DN hydrogels consist of two interpenetrating 

networks independently prepared and crosslinked. The “first network” hydrogel is 

usually more highly crosslinked than the “second network” which is loosely crosslinked 

or sometimes not crosslinked at all [116]. For substantial improvement in the toughness, 

the molar ratio of the second network to the first network has to be in the range of 

several to a few tens [51].  

 Although the most impressive enhancement in the compression strength of 

hydrogels was obtained when the first network was a rigid polyelectrolyte and the 

second network was a flexible neutral polymer, there have been several different 

interpenetrating polymer network (IPN) systems, reported in the literature as DN gels. 

Table 1.1 lists various IPN hydrogels with structures similar to the first series of DN 

hydrogels. In Table 1.1, the classic DN hydrogels made from a charged first network and 

a neutral second network show the highest improvement in their compression strength 

[51]. For example, in PAMPS and PAAm case a significant improvement in 

compression strength was obtained (σb,DN ~ 17.2 MPa, σb,PAMPS ~ 400 kPa). 
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Table 1.1. Various IPN hydrogels inspired by the first double network (DN) systems.  

Material Q 
   Tensile                  Compression 

σb (MPa)       εb            E (MPa)      σb (MPa)          εb             E (MPa)   
Ref. 

PVAa-PAMPS-PAAm DN 

PAMPS-PAAm DN 

12.5 

10 

0.6 

1.2 

10 

14 

- 

- 

- 

- 

- 

- 

- 

- 

[117]
 

PAAm-PEDOT-PSS DN 

PAAm SNb 

7.7 

14 

- 

- 

- 

- 

- 

- 

0.275 

0.1 

0.65 

0.50 

- 

- 

[118]
 

BC-PAAm DN 4 2.5 1.0 2.5 4 0.35 1 [119]
 

PAMPS-PAAm  ultra thin DN 10 2.25 12 - - - - [120]
 

Silica gel-PAAm DN 

Silica gel 

5.9 

4.2 

- 

- 

- 

- 

- 

- 

0.392 

0.2 

- 

- 

- 

- 

[121] 

Chitosan-PVAc - - - - - - - [122]
 

PVA-PEGd1 

PVAd1 

PVA-PEGd2 

PVAd2 

- 

- 

- 

- 

- 

- 

6.10 

1.51 

- 

- 

3.07 

4.34 

- 

- 

0.16 

0.03 

0.718 

0.213 

25.15 

3.03 

- 

- 

0.95 

0.90 

7.156 

1.194 

29.71 

1.49 

[84]
 

PAA-PAA-PEDOT TNe 

PAA-PAA DN 

PAA SN 

12.5 

7.7 

10 

0.042 

0.0225 

- 

0.90 

0.65 

- 

- 

- 

- 

1.8 

0.6 

0.1 

0.8 

0.6 

0.35 

- 

- 

[123]
 

PBDT-PAAm DN 

 

PBDT SN 

PAAm SN 

33 

 

33 

- 

0.450 

axial 

0.150 

verti. 

0.055 

- 

20 

20 

0.70 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

[124] 

PHA-PDMAAm DN 

PHA SN 

14 

50 

- 

- 

- 

- 

- 

- 

5.5 

0.3 

0.85 

 

0.508 

0.045 

[125]
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Material Q 
   Tensile                  Compression 

σb (MPa)       εb            E (MPa)      σb (MPa)          εb             E (MPa)   
Ref. 

PNVA-PNVA DN 

PNVA SN 

PNVA-PAAm DN 

PAAm SN 

9.9 

14.4 

9.0 

9.1 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

1.6 

0.51 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

[126]
 

PSBMA-PSBMAf1 

PSBMAf2 

1.4 

2.5 

- 

- 

- 

- 

- 

- 

0.595 

0.350 

0.57 

0.42 

0.198 

0.269 

[127]
 

PEG-PAA DN 

PEG SN 

PAA SN 

5 

10 

10 

3.4 

0.250 

0.111 

1.05 

0.6 

1 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

[64]
 

PDMAPS-PAAm DN 

PDMAPS SN 

PAAm SN 

3.8 

2.2 

22.2 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

15.8 

11.2 

1.6 

[128]
 

PAMPS-PAAm DN 

PAMPS-PDMAAm DN 

BC-PDMAAm DN 

BC-Gelatin DN 

10 

16.7 

6.7 

4.5 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

17.2 

3.1 

2.9 

3.7 

0.92 

0.73 

0.50 

0.37 

0.33 

0.20 

1.6 

1.7 

[129, 

130] 

PAMPS-PAAm DN 

PAMPS-PAAm TNg1 

PAMPS-PAAm DN-Lg2 

6.6 

5.7 

6.6 

- 

- 

- 

- 

- 

- 

- 

- 

- 

4.6 

4.8 

9.2 

0.65 

0.57 

0.70 

0.84 

2.0 

2.1 

[131] 

BC-Gelatin 50 wt% DN 

Gelatin 50 wt% SN 

BC SN 

BC-Gellan gum DN 

Gellan gum SN 

BC-Sodium Alginate DN 

Sodium Alginate SN 

BC-l-Carrageenan DN 

l-Carrageenan SN 

3.1 

3.8 

120 

27 

42 

20 

22 

30 

158 

3.8 

0.18 

2.2 

1.2 

0.16 

2.2 

0.6 

0.5 

- 

0.28 

0.10 

0.21 

0.30 

0.11 

0.30 

0.89 

0.26 

- 

21 

1.8 

2.9 

2.3 

1.4 

6.7 

0.37 

1.8 

- 

5.3 

1.2 

- 

- 

0.47 

- 

- 

- 

- 

0.44 

0.37 

- 

- 

0.60 

- 

- 

- 

- 

3.9 

1.2 

0.007 

0.38 

0.62 

0.61 

0.14 

0.12 

0.009 

[69] 
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Material Q 
   Tensile                  Compression 

σb (MPa)       εb            E (MPa)      σb (MPa)          εb             E (MPa)   
Ref. 

PAMPS-PAAm DN 

PAMPS-PAMPS DN 

PAMPS-PAA DN 

PAMPS-TFEA DN 

PAMPS SN 

PAA-PAA DN 

PAA-PAAm DN 

PAA SN 

PAAm-PAAm DN 

PAAm SN 

AMPS-co-TFEA-PAA DN 

AMPS-co-TFEA SN 

Collagen-PDMAAm DN 

Collagen SN 

Agarose-HEMA DN 

Agarose SN 

BC-Gelatin DN 

BC SN 

10 

14 

12.5 

2.1 

12.5 

20 

9.1 

100 

12.5 

14 

14 

20 

7.7 

14 

2.3 

25 

4.5 

- 

- 

- 

- 

1.6 

0.006 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

0.05 

0.001 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

17.2 

3.0 

2.3 

- 

0.4 

0.7 

2.1 

0.1 

5.4 

0.7 

21.0 

0.03 

2.9 

0.26 

2.4 

0.02 

3.7 

- 

0.92 

0.80 

0.75 

- 

0.41 

0.77 

0.95 

0.65 

0.92 

0.98 

0.97 

0.73 

0.53 

0.52 

0.87 

0.20 

0.37 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

[51] 

a
 PVA is used as an internal mold; 

b 
SN: single network; 

c 
physical crosslinking, mechanical 

properties reported for semi-dry samples; 
d1

 freeze-thawing cycle: 5, 
d2

 freeze-thawing cycle: 3; 
e 

TN: triple network; 
f1

 first network is chemically crosslinked, second network is physically 

crosslinked, 
f2

 chemically crosslinked; 
g1

 third network: crosslinked PAMPS, 
g2

 DN-L: DN with 

a third  linear PAMPS structure. 

 

 Amongst various DN hydrogels in Table 1.1, one category belongs to DN gels 

based on bacteria cellulose (BC) as the first network, and a second network made from a 
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natural or synthetic polymer [51, 69, 119, 129, 130]. The zwitterionic DN hydrogels 

made from a chemically crosslinked poly(sulfobetaine methacrylates) (PSBMA) as the 

first network and a physically crosslinked second network of a similar polymer was also 

reported showing some improvement in their compression strength [127]. Thin DN 

hydrogels were developed from PAMPS and PAAm with thickness ranges from ~ 30 to 

~ 110 μm when fully swollen in water [120]. These thin DN hydrogels offer high tensile 

elongation (εb > 1000 %), high tensile strength (σb > 2 MPa), and high tearing energy (G 

> 600 J/m
2
).  

 The important structural factors that control the enhancement of PAMPS-PAAm 

DN hydrogels as the most studied system in this category were described to be the molar 

ratio of second network to the first network, and the crosslinking ratio of each networks 

[51]. The former parameter was shown has to be more than 10 to achieve high 

compression strength in mechanical tests [51]. Also, viscosity measurements of the 

aqueous PAMPS/PAAm solution showed a maximum in zero-shear viscosity when the 

molar ratio of PAMPS to PAAm was between 1:15 and 1:3 [132, 133]. This maximum 

was independent of the total concentration, and the range of two networks molar ratio 

within which the viscosity peaks is approximately similar to the range where the 

mechanical properties begin to enhance considerably. In terms of crosslinking content, 

in an early report it was shown that the toughest PAMPS-PAAm DN hydrogel is 

obtained when there is no crosslinking agent added to the second network [116]. 

However, in a succeeding report on truly independent PAMPS-PAAm DN gels, where 

no covalent bond exists between two networks, the fracture strength of samples with 

linear PAAm chains as the second network was shown to be much lower than those with 
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a critical amount of crosslinking density (~ 0.01 mol%) [99]. To explain this finding, it 

was suggested that even when there is no crosslinking agent in the second network 

monomer solution there are some active double bonds remaining in the first network 

from half-reacted bi-functional crosslinking agents that could participate in the second 

network polymerisation. In general, to obtain an optimum toughness a minimum amount 

of crosslinking is essential to exist in the second network just to form a substantial 

network inside the first network [99].  

 To explain the toughness of IPN systems consisting of two “energetically 

independent” networks made from a stiff first network and a soft second network, 

Okumura [134] proposed a model based on the properties of each individual network 

(modulus, mesh size, maximum stress) as well as the IPN composition. Although the 

predicted fracture energies for DN hydrogels predicted by this model fall in the range of 

experimental values, some of the assumptions in this model such as the two networks 

being energetically independent seem to be incorrect for most of DN gels, as explained 

in the literature [99, 135]. Moreover, the necking phenomenon has been reported for 

some of the DN hydrogels [65, 66, 136]. Also, large hysteresis was exhibited by 

PAMPS-PAAm DN gels in the first loading cycle of uniaxial tension and compression 

tests [137]. In another series of experiments, the tearing test suggested that G in DN gels 

hardly depends on crack velocity V, which indicates that the anomalously high fracture 

energy of DN gels cannot be explained by the well-known toughening mechanisms of 

soft-polymer systems [101]. Based on these experimental observations, Brown [138] and 

Tanaka [139] independently proposed a similar phenomenological model to explain the 

toughness of DN gels. In both models, the crack propagation was considered to occur in 
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two stages. First, the cracks initiate within the brittle first network, which has higher 

degree of crosslinking and is already fully stretched due to the swelling stage of the gel 

preparation process. As a result of this failure in the brittle network, the cracks would be 

bridged by the second network (Brown’s model) or by the second network polymer 

chains attached to the fractured fragments of the first network (Tanaka’s model). In both 

models the damaged zone is very soft and elastic. In Tanaka’s model, the fragments of 

the first network in the damaged zone play a role similar to crosslinkers in the second 

network [139, 140]. However, it is hard to quantify to what extent the fragments will 

affect the model. Supporting Tanaka’s and Brown’s model that are based on the 

occurrence of a damaged zone around the crack, microscopic images from the crack tip 

in a PAMPS-PAAm DN gel clearly showed a damaged area developed around the crack 

tip as presented in Figure 11.1a [141]. It was shown that the size of this damaged zone (h 

~ 100 – 800 μm) has a linear relation with the recorded fracture energy in the tearing test 

(Figure 1.11b). Moreover, AFM measurements conducted on PAMPS-PAAm DN gels 

determined that the local Young’s modulus right below the fracture surface is very close 

to the bulk modulus measured after the yielding deformation [142], proving the 

formation of a damaged zone with physical properties similar to the soft network. 

 Mont Carlo simulation [143] and full atomistic molecular dynamic (MD) 

simulation [144] were used to investigate the DN hydrogels structure. The MD 

simulations of a PEO-PAA DN hydrogel with 76 wt% water content showed that the 

effective mesh size of the DN gel is smaller than the corresponding SN components with 

the same water content. The stress-strain curve obtained by MD simulations also 
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suggested a sudden increase in stress above 100 % strain, where the PEO first network 

in the DN is fully stretched due to its smaller Mc [144]. 

 

                          

Figure 1.11. The role of damaged zone in toughness of the DN gels: a) an image taken 

with a 3D violet laser scanning microscope, showing the thickness of damaged zone h; 

b) the fracture energy of DN gels as a function of h [141].  

 

1.5.4. Hydrogels with Hydrogen Bonding 

As mentioned previously, most of the DN hydrogels with enhanced compression 

strength and necking in tensile test are made from a polyelectrolyte first network and a 

neutral second network. Indeed, a fully stretched rigid polyelectrolyte first network was 

suggested to be one of the main conditions to achieve an optimal DN gel [116]. Also 

SANS data showed that there might be favourable interactions between the PAMPS first 

network (polyelectrolyte) and the PAAm second network (neutral polymer) in a 

PAMPS-PAAm DN hydrogel [135]. This interaction was suggested to be due to the 

polarisable neutral polymer chains in a polar solvent such as water which makes them 
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liable for weak electrostatic interactions with polyelectrolyte chains. However, none of 

these interactions are as strong as the hydrogen bonding between two polymer chains. 

The IPNs formed by crosslinked PAA within an end-linked PEG network performed 

considerable enhancement in their tensile properties with strain-hardening [64]. The 

interaction between these two networks is due to the hydrogen bonding [145] that is also 

pH sensitive. In this example, the first network was a neutral polymer end-linked via 

acrylate end groups. Here, the chain length of the starting PEG chains determines the 

mesh size of the first network. Unlike traditional DN hydrogels with tightly crosslinked 

first network, the PEG network was less crosslinked with an equivalent crosslinking 

degree of less than 2.6 mol%, compared to ~ 4 mol% in usual PAMPS-PAAm gels. 

Similarly, the second network PAA was more crosslinked (1 mol%) than its PAAm 

counterpart in a PAMPS-PAAm gel (0.1 mol%). Again, unlike PAMPS-PAAm gels, the 

water content varied significantly with pH from ~ 60 wt% at acidic pHs to ~ 90 wt% at 

more neutral pHs [64]. No necking was observed in PEG-PAA IPN gels while the 

tensile mechanical properties were sensitive to pH. Although considerably high true 

stress (2.0 – 12.0 MPa) and initial Young’s modulus (1.0 – 19.0 MPa) was reported for 

these hydrogels [64], it is not clear if the molar ratio of the two networks satisfies the 

high molar ratio condition of traditional DN gels. In fact, since the hydrogen bonding 

carboxylic groups of PAA and repeating units of PEG ([AA]:[EG]) takes place in an 

equimolar fashion [146] up to a 1:3 ratio [147], and because of this fact that the PEG 

network does not swell in AA monomer as much as a polyelectrolyte might do in a 

neutral monomer solution, the final molar ratio of PEG and PAA could be close to 1:1. 

The drop in tensile mechanical properties as pH increases also suggests a weaker IPN 

system at high pHs when there is no hydrogen bonding between the two networks. On 
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the other hand, by replacing the PAA network with a neutral polymer such as PAAm the 

resulting IPN hydrogel exhibits much lower mechanical properties (σb ~ 0.2 – 1.2 MPa) 

[85], which is similar to that of a PEG-PAA IPN hydrogel at high pHs (σb ~ 0.8 MPa at 

pH ~ 6). A similar strain-hardening was observed in PEG-PAAm case, with an 

increasing tensile strength with PAAm concentration. The strain-hardening phenomena 

is expected when chains are fully stretched, similar to rubbers, but the higher mechanical 

properties of PEG-PAA gels (compared to PEG-PAAm), along with pH sensitivity 

suggest that hydrogen bonding plays a central role in such systems.     

 

1.5.5. Click Chemistry Hydrogels 

Click chemistry [148, 149] is one of the new synthesis techniques that has been used to 

fabricate hydrogels [55, 150-156]. Click chemistry is known to be one of the strategies 

to produce uniform polymers and polymer networks [157]. Uniform PEG-based 

hydrogels with improved mechanical properties were synthesized using azide/acetylene 

coupling click reaction [55]. The well-defined networks of PEG hydrogels obtained by 

this method had very high elongation at break (400 < εb <1600 %) with high true tensile 

strength (680 < σb < 2390 kPa). It was shown that both tensile properties and swelling 

ratio of these hydrogels depend on the length of PEG chains, where εb, σb and swelling 

ratio increase with PEG chain length. The swelling ratio for a hydrogel with εb ~ 1550 % 

and σb ~ 2.4 MPa was measured ~ 12 [55]. The PEG hydrogels that were produces by 

click chemistry exhibited much higher tensile mechanical properties than those prepared 

by photopolymerisation (σb ~ 70 – 160 kPa, εb ~ 50 – 150 %) [55].     
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1.5.6. Macromolecular Nano/Microsphere Composite Hydrogels 

Another type of hydrogels with enhanced mechanical properties is those made from 

nano – micro-sized spheres acting as crosslinking. Macromolecular microspheres 

(MMS) with active surfaces were used to form surprisingly tough hydrogels [57, 70, 

158]. Microspheres made from styrene, butyl acrylate and AA were prepared in an 

emulsion polymerisation, followed by γ-irradiation in the presence of oxygen to 

introduce peroxides onto the surface of microspheres (Figure 1.12) [57]. These active 

microspheres then were used as both initiator and crosslinking agent to polymerize AA 

monomers. Very high compression stresses ranging from 1 to 20 MPa was reported with 

full strain recovery in many cases, while the maximum compression strength measured 

was ~ 78 MPa for a hydrogel with 70 % water content [57]. Depending on the 

composition of hydrogels, the water content changed between 70 and 90 wt%, affecting 

the mechanical properties accordingly [57]. 

 

 

Figure 1.12. A schematic illustration of the formation of a macromolecular microsphere 

gel [57].  
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 Cationic PS (C-PS) nanosphers (~ 100 nm) were used to fabricate a PAAm-based 

hydrogel, where C-PS nanospheres were acting as the crosslinkers [70]. High swelling 

ratio (up to 75) and compression strength (~ 40 MPa) was achieved. These hydrogels 

had tensile behavior similar to that of NC hydrogels with high elongation at break (up to 

5000 %) and maximum reported tensile strength of around 1 MPa [70]. In another 

example, nano-sized spheres (~ 300 nm) were prepared from AAm and AMPS 

monomers crosslinked with MBAA, followed by substituting some of the amide groups 

of the surface with double bonds [158]. These nanospheres with double bonds on the 

surface were used as the crosslinking agent to form the final hydrogels. Depending on 

the nanospheres level in the final hydrogels composition, the compression strength of 2 

to 4.60 MPa was reported, with tensile strength of 190 – 270 kPa and elongation at break 

of 420 – 550 %. A similar concept was used to make a two network hydrogel consisting 

of a microgel network with grafted copolymer chains of AA and acryloyloxyethyl 

trimethyl ammonium chloride and AAm onto the PNIPAM-poly(vinyl amine) spheres 

while  the other network was ungrafted copolymer chains [159]. Again, high 

compression strength was reported (5 – 30 MPa) depending on the composition of 

hydrogels. Similarly, poly(NIPAM-co-AA) microgels were prepared and used to 

crosslink poly(NIPAM-co-AA) hydrogels [160]. These hydrogels were demonstrated to 

be pH and temperature sensitive. Biodegradable and biocompatible starch-based 

nanospheres were also prepared from the self-assembly of acetylated allylic starch 

macromolecules [161]. The AAm hydrogels were prepared using these starch-based 

spheres as the crosslinking agent. Compression strength as high as ~ 30 MPa with 

fracture strain of ~ 90 % was reported in some cases for this hydrogel.     
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1.5.7. Tetrahedral PEG Hydrogels 

Another method to form a uniform hydrogel network with enhanced mechanical 

properties is to combine two star-shaped polymers with symmetrical arms of the same 

size, where the tetrahedron macromonomers can react with each other via the functional 

groups on the end of their arms [56]. Maximum compression strength of 2.5 MPa was 

obtained for a gel made from two PEG-based tetrahedral-like macromonomers with 

amine and succinimidyl ester functional groups when the stoichiometric ratio of the two 

macromonomers was 1. The SANS measurements confirmed that the network structure 

is uniform, and the structural defects start to increase as the ratio of two macromonomers 

deviates from stoichiometric condition [162]. It was found that the formation of 

topological defects, e.g. entanglements and loops, are negligible in these networks [163], 

and regardless of the initial concentration of macromonomers the characteristic length of 

the final swollen state remains constant and is related to the length of arms [164]. It is 

worth to mention that although SANS, DLS and SLS measurements provided evidences 

of an extremely uniform network, there were some examples of defects due to the 

imperfect formation of networks in tetrahedron PEG stars with shorter arms [164].      

 

1.5.8. Hydrophobic Association Hydrogels 

Hydrophobic association hydrogels (HA) are mainly prepared by micellar 

copolymerisation of conventional hydrophilic monomers with small amount of 

hydrophobic comonomers, where the latter will form the hydrophobic micelles. These 

micelles, resulting from self-assembly of hydrophobic groups attached to the hydrophilic 
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backbone, will then act as the crosslinking points to form the hydrogel network. The 

backbone of these hydrogels can be made from any hydrophilic monomer, such as 

acrylamide [165-168] or acrylic acid [169, 170], and the network can be formed without 

any chemical crosslinking agent or with the aid of an additional crosslinking comonomer 

[167]. The molecular structure of some of the hydrophobic monomers is illustrated in 

Figure 1.13.  

 

Figure 1.13. Molecular structure of some of the hydrophobic comonomers used in HA 

hydrogels: a) octylphenol polyoxyethylene acrylate, b) n-alkyl acrylate, c) N-alkyl 

acrylamide, and d) N,N-dihexyl acrylamide. 

 

 In general, the HA hydrogels are not as strong as other previously mentioned 

hydrogels showing a tensile strength of 50 – 200 kPa, elongation at break of 1000 – 

2500 % and modulus of 2 – 10 kPa [58, 166]. The HA hydrogels obtained without using 

any chemical crosslinking agent could exhibit an interesting self-healing feature [58, 
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166]. The self-healed specimen could retain its high elongation at break but performed 

slightly poorer than the uncut sample. Moreover, the HA hydrogels were shown to have 

the capability of being re-molded and forming the shape of their new mold [58, 168]. 

The self-healing and re-molding characteristics of these hydrogel indicate that the 

micelles can rearrange themselves and form new micellar structure during the molding 

or self-healing.   

  

1.6. Toughening Mechanisms 

An understanding of the enhanced toughness of DN gels, NC gels, topological gels and 

homogenous networks can be approached by first considering the reasons for the low 

toughness of conventional hydrogels. The Lake-Thomas description of fracture in 

rubbers [171] predicts the minimum fracture energy and involves a process where the 

network strands that span the crack plane are fully extended and subsequently fractured 

as the crack propagates. The toughness is determined by the energy dissipated during 

crack growth and involves the energy stored during the full extension of each strand. 

Rubber toughness increases with increasingly long network strands or as the crosslink 

density of the network decreases. In real rubbers the actual toughness is further 

increased by other energy-dissipating mechanisms such as visco-elastic interactions and 

melting/crystallisation [138]. The toughness of hydrogels is small compared with 

rubbers since the solvent swelling already stretches the network strands considerably and 

there are fewer network strands per crack area. The solvent in the gel also limits the 
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energy dissipation due to viscoelasticity [172]. Consequently, little external energy is 

needed to cause bond fracture, microcrack formation and crack propagation.  

 Network inhomogeneity further reduces the strength of gels [137], but also allows 

for the improvement in gel strength through the careful preparation of homogeneous 

networks, as described above. The principal problem with heterogeneously crosslinked 

gels is that cracks will form in the more highly crosslinked parts of the network where 

network strands are fully extended first. Figure 1.14a shows a simple 2-D picture of a 

homogeneously crosslinked network whereby a crack can continuously propagate 

through the hydrogel. Real heterogeneous networks will be more complicated than 

shown in Figure 1.14a and it is possible that crack initiation could occur in many 

isolated, more densely crosslinked regions, therefore, lower toughness (Figure 1.14b). 

Whether such microcracks coalesce into a propagating macro-crack ultimately 

determines the toughness of the material. Certainly, it is readily appreciated that in a 

homogeneously crosslinked network there will be no favoured sites for micro-crack 

formation and no “paths of least resistance” for crack propagation. At least qualitatively 

it can be appreciated that such homogeneous networks should be more resistant to 

fracture than equivalent heterogeneous network of same average crosslink density. 

Further, the “slip-knot” type crosslinks that occur in topological gels allow the crosslinks 

to move so that the loaded network is evenly stressed. The topological networks act like 

homogeneously crosslinked systems. 

 The toughness imparted by DN gels appears to be related to the stabilising ability 

of the second network to prevent propagation of microcracks in the first network [137, 

138]. The more tightly crosslinked first network inevitably fails first and likely forms 
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micro-cracks in a similar manner to a single network gel. Unlike the latter, however, 

micro-cracks can be stabilised by the unfractured second network strands that span the 

microcrack. The micro-cracks do not immediately coalesce and propagate as a macro-

crack. Instead, new micro-cracks open up within other regions of the first network. 

These, too, are stabilised by the second network and the continued loading of the gel 

results in a “damage zone” around stress concentrators, like crack tips. The larger the 

damage zone and the more stable microcracks that form, the greater is the energy 

absorbed prior to failure and so the toughness is enhanced. 

 

 

Figure 1.14. Fracture of a a) homogeneous and b) heterogeneous network. The dashed 

line shows the plane of fracture with circles representing the higher crosslinked areas 

[137].   

 

 NC gels and similar systems may provide a similar toughening mechanism to that 

seen in DN gels. These systems are characterised by crosslinking sites that involve 
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multiple network strands and the proabability that multiple strands span neighbouring 

crosslink sites. Upon loading it is likely to be the shorter strands between crosslinks that 

fail first. As with DN gels, microcrack propagation may be prevented by unfractured 

network strands that link the same crosslink points. Thus, micro-cracks are stabilised 

and damage zones may form in which considerable energy dissipation can occur. 

 The toughness of any system must be related to molecular (or atomic) processes 

that cause dissipation of elastically stored energy during crack propagation. The more 

energy dissipated, the greater the toughness. Presented above are plausible explanations 

for the enhanced toughness of homogeneous networks, DN gels and NC gels. It should 

also be noted that visco-plastic energy dissipation mechanisms may also contribute to 

gel toughness. Indeed, it is shown that the toughness of gelatin, a common physically 

crosslinked gel, is likely influenced by frictional sliding processes between polymer 

chains and the solvent [173]. Such behaviour is evident by increasing fracture energy 

with increasing crack velocities and is demonstrated by gelatin gels. Interestingly, little 

dependence of fracture energy on crack velocity has been noted for some DN gels [100] 

indicating that visco-plastic deformation is not prominent in such systems. It remains to 

be determined whether further toughness enhancement of gels is possible through the 

introduction of multiple toughening mechanisms in a single gel system. 

 

1.7. Tough Conductive Hydrogels 

Conductive hydrogels hold significant promises in drug release, bioactive electrode 

coating, and actuators [174-176]. Combining the physical and mechanical properties of 
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hydrogels with the electrical activity of an electroactive component can create unique 

opportunities for the next generation of materials. However, in many cases, conductivity 

is not part of the inherent characteristics of the hydrogel and is provided by other 

elements which are incorporated within the network of the hydrogel (e.g. conductive 

particles, conducting polymer, etc.). In general, electrically conductive gels can be 

fabricated via several methods such as: (1) adding conductive particles to the gel matrix 

[177]; (2) producing the gel directly from the conjugated polymers [178-181]; or (3) 

incorporating conducting polymers into the network structure of the gels [182, 183]. 

Except for conducting polymer gels, the electrical conductivity is given by the 

conductive network formed from the conductive elements within an insulating gel, and 

the gel structure simply constrains this conductive network to provide the required 

mechanical resistance against the external forces. However, most conventional 

hydrogels lack the adequate toughness required in many applications. Moreover, the 

swelling of the hydrogel can also suppress the electrical conductivity of the system due 

to the percolation phenomenon. Since the conductivity is mainly provided by the 

conductive network within the hydrogel, the hydrogel network is essentially diluting the 

conductive network. As the swelling ratio increases, this effect becomes more and more 

significant and the system loses its conductivity. Therefore, it is important to develop a 

conductive hydrogel system that retains its conductivity at different gel swelling ratios 

and also displays enhanced mechanical performances.  

 The fully swollen hydrogels with conducting particles, such as graphite [177, 184-

186], carbon nanotubes [187, 188], or metallic particles [189], incorporated in their 

structure typically have conductivity lower than 10
-3

 S/cm, with the mechanical 
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properties similar to the constituent hydrogel matrix. In all of these examples, the 

conductivity is inversely affected by the swelling ratio, and hydrogels exhibit brittle 

mechanical behaviour [177, 188]. To obtain suitable mechanical performance for 

bioapplications, poly(vinyl alcohol) (PVA) has been widely used (alone or with other 

polymers) as the hydrogel matrix. For example, PVA-graphite hydrogels were used as 

an artificial cornea with tensile strength dropping constantly as graphite content 

increases [186].  

 Conjugated gels made directly from conjugated polymers have also been reported 

previously as conductive hydrogel/gel systems. Examples include ionically crosslinked 

poly(3,4-ethylenedioxythiophene) (PEDOT)-poly(styrenesulfonate) (PSS) [190], 

PEDOT-PSS-polypyrrole (PPy) [34], PPy-PSS, PEDOT-sulfonated polyaniline 

(SPANi), and PPy-SPANi [191, 192]. The swelling ratio of these conjugated gels was 

reported to range typically between 10 – 80. The conductivity of these hydrogels was 

reported to be in the order of 10
-2

 S/cm, and the mechanical properties were 

demonstrated to vary significantly with the composition of the hydrogel. The highest 

compression strength in this category was reported for an ionically crosslinked PEDOT-

PSS hydrogel with an optimum amount of excess PSS, which was 3.3 MPa with a 

fracture strain of 90 % [192]. The same hydrogel showed a tensile strength of about 180 

kPa and elongation at break of 64 % [192].  

 An alternative approach to introduce conductivity to a hydrogel is by incorporating 

a conjugated polymer into a pre-formed gel network to form an interpenetrating network 

(IPN) where one network is a conjugated polymer. Various conducting polymers such as 

polyaniline (PANi) [193-198] were chemically polymerised within a pre-formed 
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hydrogel network (or directly added to the network) to make the hydrogel conductive. 

The measured conductivity for most of these hydrogels in their swollen state was in the 

order of 10
-3

 S/cm.  In one study, PEDOT-PSS was chemically polymerised within a 

PAAm network to produce a conductive hydrogel [118]. The hydrogels were tough with 

compression strength as high as 1.3 MPa, fracture strain of 60 – 90 %, and electrical 

conductivity in the order of 10
-3

 S/cm. The maximum conductivity that could be 

achieved in these studies was limited by the solubility of EDOT in the aqueous solution 

of PSS. Interfacial polymerisation has also been employed to form PANi within PAAm 

hydrogels where aniline monomers were chemically polymerised at the organic/water 

interface between the reaction media (organic phase) and PAAm hydrogel (water phase). 

As the polymerisation reaction proceeded the PANi becomes hydrophilic and migrated 

into the aqueous phase confined within the PAAm hydrogel [199]. The achieved 

hydrogels were reported to be tough with compression strength of up to 1.1 MPa, 

fracture strains from 80 to 90 % (90 % water content), and electrical conductivity of up 

to 3.4 10
-2

 S/cm (PANi content ~ 28 wt%).  

 Electropolymerisation has also been employed to introduce the conducting 

polymers into the network. For example, PPy and PANi were electrochemically 

polymerised within a PAAm hydrogel [200, 201], or copolymer hydrogels based on 

poly(hydroxyethyl methacrylate) (HEMA) [202, 203]. The measured electrical 

conductivity for these hydrogel films was reported to be in the order of ~ 10
-2

 S/cm 

[204]. Again, the mechanical performance of these hydrogels was similar to the 

constituent hydrogel with low tensile elongation at break and low strength [205].  
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  In order to enhance the mechanical performance of these conductive hydrogels, 

the “double network” toughening approach has also been used. Hydrogels made from a 

tightly crosslinked polyelectrolyte and a loosely crosslinked neutral polymer have been 

shown to have significantly improved mechanical strength and toughness [206]. The 

hydrogels obtained by this approached are called double networks (DN).  In one 

example, a PAA-based tough hydrogel was formed followed by chemical polymerisation 

of 3,4-ethylenedioxythiophene (EDOT)-PSS within the hydrogel [123]. The tough PAA 

hydrogel was built from two PAA interpenetrated networks with different crosslinking 

ratio. The PEDOT incorporated PAA-PAA DN hydrogels were reported to be 

electroactive and the final gel having a compression strength as high as 1.8 MPa and 

fracture strain of 80 %. It was shown that this fracture strength was three times larger 

than that of the initial PAA-PAA DN hydrogel, and more than 20 times larger than that 

of PAA single network. The conductivity of these hydrogels were measured to be less 

than 10
-3

 S/cm. 

 

1.8. Modulated Drug Release from Hydrogels 

Precise release from drug delivery devices is highly desirable to overcome the 

disadvantages of oral and injection dosage methods [207]. The conventional methods of 

introducing medicines into the body initially supply a maximum dose of the drug but 

this dosage dramatically decreases over a short period of time. The design of a drug 

delivery system would be ideal if it responds to the physiological conditions like patterns 

of hormonal concentration, body temperature, blood glucose level, changes in pH 
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conditions, and electrical signals [11, 18, 208-210]. The use of electrical signals to 

stimulate drug release is attractive because electronics are readily available and versatile 

for in vitro investigation. Parameters such as pulse type, amplitude, polarity and duration 

can be easily adapted to a drug delivery system to control the release. Several studies 

have demonstrated that electrical stimulation is a viable route to enhance drug release 

[208, 211-219]. Typically, these drug release systems are fabricated from hydrogels that 

utilize an electric field as a means to activate the release.  

 Hydrogels have been extensively studied for various potential in vivo applications. 

The high water content and flexibility of hydrogels make them suitable for implants 

without irritating surrounding tissues [220]. Their application as biomaterials is 

extensive, including contact lenses [221], denture adhesives [222], dermatological 

patches [223], and drug delivery carriers [11, 208, 224-226]. In the latter, drug release is 

enabled either passively (normal diffusion) or through some stimulus, in particular pH or 

temperature which triggers a gel collapse and release of trapped chemical species [208]. 

Electrically stimulated release has also been demonstrated from hydrogels [227-229]. 

Different release mechanisms have been proposed, including the diffusion of drug into 

the surrounding media; electrophoresis of charged drugs resulting from the electrostatic 

repulsion between a charged drug and applied charges; and release of drug due to 

erosion of hydrogels due to pH change [211, 230, 231]. 
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1.9. Summary 

This review of the mechanical properties of hydrogels illustrates the tremendous 

advances made in recent years in improving the strength and toughness of synthetic 

hydrogels. This improvement in mechanical properties allows the development of 

hydrogels for new, demanding applications. Of particular interest in this thesis is the 

development of electrically conducting hydrogels that can be fashioned into thin fibres 

and films. These materials are believed to be useful for controlled release of drugs (eg. 

for cell growth stimulation) and as artificial muscles. Because thin films and fibres are 

required, it is imperative that the gels be tough. The main objective of this thesis, then, is 

to combine methods to produce tough gels with methods to render the gels conducting. 

In addition, it is important to establish that such gels can be produced as fibres and can 

be used for controlled release. Progress towards these aims are described in the 

following chapters as follows: 

Chapter 2: Illustration of the ability to stimulate the release of a drug from an 

electronically conducting hydrogel; 

Chapter 3: Demonstration of the possibility of producing tough gel fibres using the 

double network approach; 

Chapter 4: Evaluation of enhanced toughening and pH switching in a double network gel 

using inter-network hydrogen bonding; 

Chapter 5: Introduction of electronic conductivity to a tough gel using a polythiophene 

conducting polymer; 
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Chapter 6: Introduction of electronic conductivity to a tough gel using carbon nanotubes. 

Each chapter contains a short introduction, followed by an experimental section, results, 

discussion and conclusions.  
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2. Modulated Drug Release from Hydrogel Films: Chitosan – 

Carbon Nanotube  

 

 

 

2.1. Introduction 

As briefly discussed in Chapter 1, hydrogels are a suitable candidate for drug release in 

applications where the release device is in direct contact with tissue [1]. Amongst 

various synthetic and biopolymer hydrogels, the biopolymer chitosan has been the topic 

of interest for drug delivery systems because of its biocompatibility. No adverse reaction 

is observed when chitosan is in contact with human cells [2]. Chitosan (CS) is 

biodegradable and the degradation products were observed to activate macrophages. 

Moreover, chtiosan also assists in the reconstruction of extracellular matrix components 

[3]. Chitosan hydrogels have been used as a matrix to control the delivery of neutral 

(hydrocortisone), anionic (benzoic acid), or cationic (lidocaine hydrochloride) drug 

molecules by electrical stimulation [2]. Being an insulating material, the applied 

potential for this electric field type of drug release can reach up to a several tens of volts, 

while the applied current can be a few milliamperes [4]. Such high voltages may not be 

tolerated in vivo and strategies are required to enhance the material conductivity and 
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stimulate release at lower voltages. One approach is to incorporate a conductive material 

in the polymer formulation using a conductive polymer [5, 6] or carbon nanotubes.  

 It has recently been reported that chitosan is a good dispersing agent for SWNTs 

[7]. SWNTs are promising material because of their excellent electrical properties 

including improved electrochemical activity and high surface area [8]. In a previous 

report, several strategies were demonstrated in transforming CS-SWNT dispersions into 

macroscopic structures in the form of films, hyrdogels and fibres [7, 9]. The properties 

of the composites were influenced by the presence of carbon nanotubes. Respectable 

mechanical properties (ca. 155 MPa) and electrical conductivies (ca. 21 S/cm) were 

achieved [30]. The composite materials have also been shown non-cytotoxic to L-929 

fibroblasts cells [30]. While there is already a large body of literature on biopolymer 

based systems containing SWNTs in biosensor applications [10-12], reports on their 

application to controlled release of drugs are limited [13].  

 In this chapter a simple bio-polymeric composite matrix is reported that was 

processed from CS and SWNT dispersions. These dispersions were loaded with 

dexamethasone phosphate (DEX) which is a negatively charged drug.  DEX is a steroid 

hormone, which can act as an anti-inflammatory and immunosuppressant. 

Corticosteroids, particularly DEX, can reduce cerebral oedema to lower intracranial 

pressure [14, 15]. The drug release is modulated by controlling the amplitude and 

polarity of the applied electric potential. Since a direct electrical stimulation is utilized 

(as opposed to electric field), the electric potentials used are considerably lower 

compared to the previous reports. 
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2.2. Experimental Section 

2.2.1. Materials 

High molecular weight chitosan (degree of deacetylation 86.6 %) and dexamethasone 

disodium phosphate (Scheme 2.1) were purchased from Aldrich (St. Louis, USA). 

Hydrochloric acid (HCl) (32 wt%, Ajax Finechem Australia) and sodium hydroxide 

(Chem Supply, Australia) used to adjust the solution pH were analytical grade reagents. 

Purified SWNT were obtained from Carbon Nanotechnologies Inc. (Houston, USA) and 

were used as supplied. Carbon paper (100 μm thickness) was obtained from Goodfellow 

(Cambridge, UK) and used as substrate for solution casting. Phosphate buffered saline 

(PBS) solution (0.1 M, pH 7.4 at 25 
o
C) obtained from Sigma Aldrich (St. Louis, USA) 

was used as the supporting electrolyte and as the medium for drug release.  

      

 

Scheme 2.1. Chemical Structure of dexamethasone disodium phosphate. 
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2.2.2. Preparation of CS-SWNT Films and Loading with DEX 

The CS:SWNT dispersion was prepared by mixing 0.3 wt% SWNT (30 mg) and of 0.6 

wt% chitosan in 0.3 M HCl. This mixture was probe sonicated (Branson Sonifier) at 150 

W pulsed for one second to a total of 10 minutes. For a direct comparison, the control 

sample containing only chitosan was sonicated under the same conditions.  Drug-loaded 

samples were prepared by dissolving DEX at 5 mg per 10 mL of the chitosan solution 

prior to the addition of SWNTs. Drop cast film was obtained by carefully pipetting 30 

μL of the solution onto a carbon paper substrate (40 mm
2
)  and allowed to dry overnight. 

 

2.2.3. Cyclic Voltammetry   

Cyclic voltammetry (CV) and potentiostatic experiments were performed using eDAQ 

potentiostat ED401 connected to an e-corder recorder unit (eDAQ, Australia) using the 

EChem and Chart software. For all experiments, a three-electrode electrochemical set-up 

was used. A 0.1 M PBS solution (pH 7.4 at 25 
o
C) was used as supporting electrolyte, 

Ag/AgCl as reference electrode and platinum mesh as counter electrode. All potentials 

given are referenced to Ag/AgCl. 

 

2.2.4. Drug Release  

The amount of the DEX released was quantified using UV-visible spectroscopy 

(Shimadzu UV-1601) by monitoring the maximum absorbance at 240±2 nm. A 0.1 M 

PBS solution (pH 7.4 at 25 
o
C) was used as the release media. In a typical experiment, 
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the drop cast film was immersed in a 10 mL of the release media (unstimulated release) 

for the selected period of time. For an electrically-stimulated DEX release, the three-

electrode configuration was used and constant potentials of -0.80 V, -0.40 V and 0.15 V 

(vs Ag/AgCl) were applied to the working electrode. 

 To measure the amount of the DEX released at each specific time interval, a 3 mL 

aliquot was taken from the release media and carefully replenished with 3 mL of the 

fresh PBS solution. The DEX concentration for each aliquot was compared against a 

calibration curve. The cumulative amount of DEX released was obtained from the 

amount of drug in the release media before and after a given time interval. A dilution 

factor is incorporated in the calculation after each 3 mL of fresh PBS was added to the 

release medium. The percentage of DEX release was based on the initial amount of DEX 

in the film. 

 To estimate the release rate of DEX from the hydrogel films, the initial slope of 

the linear section of DEX accumulative release profile was measured. Since the initial 

amount of DEX in the hydrogel film is known, the initial slope of the accumulative 

release profile indicates the total mass of DEX which has been released as a function of 

the time. The release rate is presented in g/h.   

 

2.3. Results 

Cyclic voltammograms (CVs) of the different samples with and without DEX taken after 

20 cycles in PBS solution are shown in Figure 2.1. The CVs of CS films with and 

without DEX cast on a carbon paper substrate are rather featureless, due to the absence 
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of any redox activity in CS or DEX over the potential range used (from 0.6 V to -0.8 V 

vs Ag/AgCl). There is a small redox peak observed for samples that contain SWNTs, 

which could be due to the presence of functional groups in the purified HiPco. The CVs 

are mainly dominated by double layer capacitive charging with SWNTs providing a 

large electroactive surface area.  

 The presence of DEX in the releasing medium from CS and CS-SWNT films was 

monitored using UV-visible spectroscopy. The absorption spectrum of DEX in PBS 

solutions (pH 7.4) is characterized by the maximum absorbance at 238 nm. Figure 2.2 

shows that both passive release and stimulated release of DEX from chitosan did not 

affect the UV-visible absorbance at 238 nm, indicating that the DEX was unchanged 

once released from the chitosan.  

 

 

Figure 2.1. Cyclic voltammetry of DEX loaded CS-SWNT, CS-SWNT with no DEX, 

and DEX loaded chitosan. Scan rate of 50 mV/sec, ranging from -0.8 V to 0.6 V after 20 

cycles.         
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Figure 2.2. UV spectra of DEX released by electrical stimulation at -0.8V (A), and 

passive release (B) after 24 h release in PBS, and DEX in PBS solution (C).   

     

 DEX release was monitored over a 1800 min (30 hrs) hour period with and 

without electrical stimulation (Figure 2.3). More data points were collected during the 

first few hours until the amount of DEX released started to plateau. Each data point 

represents an average of independent measurements from three samples. The passive 

release profile from CS films showed a rapid DEX release within the first hour. The 

DEX release rate slowed with time and began to level off after 120 min (2 hrs) at which 

time approximately 60 % of the DEX had been released. This release is attributed to the 

passive diffusion of DEX from the CS film into the release medium. The average release 



CHAPTER TWO: Modulated Drug Release from Hydrogel Films                                 69 

rate over the initial 120 min (2 hrs) period was 92 g/h. At equilibrium the amount of 

DEX released was limited to 70 % of the DEX imbibed in the film. 

 

 

Figure 2.3. Cumulative release of DEX from chitosan without SWNT: passive release 

(open diamond); electrical stimulated at -0.8 V (open square); and from chitosan with 

SWNT: passive release (filled diamond), electrical stimulated at -0.8 V (filled square) at 

pH 7.4. 

 

 For samples containing carbon nanotubes (CS-SWNT film), the passive release 

profile clearly shows that the presence of SWNTs alters the rate of DEX release and the 

total amount of DEX released. The DEX release again occurred rapidly at first but 

started to level off at around 8 hours. The average release rate during this period was 16 
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g/h. At equilibrium only 50 % of the DEX was released. The average release rate, 

release time period (time until the release starts to level off) and the total amount of 

DEX released are summarised in Table 2.1. The retardation of release of DEX from CS-

SWNT films indicates a degree of attractive interaction between the DEX and the 

nanotubes. 

 

Table 2.1. Release rate and maximum accumulative release of DEX from chitosan (CS) 

and chitosan-nanotube (CS-SWNT) hydrogels 

Hydrogel / Release 

mode 

Initial average  

linear release rate
a 

(μg/h) 

Initial levelling 

off time 

(h) 

Maximum 

cumulative release 

(wt%) 

CS / passive release 92 2 70 

CS / -0.8 V 108 2 82 

CS-SWNT / passive 

release 

16 8 51 

CS-SWNT / -0.8 V 26 12 100 

CS-SWNT / -0.4 V 6 54 100 

CS-SWNT / +0.15 V 3 4 30 

a
 the linear release rate is based on the amount of released DEX from the beginning of release 

test till the release profile levels off. 

 

 The effect of applying an electrical potential on the release of DEX was then 

investigated. Since DEX is negatively charged, it was postulated that a negative 

potential applied to the electrode would enhance the rate of DEX release via 
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electromigration. Applying a negative potential of -0.8 V to the carbon substrate of the 

CS film produced a higher DEX release of 70 % (vs 60 % for the unstimulated sample) 

at a rate of 108 g/h over the initial 120 min (2 hrs) period. When monitored over 1800 

min (30 hrs) , the amount of the DEX released was consistently higher in the electrically 

polarized films compared to the unstimulated CS films. With the applied potential of -

0.8 V, the total DEX released was 80 % at equilibrium. These results show that it is not 

possible to completely release DEX from the CS film even when electrically stimulated.  

 Electrical stimulation of samples containing SWNTs also showed an improved 

DEX release profile and resulted in complete 100 % release of the DEX.  The measured 

average release rate after 720 min (12 hrs) of 26 g/h is more than 1.5 times higher than 

for the passively released DEX (16 g/h) from the same CS-SWNT material. While only 

50 % drug release was achieved during passive release, with electrical stimulation the 

DEX could be completely released within 720 min (12 hrs).  

 We have further investigated the effect of electrical stimulation by varying the 

amplitude and the polarity of the applied potential to modulate the release the DEX from 

CS-SWNT films. Figure 2.4 clearly shows that the magnitude of the applied potential 

significantly alters the DEX release profiles. A complete DEX release can only be 

achieved when negative potentials (vs Ag/AgCl) were applied. Although it is possible to 

achieve complete DEX release at -0.4 V, the rate of release occurred considerably 

slower than that for -0.8 V. The initial (first 180 min) average release rates from these 

applied potentials were similar at 26 g/h. However, after the initial 180 min (3 hrs) of 

stimulation, the release rates were quite different: 26 g/h for -0.8V and 6 g/h for -0.4 

V. 100 % DEX was released after 720 min (12 hrs) at -0.8 V, while it required 3240 min 
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(54 hrs) for -0.4 V before the DEX release was completed. Also, more negative voltages 

were also investigated and resulted in a more rapid DEX release but because of a small 

amount of gas bubble formation, the results are not reported here. 

 

 

Figure 2.4. Cumulative DEX release from CS-SWNT hydrogels verses time at various 

applied potentials: -0.8 V (square), -0.4 V (circle), passive (diamond), +0.15 V then -0.8 

V as indicated (triangles), pH 7.4.    

 

 Significantly, when a positive voltage was applied, the DEX release was much 

slower than at negative potentials and slower even than the passive release. Again a 

rapid DEX release occurred initially, with the release levelling off after 4 hours. During 

the first 240 min (4 hrs) of stimulation at +0.15 V, the measured DEX release of 30 % is 
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equivalent to that of the passively released DEX from an unstimulated CS-SWNT film 

after only 180 min (3 hrs). 30 % is the maximum amount of DEX that can be released 

from the stimulated CS-SWNT film at +0.15 V.  This result suggests that the 30 % of 

DEX is not interacting directly with the SWNTs and a higher loading of SWNTs may be 

necessary to completely stop the release of DEX.  

 To investigate the dynamic release of DEX through electrical control, the voltage 

was switched from positive to negative potentials. Initially a potential of +0.15 V was 

applied for 2880 min (48 hrs) and then the voltage was switched to -0.8 V. The 2880 

min (48 hrs) stimulation at +0.15 V ensured that the release of DEX release was limited 

to just 30 %. Figure 2.4 shows the DEX release profile that occurred almost 

simultaneously when the voltage was switched from +0.15 V to -0.8 V. The amount of 

DEX released doubled in about 1080 min (18 hrs) after the voltage switch and continued 

to increase over time. It should be noted, however, that the average rate of DEX release 

at -0.8 V occurred slower in this experiment (9 g/h) compared with the initial study (26 

g/h) where a voltage of -0.8 V was applied from the beginning.  

      

2.4. Discussion 

This study evaluated the use of SWNTs to control the electrical stimulation and release 

of a negatively-charged drug (DEX) from a conducting composite matrix. The DEX-

loaded CS (with and without SWNTs) was cast onto an inert electrode material and 

immersed in PBS buffer. The release of DEX into the buffer was monitored periodically. 

In all cases, an initial rapid release of some of the DEX occurred that is attributed to the 
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passive diffusion of DEX from the matrix. Without electrical stimulation, approximately 

70 % of the DEX was released passively from CS over 1380 min (23 hrs). The presence 

of SWNTs resulted in a decrease of the amount of DEX released passively to about ~ 50 

% demonstrating that SWNTs act to limit the diffusion of DEX through the CS matrix. 

With electrical stimulation, it was found that the drug release could be modulated to 

either increase or decrease the release rate compared with passive diffusion. With 

negative applied potentials, the rate of DEX release could be enhanced and the DEX 

could be completely expelled from the host polymer. The release process was faster at 

more negative potentials: 720 min (12 hrs) for -0.8 V and 3240 min (54 hrs) for -0.4 V 

before the DEX was released completely. The application of a positive potential of 

+0.15 V caused the DEX release to level off at just 30 %, which was lower than the 

amount released passively.  

 Several mechanisms have been considered for drug release from polymer-based 

matrices, including forced convection, diffusion, electrophoresis and erosion [2,5-7]. 

Early drug release studies used electrical stimulation to alter the pH of the electrolyte 

and thereby cause pH-induced swelling and concomitant increase in diffusion rates of 

imbibed species [16, 17]. In chitosan-based materials the swelling ratio increases as pH 

decreases. While the increase in swelling at low pH may allow a greater rate of DEX 

diffusion, the release studies in the current investigation were performed in a buffered 

solution (PBS) that maintains a constant pH of 7.4 of the electrolyte bath. Furthermore, 

the experiments were carried out under mild electrochemical conditions, ranging from -

0.8 V (id < 5.5×10
-3

 mA/mm
2
) to +0.15 V (id ~ 0 mA/mm

2
) with no evidence of redox 

processes shown in the CVs. Therefore, the conditions used were unlikely to alter the 
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surrounding pH significantly. The acidic dissociation constant of chitosan is pKa 6.5 

[18], so it seems that a change in pH from the electrical stimulation is not the main cause 

of DEX release from CS-SWNT matrix.  

 More recent studies have considered lower voltage induced release of charged 

molecules from hydrogels as a result of electrophoresis [2]. This process seems to be 

involved in the current study as the release profile of DEX changes significantly when 

the voltage was switched from positive to negative. The potential of zero charge (pzc) 

for SWNTs has been reported at 0 V (vs. Ag/AgCl) [19], so the potentials used in the 

current study make the SWNTs either negatively charged (below pzc) or positively 

charged (above pzc). The presence of SWNTs in the chitosan matrix appears to enhance 

the electrophoretic effect compared with CS alone. Interactions between the charged 

SWNTs and the negatively charged DEX can accelerate or retard the DEX release. 

When positively charged, the SWNTs act more efficiently as a diffusion barrier: 

attracting the DEX molecules and slowing their release. The high surface area of 

SWNTs integrated as a 3-dimensional network throughout the chitosan matrix provides 

ample opportunity for DEX to be retarded at the SWNT surface. When the SWNTs are 

negatively charged, however, the opposite occurs with the DEX being repelled from the 

SWNTs and their release from the CS-SWNT matrix is accelerated. Scheme 2.2 

illustrates this mechanism, where negatively charged DEX molecules are retained inside 

the matrix when a positive potential is applied (A). By switching the potential to 

negative (B), negatively charged DEX molecules are forced to leave the matrix. Note 

that at positive voltage some of the DEX still leaves the matrix in a diffusion 

mechanism. A small steady-state current was measured when negative potentials were 
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applied to the CS-SWNT indicating a reduction process was occurring. It is not known, 

however, whether that process was directly related to the release of DEX or was caused 

by some parasitic reaction, such as the reduction of oxygen.  

 

Scheme 2.2. Schematic illustration of modulated drug release from CS-SWNT matrix 

when the applied voltage polarity is (A) positive or (B) negative. 

 

2.5. Conclusions 

Dexamethasone was loaded into chitosan hydrogels with and without single walled 

carbon nanotubes and the release of the drug into a surrounding PBS solution 

determined. The SWNTs acted as a diffusion barrier to DEX, slowing down its release 

when no electrical potential was applied (passive release). This retardation effect was 

enhanced when the SWNTs were positively charged due to the electrostatic attraction 

between the SWNTs and the negatively-charged DEX. Furthermore, the release of DEX 

could be accelerated compared with the passive diffusion rate by negatively charging the 

SWNTs and inducing electrostatic repulsion. In this way, the release of DEX could be 
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effectively turned on and off by controlling the applied electrochemical potential. It is 

possible that similar control can be achieved with other charged molecules. The rate at 

which DEX was released from the carrier film was larger than previous reports, although 

direct comparisons are difficult due to the varying experimental conditions used. Faster 

drug release may be achieved by using thin films or fibers, however, these structures 

would require improved mechanical properties. Methods to enhance the strength of 

chitosan based hydrogel fibres are considered in the next chapter. 
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3. Tough Hydrogel Fibres: Chitosan–PAAm  

 

 

 

 

3.1. Introduction 

Chitosan (CS), a linear polysaccharide consisting of β (1 → 4) linked D-glucosamine 

residues with a variable number of randomly located N-acetyl-glucosamine groups, is 

a semi-crystalline polymer with relevant biocompatibility and biodegradability [1]. 

CS has been extensively used as a building block in a wide range of biomedical 

applications such as drug delivery carriers, wound healing agents, tissue engineering 

scaffolds, and nerve repair conduits [2-5]. It was shown in the previous chapter that 

chitosan combined with carbon nanotubes can be used as an effective medium for the 

controlled release of drugs. While CS possesses appropriate biocompatibility and 

biodegradability, some applications are limited by the brittleness of CS hydrogels. 

For example, some tissue engineering applications (i.e. muscle and/or nerve 

regeneration) requires a fibrillar architecture with mechanical performances similar 

to surrounding tissues to serve as directional cues for cell growth [4]. An ideal 

material for such applications can be a biocompatible hydrogel fibre with modulus 

matched to the surrounding tissue and adequate strength. 

 CS fibres have been prepared in the past via a wet-spinning method. This 

method typically involves injecting a lightly acidic solution of CS (pH ~ 4) into a 
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highly basic (pH ~ 10) coagulation bath. Post-processing steps (e.g. crosslinking) are 

necessary to generate fibres with usable mechanical properties in the wet state [6-9]. 

Because of its semi-rigid polymeric chain [10], CS by nature is more rigid than many 

other synthetic hydrogels. While the modulus can be modified by adjusting the 

degree of crosslinking, chitosan hydrogels in the swollen state are typically very 

brittle like most other synthetic hydrogels [11].  

 One approach to achieve hydrogels with tunable mechanical properties is to 

introduce another polymer network into the system, typically following the methods 

used to prepare interpenetrating polymer network (IPN) hydrogels [9, 12, 13]. This 

approach also improves the ability of CS hydrogels to hold water for an extended 

period. IPN hyrdogel made from CS and poly(acrylic acid) (PAA) shows 

improvement in dry mechanical properties [14, 15]. However, the elongation-at-

break in the wet state was greatly reduced compared to wet CS fibres [14]. The 

brittleness of the CS-PAA IPN has been attributed mainly to the strong CS-PAA 

interactions. CS is positively charged at acidic pHs (< 6.5) while PAA is anionic at 

pH > 4. Ionic interactions between partially positively charged CS and partially 

negatively charged PAA results in low elongation-at-break. Moreover, due to the 

interaction between PAA and CS a relatively low swelling ratio over solution pH 3 to 

pH 8 was measured [14, 15]. While there are a vast number of examples of CS 

polymeric blends or IPN structures in the literature [16, 17], most of these studies 

aim to address specific properties like pH sensitivity, drug release properties, etc. 

Their mechanical properties in a fully immersed state have not been verified as 

broadly as their biological properties. Poly(acrylamide) (PAAm) is another polymer 

which has been used with CS. The network made from PAAm is a very well-known 

hydrogel, with swelling capacity which is not sensitive to solution pH at moderate 
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pHs. The CS-PAAm hydrogels have been reported before as graft structures (PAAm-

g-CS) or CS-PAAm IPN systems.[13, 18-21] Electrospun CS-PAAm fibres were 

formed by modifying spinning conditions and electrospinning unit in which polymer 

solution can be spun at temperatures above 100 
o
C [22]. 

 In this chapter, the preparation of tough CS-PAAm hydrogel fibres made by 

the double network technique first introduced by Gong and co-workers [23] as 

reviewed in Chapter 1 is presented. These tough fibres show tunable swelling ratio 

and consequently mechanical properties as a function of pH and PAAm volume 

fraction. The PAAm neutral network was selected on the basis of integrating a 

neutral and loosely crosslinked second network in a pre-formed tightly crosslinked 

polyelectrolyte first network which is a typical requirement of a DN hydrogel [24]. 

Along with the crosslinking density of two networks, the molar ratio of two networks 

is another crucial parameter [24-26] that has also been investigated here by varying 

the concentration of AAm monomer solution.  

  

3.2. Experimental Section 

3.2.1. Materials 

High molecular weight chitosan (degree of deacetylation 86.6 %), acryl amide 

(AAm) (electrophoresis grade in ultra pure water, 40 wt%), potassium persulfate 

(KPS) as initiator and N,N’-methylene MBAAacrylamide (MBAA) as crosslinking 

agent were purchased from Sigma-Aldrich and used without further purification. 

Sodium hydroxide (Chem Supply, Australia) and acetic acid (glacial, Ajax 

Finechem, Australia) were used to prepare the coagulation bath and adjust the pH of 
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CS solution, respectively. Glutaraldehyde (aqueous solution, 50 wt%, Sigma-

Aldrich) was used to crosslink the CS fibres. Chemical structures of reagents used to 

prepare the hydrogels are shown in Scheme 3.1. 

 

 

Scheme 3.1. Chemical structure of reagents. 

 

3.2.2. Preparation 

CS fibres 

 CS was dissolved in acetic acid solution (1 wt%) to make up 2 wt% CS 

solution. This solution was then wet-spun into a sodium hydroxide solution (0.1 M, 

pH ~ 13) as the coagulation bath. To spin the fibres, CS solution was injected in to 
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the rotating sodium hydroxide coagulation bath at an appropriate injection rate and 

spinning speed to obtain uniform CS fibres of ~ 150 μm (dry) in diameter. The CS 

fibres were allowed to remain in sodium hydroxide solution for 24 hrs, and then 

washed thoroughly. The crosslinking bath was made from glutaraldehyde solution (5 

mM), wherein CS fibres were immersed for another 24 hrs. The crosslinked CS 

fibres then were washed extensively and stored in deionised water (Figure 3.1a). 

 

 

Figure 3.1. Microscopic photographs of a) crosslinked CS fibre, and b) CS-PAAm 

hydrogel fibre, both in their fully swollen state. 

 

CS-PAAm IPN fibres 

 To develop the DN structure in CS fibres, a two step process was employed as 

follows: first, the CS fibres were immersed in AAm monomer solution for 24 hrs. 

The monomer solution consisted of a varying concentration of AAm (1, 2, 3, or 4 M) 

in deionised water. This solution also contained MBAA (crosslinking agent) and 

KPS (initiator) at concentration of 0.1 mol% based on AAm monomer. In the second 

step, the fully swollen fibres were transferred to a sealed container. To keep the 

humidity at the saturated level during the process, deionised water was added to the 

containers beneath the fibres (Scheme 3.2a). Polymerization was carried out at 60 
o
C 
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for 6 hrs. The obtained CS-PAAm fibres were washed with deionised water several 

times to remove unreacted components, and then stored in deionised water for further 

experiments (Figure 3.1b). 

 

PAAm hydrogel 

 To compare the properties of CS-PAAm fibres with its constituent 

components, PAAm hydrogel sheets were synthesized following a similar approach 

as in the second step of the process discussed above to make PAAm network within 

CS fibres. Briefly, AAm solution, with an identical composition to the AAm 

monomer solution used to form PAAm network in CS-PAAm fibres, was poured into 

disc shape plastic containers, then sealed and polymerized at 60 
o
C for 6 hrs. The 

PAAm hydrogels were washed with deionised water to remove unreacted monomers 

and stored in deionised water.  

 

 

Scheme 3.2. Schematic illustrations of a) second network polymerization process 

within the CS fibres in a humidified container, b) fully immersed CS-PAAm fibre in 

a tensile test: (A) hydrogel fibre, (B) rubber spacers, (C) clips, (D) water.    
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3.2.3. Tensile Test 

A laboratory set up was made to measure the tensile properties of fully swollen fibres 

while immersed in deionised water with a mechanical tester (Shimadzu EZ-S, Japan). 

The CS-PAAm hydrogel fibres were mounted between two grips, whereas one of the 

grips was attached to the bottom of a cylindrical container (100 mL, 2 cm in 

diameter) and the other one was connected to the upper clamp of the tensile machine 

(Scheme 3.2b). The container was fixed on the lower plate of the machine, filled with 

deionised water, while the upper clamp was connected to a load cell and crosshead. 

The crosshead displacement rate was 10 %/min. To measure the tensile properties of 

PAAm hydrogels, samples were cut into strips (5 mm × 10 mm × 50 mm), mounted 

between grips and tested in the air. The weight of samples was monitored before and 

after the test to estimate the water loss during the test. For the thicker PAAm strips 

the mass loss was negligible, so it was possible to conduct tensile testing of fully 

swollen sheets in air. Sand paper was used between hydrogel and grips to prevent 

any slippage from the clamps.  

 

3.2.4. Fourier Transform Infrared (FT-IR) Spectra 

Transmission infrared spectra of CS films, PAAm, and CS-PAAm fibres were 

measured using a FT-IR spectrometer (IRPrestige-21, Shimadzu, Japan). Different 

FT-IR techniques including Ge-ATR component and KBr powder were used to 

characterize the structure of CS-PAAm fibres and compare with dried CS and PAAm 

networks.   
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3.2.5. Swelling Ratio 

Considering the homogeneous swelling of a long cylindrical gel, the volumetric 

swelling ratio (q) of fibres could be estimated as: 

𝑞 = 𝑉
𝑉𝑜
 ~(𝑑 𝑑𝑜

 )3                    (3.1) 

where d and do are, respectively, the diameter of fully swollen fibre and dried fibre. 

An optical microscope was used to measure the diameter change of fibres over the 

drying process. 

 

3.3. Results and Discussions 

3.3.1. Hydrogel Formation  

Shown in Figure 3.1 are microscopic photographs of a crosslinked CS fibre, and a 

CS-PAAm hydrogel fibre, both in their fully swollen state in deionised water. The 

crosslinking step in preparing the CS fibres was necessary to prevent them from 

dissolving in acidic solutions. This step, however, had a complex effect on the 

swelling ratio of CS fibres (Figure 3.2) where the swelling degree in deionised water 

passed through a maximum as the concentration of glutaraldehyde increased. The 

aqueous solution of glutaraldehyde is acidic with pH decreasing as glutaraldehyde 

concentration increases. It is seen clearly from Figure 3.2 that all crosslinked CS 

fibres had a higher swelling ratio in deionised water than the as-prepared, 

uncrosslinked fibre.  Since glutaraldehyde solution in water is acidic, some of the 

chitosan starts to dissolve from the surface of the as-prepared chitosan fibres 

immersed in acidic glutaraldehyde before the crosslinking reaction takes place. At 
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lower concentration of glutaraldehyde the crosslinking reaction is slow and as a 

result more chitosan will be removed from the surface before the crosslinking 

prevents the dissolution process. The resulting crosslinked chitosan fibre is more 

porous than the as-spun chitosan fibres which consequently exhibits higher swelling 

ratio. By increasing the concentration of glutaraldehyde the crosslinking process 

takes place faster and less chitosan will dissolve off from the surface, resulting a 

smaller swelling ratio.  

 It was also observed that the diameter of dry crosslinked CS fibres was smaller 

than that of dry uncrosslinked CS fibre (Figure 3.3). This drop in the diameter of dry 

crosslinked fibres compared to dry uncrosslinked fibres indicates that CS fibres start 

to dissolve in acidic glutaraldehyde solution before crosslinks form. In 5 mM and 10 

mM glutaraldehyde solutions the crosslinking reaction is slow and more dissolution 

occurs before crosslinks form. However, as the concentration of glutaraldehyde 

increases the crosslinking time decreases considerably [27]. At 20 mM glutarladehye 

solution the crosslinking reaction occurs much faster limiting the extent of CS 

dissolution. Since the CS fibres crosslinked at 10 mM and 20 mM glutaraldehyde 

were very brittle and difficult to handle, 5 mM glutaraldehyde solution was chosen to 

crosslink the CS fibres for further studies.   

 Following the typical DN synthesis steps, CS hydrogel fibres crosslinked with 

5mM glutaraldehyde were immersed in a monomer solutions of increasing AAm 

monomer concentrations. This method allows different amounts of AAm to be 

impregnated within the CS hydrogel structure. Subsequent polymerization of the 

PAAm network is then expected to lead to different swelling ratios, hence different 

mechanical properties along with pH sensitivity which originates from the CS 

component.  
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Figure 3.2. Effect of glutaraldehyde concentration on the swelling ratio in deionised 

water of crosslinked CS fibres (filled square) compared with as-spun CS fibre (open 

square). 
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Figure 3.3. Diameter change of (filled symbols) crosslinked CS fibres (fully swollen 

in deionised water and dry) and (open symbols) as-spun CS fibres as a function of 

glutaraldehyde concentration.  
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3.3.2. FT-IR spectra 

Figure 3.4 displays FT-IR spectra of CS-PAAm fibre, dried PAAm gel and 

crosslinked CS film from wave numbers 900 to 3900 1/cm. Curve B in Figure 3.4 

shows the IR bands of crosslinked CS, including a characteristic band at 1650 cm
-1

, 

which corresponds to an imine bond (N=C) formed by the reaction of amino groups 

in CS with aldehyde groups of glutaraldehyde to form a Schiff base. The peak at 

1578 cm
-1

 is associated with the N-H deformation of primary amines (amide II), and 

the band at 1378 cm
-1

 is attributed to C-H of CH3 group of acetamide, which 

suggests that CS is not fully deacetylated. The band at 1072 cm
-1

 corresponds to the 

C-O stretching of primary alcohols. In the FT-IR spectrum of PAAm (curve C), the 

two bands appearing around 3352 and 3198 cm
-1

 are associated with the N-H 

stretching vibration. The nature of the PAAm network can be derived by monitoring 

the vibrations of amide groups. The characteristic C-O stretching vibration in amide 

group occurs at around 1660 cm
-1

 (amide I). The medium intensity band at around 

1420 cm
-1

 can be assigned to C-N stretching (amide III) vibrations of acrylamide. 

Also, the peaks at 1188 and 1126 cm
-1

 IR bands are contributed by C-C stretching in 

acrylamide species. The FT-IR spectrum of CS-PAAm fibre (curve A) has 

characteristic features of both CS and PAAm samples. Similar C-H stretching 

vibration band appears around 2920 cm
-1

 in CS-PAAm spectrum as for CS film. 

Furthermore, the 1660 cm
-1

 band corresponding to C-O stretching vibration of 

acrylamide species distinctly appears in CS-PAAm FT-IR spectrum, similar to 

PAAm spectrum. 
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Figure 3.4. FT-IR spectra of (A) CS-PAAm fibre, (B) crosslinked CS film, (C) 

PAAm gel. 

 

3.3.3. Swelling Ratio 

The swelling ratio of the resulting CS-PAAm hydrogel fibres prepared from different 

AAm concentration is shown in Figure 3.5 as a function of AAm monomer 

concentration. It is clear that the swelling ratio of CS-PAAm hydrogel (q ~ 10 to 25) 

fibres is lower compared to that of CS fibres (q ~ 80).  Likewise, the swelling ratio of 

the CS-PAAm hydrogel fibres in deionised water decreases with increasing AAm 

concentration, following almost a linear behaviour. As has been demonstrated for 

PAAm hydrogels elsewhere [28], the monomer concentration influences the swelling 

ratio of hydrogels with increasing concentration leading to smaller swelling. At low 
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monomer concentrations, the crosslink density is reduced due to the formation of 

closed loops and dangling chains [28].  

 

0 1 2 3 4

10

20

30

70

80
 CS-PAAm fiber
 Crosslinked CS fiber

S
w

el
lin

g 
R

at
io

AAm Concentration (M)  

Figure 3.5. Swelling ratio of (diamond) CS-PAAm hydrogel and (square) starting 

crosslinked CS fibres in deionised water as a function of AAm monomer 

concentration.  

 

3.3.4. Mechanical Properties 

Figure 3.6 compares the typical tensile stress-strain curves of fully swollen samples 

from CS-PAAm hydrogel fibre, CS fibres and PAAm hydrogel. The PAAm hydrogel 

was prepared in an identical manner to that used to make the second PAAm network 

in the CS-PAAm fibre. It is clear that the CS-PAAm hydrogel fibre has a 
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significantly higher tensile strength (150 kPa) than the PAAm hydrogel (20 kPa). 

Although, the fracture strain of CS-PAAm hydrogel fibre (~ 40 %) is ~ 7 times lower 

than that of PAAm hydrogel (~275 %), the CS-PAAm slightly outperforms the 

PAAm in the overall breaking energy (area under the curve), 31 vs. 28 kJ/m
3
. Note 

that the fully swollen CS fibre without PAAm was not possible to mount the fibre for 

tensile testing. However, after drying and rehydrating the CS fibre, the fibres became 

slightly stronger (with a lower swelling degree) and the tensile test was performed on 

these fully rehydrated CS fibres (Figure 3.6). The rehydrated CS fibre still showed 

lower tensile strength (36 kPa) than CS-PAAm fibres, but slightly higher elongation-

at-break (~ 75 %). The area under the tensile curve of CS-PAAm fibre was more 

than 7 times higher than the rehydrated CS fibre (4 kJ/m
3
). The measured mechanical 

properties here are lower than those of wet CS-PAAm interpenetrating network films 

reported elsewhere.
 13

 However, the samples in the present study were tested totally 

immersed in water, and their swelling ratio (q > 10) was much higher than that of 

CS-PAAm films (q < 3.7) reported previously [13].  

 Mechanical properties of hydrogels are very sensitive to their water content. 

For example, the tensile testing of wet CS-PAAm fibres performed in air resulted in 

much higher mechanical performance than when the same fibres were tested fully 

immersed in water. The fibres tested in air were weighed before and after the test to 

monitor the amount of water lost during the test. The CS-PAAm fibre with 90 % 

water content in the beginning of the test was reduced to just 70 % water content by 

the end of the test. The measured strength was as high as 200 kPa, with elongation-

at-break of 120 %. The area under the curve was calculated to be 120 kJ/m
3
, which is 

4 times higher than fully immersed fibre.  
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Figure 3.6. Tensile stress-strain curve of fully swollen CS-PAAm hydrogel fibre and 

PAAm hydrogel sheet. AAm monomer concentration was 3 M. CS fibre (re-

hydrated) represents the crosslinked CS fibre after drying and then re-hydrating 

again.  

 

 Table 3.1 lists tensile strength and Young’s modulus of fully swollen CS-

PAAm fibres and PAAm hydrogels prepared with different AAm concentrations. 

Again, the lack of mechanical strength of the fully swollen CS fibres prevented us 

obtaining any data from them. The highest tensile strength that could be achieved 

was ~ 290 kPa for CS-PAAm hydrogel fibre made from 4 M AAm monomer 

solution, with Young’s modulus of around ~ 80 kPa. The measured tensile strength 

and Young’s modulus for the corresponding PAAm hydrogel was approximately 41 

kPa and 10 kPa, respectively. The strength and modulus of the hydrogels (both single 

network PAAm and double network CS-PAAm) increased with increasing AAm 
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concentration with also a concomitant decrease in swelling ratio. These results also 

suggest that the PAAm network incorporated within the CS-PAAm hydrogel fibre 

functions as an effective reinforcement to enhance the mechanical performance of 

hydrogel fibres.    

 

Table 3.1. Tensile mechanical properties and swelling ratio of CS-PAAm hydrogel 

fibres (immersed) and PAAm hydrogels (in air) with various AAm monomer 

concentrations. 

Material AAm (mol/L) q E (kPa) σb (kPa) 

CS-PAAm fibre (immersed) 1 

2 

3 

4 

24 

18 

14 

8 

24 

38 

55 

79 

35 

71 

153 

293 

 

PAAm hydrogel (in air) 

 

   1 

2 

3 

4 

 

37 

18 

13 

11 

 

2 

3 

5 

10 

 

4 

13 

21 

41 

 

 The effects of swelling ratio on the mechanical properties of CS-PAAm 

hydrogel fibres and PAAm hydrogels are shown in Figure 3.7. These plots highlight 

how the mechanical properties of CS-PAAm fibres and PAAm hydrogels depend on 

their swelling ratio as the primary parameter rather than AAm monomer 

concentration which is a synthesis parameter. It can be observed that the strength and 

modulus of both hydrogels decrease with increasing water content. The Young’s 

modulus of PAAm hydrogels are generally more sensitive to the water content, as 
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suggested by the slope of the best-fit line, than the CS-PAAm hydrogel fibres. A 

similar trend was observed in bacteria cellulose (BC)-gelatin DN hydrogels, where 

the BC-gelatin hydrogels were considerably less sensitive to the swelling ratio than 

glatin [29].  Also, the Young’s modulus of CS-PAAm is almost one order of 

magnitude higher than that of PAAm over the range of swollen states of the 

hydrogels (Figure 3.7a). Moreover, the CS-PAAm fibres demonstrate higher tensile 

strength than PAAm hydrogels (Figure 3.7b). The measured strength for CS-PAAm 

is more 5 to 8 times higher than that of PAAm (Table 3.1) and displayed less 

sensitivity to water content (Figure 3.7b). In general, Figure 3.7 suggests that CS-

PAAm fibres retain their mechanical properties even when fully immersed over a 

wide range of water content.      
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Figure 3.7. Tensile mechanical properties of CS-PAAm fibres and PAAm hydrogels 

vs. swelling ratio: a) Young’s modulus, b) tensile strength. Dotted lines are power-

law best fits.  
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3.3.5. pH Sensitivity 

The CS-PAAm hydrogel fibres also respond to changes in solution pH. Figure 3.8 

shows the change in swelling ratio of both CS and CS-PAAm hydrogel fibres as the 

surrounding pH environment changes from acidic (pH 2) to basic (pH 13). There was 

no observable change in swelling ratio of the PAAm hydrogel in this pH range. On 

the other hand, the CS hydrogel, as a weak polybase, exhibited pH sensitivity when 

pH is lower than its dissociation constant (pKa 6.5) [30]. At lower pH, the amino 

groups in the CS backbone becomes protonated causing the CS hydrogel to swell 

(expand) with q of up to ~180. A slow increase in pH neutralizes the CS backbone 

and results in a decrease in swelling ratio (contraction occurs). More hydrogen 

bonding forms between neutral amino groups and less repulsion takes place between 

remaining protonated amino groups. At its neutral state (when pH slightly exceeds 

the pKa value), the CS hydrogel contracts to its original state (q ~ 40). No further 

contraction is observed at pHs well above the pKa since all of the amino groups have 

been neutralized. A similar pattern is observed for CS-PAAm hydrogel fibres when 

pH is lower than the pKa value of CS. The swelling ratio at its fully swollen 

(expanded) state (pH 2) is ~ 85, almost two times lower than that of CS. The 

swelling decreases sharply at around pH 6 due to the de-protonation of the chitosan 

network. Swelling of CS-PAAm hydrogel fibres remains low at higher pH values 

above the CS pKa. Interestingly, however, the CS-PAAm hydrogel fibres swell again 

at pH 13, unlike CS. Although this result is in contrast to other reports[31], this 

behaviour can be attributed to the alkaline hydrolysis of PAAm. The response time to 

pH change is ~ 30 sec when the fibres swell at acidic pHs, and almost twice of that 

when fibres deswell at more basic pHs.     
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Figure 3.8. Swelling ratio of (diamond) CS-PAAm fibre and (square) crosslinked CS 

fibre as a function of solution pH. 

 

3.4. Conclusion 

It has been shown that it is possible to prepare fibres from a double network-like 

hydrogel. This method takes advantage of the spinnability of CS fibres, which 

provided the platform for infusion of the PAAm network. A considerable 

improvement in tensile strength (up to 6 times) and modulus (up to 9 times) in the 

fully swollen state were achieved compared with polyacrylamide. The DN gel fibres 

were also considerably stronger than the CS fibres, since the latter were too brittle to 

test when fully swollen. The amount of PAAm network in the hydrogel fibre can be 

controlled to tune properties such as swelling ratio, mechanical properties and pH 

sensitivity. Higher amounts of PAAm yielded higher mechanical strength and 
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stiffness and lower swelling ratio. A typical power-law relation was observed for 

both modulus and tensile strength of CS-PAAm fibres. The degree of swelling was 

influenced by the PAAm content of CS-PAAm fibres. However, the pH sensitivity 

was influenced by the chitosan network. These new hydrogel can have potential 

applications in which pH sensitivity can be employed as a means to respond to the 

environmental signals (e.g. in sensors, actuators and drug delivery systems). 
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4. pH-Sensitive, Double-Network Hydrogels: Poly(ethylene 

glycol) methyl ether methacrylates – Poly(acrylic acid) 

 

 

 

4.1. Introduction 

In the previous Chapter it was shown that the strength and toughness of chitosan based 

hydrogels could be substantially improved by the incorporation of a polyacrylamide 

network. In this chapter a different type of double network hydrogel is considered. In 

particular, the effect of inter-network hydrogen bonding is considered to determine 

whether such interactions contribute to the gel toughness. As described in Chapter 1, 

previous work had shown that hydrogen bonding occurs between poly(ethylene glycol) 

(PEG) and poly(acrylic acid) (PAA) and the hydrogen bonding can be controlled by the 

pH of the surrounding aqueous solution. The effect of pH on the swelling and 

mechanical properties of a double network containing both PEG and PAA components 

is considered in this chapter. 

 Recently, Frank et al. reported a DN system based on end-linked poly(ethylene 

glycol) (PEG) first network and poly(acrylic acid) (PAA) second network [1]. In 

contrast to a typical DN, this hydrogel consisted of a neutral polymer first network and a 

weakly charged polyelectrolyte second network. The observed strengthening effect 
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contrasts typical DN properties with increased strength due to complexes that form via 

hydrogen bonding between the interpenetrating networks. True tensile strength and 

initial modulus of up to ~ 8 MPa and ~ 19 MPa, respectively were measured and are 

much higher than those of the individual PEG and PAA components [1].  

 Here, a new example of a DN hydrogel is reported where the first network is a 

neutral polymer that forms a “bottlebrush” network and the second network is an 

ionisable polyelectrolyte. The bottlebrush configuration is achieved by polymerization 

of poly(ethylene glycol) methyl ether methacrylate (PEGMA) oligomers [2, 3], which 

yields a hydrophobic poly(methyl methacrylate) backbone and hydrophilic PEG side 

chains. It has been shown that the non-linear PEG analogues, particularly PEGMA, 

could be as biocompatible as linear PEG [4]. Subsequent incorporation and 

polymerization of acrylic acid monomer within the tightly crosslinked PPEGMA 

network forms the slightly crosslinked PAA second network. Our main interest was to 

explore the effect of inter-network interactions on the swellability and mechanical 

properties of double networks. It is known that PAA associates with PEG via hydrogen 

bonding [1, 5] and similar interactions between PEG side chains on the PPEGMA 

network would form with the PAA network are anticipated. The effect of pH on physical 

and mechanical properties of this unique DN hydrogel is also discussed since the PAA 

network is ionisable at pH above 4.3. 
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4.2. Experimental Section 

4.2.1. Materials 

Two different poly(ethylene glycol) methyl ether methacrylate (PEGMA) 

oligomonomers (MWs 1100 and 475 g/mol), acrylic acid (AA), potassium persulfate 

(KPS), and N,N’-methylene MBAAacrylamide (MBAA) were purchased from Sigma-

Aldrich
 
and used without any further purification. Monomer molecular structures are 

shown in Scheme 4.1. Buffers (McIlvaine phosphate-citrate) with various pHs and 

constant ionic strength (0.5 M) were prepared using citric acid (Sigma-Alrich), sodium 

phosphate and potassium chloride (Ajax Finechem, Australia). Hydrochloric acid (Ajax 

Finechem, Australia) was used in some instances to adjust the pH while investigating the 

effect of ionic strength.  

 

 

Scheme 4.1. Chemical structure of monomer and co-monomer compounds. 
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4.2.2. Preparation of Hydrogels 

PPEGMA hydrogel network 

 A simple thermal radical polymerization was employed to prepare high crosslink 

density PPEGMA475 and PPEGMA1100 single network hydrogels (the numbers 

indicate the molecular weight of oligomonomers, as shown in Scheme 4.1). Briefly, 

PPEGMA network was synthesized by dissolving PEGMA oligomonomer in deionized 

water (20 wt%) followed by adding MBAA as crosslinking co-monomer and KPS as 

initiator (4 mol% and 0.5 mol%, respectively based on PEGMA). The solution was 

stirred thoroughly, purged with N2 and then transferred to a mould (plastic syringes) to 

fabricate cylindrical-shaped hydrogels. Hydrogel sheets were produced by injecting the 

first network monomer solution between two glass slides (with hydrophobic surfaces) 

that were separated by a 1 mm thick silicon gasket. Polymerization was carried out in a 

convection oven at 65 
o
C for 6 hrs. After polymerization, the hydrogels were removed 

from their moulds, rinsed with distilled water, and kept in water for three days to remove 

unreacted components. 

  

PAA hydrogel network 

 To compare the mechanical and physical properties of PAA with PPEGMA and 

DN hydrogels, PAA single network hydrogels were prepared following the same process 

as for PPEGMA. However, to achieve a loosely crosslinked PAA network, 0.1 mol% 

MBAA was added (instead of 4 mol% in PPEGMA case) to the monomer solution. KPS 

was 0.1 mol% based on the AA monomer concentration.  
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PPEGMA-PAA DN hydrogels 

 The DN hydrogel was prepared by a two-step process in which a sequential 

network formation technique was employed. Following the synthesis of the PPEGMA 

hydrogel network described above, the PAA second network was incorporated by fully 

immersing the PPEGMA hydrogel in a solution containing AA monomer (20 wt%), 

MBAA (0.1 mol%) and KPS (0.1 mol%) for three days. The fully swollen PPEGMA 

hydrogel was then transferred to a humidified sealed container and polymerization of the 

second network was carried out at 65 
o
C for 6 hrs. The resulting PPEGMA-PAA DN 

was then washed extensively with deionized water for three days to remove all unreacted 

components. These DN hydrogels were allowed to reach the equilibrium swollen state in 

deionized water or in buffer solutions of different pHs (with constant ionic strength of 

0.5 M), by storing them in the respective solutions for a minimum of one week prior to 

characterization. 

 

4.2.3. Swelling Ratio 

Swelling ratio was measured to evaluate the water content of the PPEGMA, PAA and 

PPEGMA-PAA hydrogels at various pHs. Swelling studies were carried out by 

comparing the fully swollen weight and the dry weight of hydrogels. The fully swollen 

weight was measured from hydrogels that had been immersed in buffer solutions for at 

least one week. Samples were patted dry with tissue before weighing. Dry weights were 

measured after the hydrogels were oven-dried at 60
o
C for 24 hrs. The following equation 

4.1 was used to calculate the hydrogels water content: 
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𝑄 =
𝑤𝑓

𝑤𝑑
                    (4.1) 

where, wf and wd are mass of hydrogel when fully swollen and after drying, respectively.   

 

4.2.4. Mechanical Tests 

Tensile tests (strain rate: 2 mm/min) were performed on single network (SN) and DN 

hydrogels cut from sheets into strips of 5 mm width × 30 mm length. A universal testing 

machine (Shimadzu EZ-S, Japan) was used to perform the test. Compression test (strain 

rate: 2 mm/min) was carried out on cylindrical-shaped samples (height ~10 mm). Sand 

paper was placed at upper and lower plates to prevent sample from slipping under high 

compressive load.  

 

4.2.5. Transmittance 

Transmittance of the hydrogels was measured at wavelength 500 nm at room 

temperature (~ 23
o
C)

 
using a UV-spectrometer (Shimadzu, UV-1601).  

 

4.2.6. Contact Angle 

The static contact angle of deionized water (0.5 μL droplet) on the surface of DN 

hydrogels was measured using a goniometer (Dataphysics OCA20, Germany). 
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Equilibrated hydrogel samples were removed from buffer solutions then patted dry 

before conducting the test.   

 

4.3. Results 

4.3.1. Confirmation of Double Network Properties 

The compression stress-strain plots of PPEGMA1100-PAA DN hydrogel at pH 2 and its 

respective SN components shown in Figure 4.1 illustrate the typical behavior of a DN 

type hydrogel. The mechanical strength and breaking strain of the DN hydrogel was 

considerably greater than its individual polymer network components on their own. The 

PPEGMA1100 and PAA SN hydrogels break at 27 kPa and 490 kPa, respectively, while 

PPEGMA1100-PAA DN hydrogel (with water content as high as 64 %) sustains a 

breaking stress of 8.1 MPa. This strength is approximately 265 times and 14 times 

higher than that of the respective single network (SN) hydrogels, PPEGMA and PAA, 

respectively. Also, the fracture strain of 95 % is higher than its constituent SN 

components (64 % and 78 % for PPEGMA and PAA, respectively). 

 

4.3.2. Effect of pH on Physical Properties of the DN Hydrogels 

As a polymer with ionizable carboxylic acid side groups, PAA has a pKa value of around 

4.25 [6] and is pH sensitive. Figure 4.2a clearly demonstrates the pH sensitivity of PAA 

and the PPEGMA-PAA DN hydrogels. The swelling ratio changes dramatically within 

the pH range of the PAA pKa value. Below pH ~ 4, the measured swelling ratio for the 
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PAA SN hydrogel and both of the DN hydrogels were lower than for pHs above 4. In 

comparison, the swelling ratios of PPEGMA1100 and PPEGMA475 SN hydrogels were 

only weakly dependent on pH. It is also noted that the longer PEG side chains in the 

case of PPEGMA1100 gave higher swelling at all pHs than the PPEDMA475 due to 

PEG hydrophilicity. Strikingly, the swellability of the DN hydrogels below pH ~ 4 was 

significantly smaller than the SN hydrogels. Above pH ~ 4, the swelling ratio of DN 

hydrogels approached the swelling ratio of the PPEGMA SN hydrogels but were below 

the PAA SN hydrogel. 

 

 

Figure 4.1. Compression stress-strain curve of PPEGMA1100-PAA hydrogel and its 

single network hydrogels in a pH 2 buffer. 
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 PAA-PEG interpenetrating networks (IPN) [5] have been reported to have a strong 

hydrogen bonding interaction with a complex forming between the PAA and the PEG. 

The stability of the interaction was found sensitive to the degree of neutralization of the 

PAA component (which can be controlled via pH), and the ionic strength of the solution 

[7]. Similarly, in the PPEGMA-PAA DN hydrogels, the interaction between PEG 

component (side chains) of the first network and the PAA second network is pH 

dependent. Strongest interactions occur between PEG and the non-ionized carboxylic 

acid groups on PAA that exist below pH ~ 4. The reduced swelling of the DN hydrogels 

below pH ~ 4 can be taken as evidence of complexes that have formed due to strong 

hydrogen bonds that exist between two networks in this pH range. Above pH ~ 4, the 

hydrogen bonding is disrupted and the DN hydrogels are free to swell to the limit 

imposed by the more tightly crosslinked first network (PPEGMA). This swelling 

transition from a hydrogel with low swelling ratios at acidic pHs to more swollen 

hydrogels at neutral pHs is reversible. The swelling response for the DN hydrogels was 

observed to be dependant on the geometrical size of the samples. For a 1 mm-thick flat 

sheet sample, the response was less than 90 min, while it takes more than 6 hrs for a 3.6 

mm-diameter cylindrical sample.  

 The transparency of the DN hydrogels was also affected by changing the pH of the 

surrounding environment. The as-prepared PPEGMA1100-PAA DN hydrogel was white 

and opaque and only slightly more transparent in the case of PPEGMA475-PAA DN. 

These gels remained white/opaque even when stored in deionized water for several 

weeks. The DN hydrogels, however, became transparent when the pH was raised (Figure 

4.2b). Up to 80 % transparency was achieved upon neutralization in buffers at above pH 
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5. The transition corresponds to the swelling transition and coincides with the pKa value 

of PAA. The DN made from PPEGMA475 was more transparent than the one from 

PPEGMA1100, while all SN hydrogels were transparent (~ 90 %) at the pH range 

studied here. These observations are consistent with complex formation between the 

PAA and PPEGMA below pH ~ 5, which result from density fluctuations that scatter 

visible light.  The PPEGMA1100-PAA hydrogels are less transparent because the 

complexes which form are both larger and more stable. 

 The surface properties of the DN hydrogels were also investigated by measuring 

the contact angle of water droplet on the hydrogel surface after the samples had been 

equilibrated at various pH conditions (Figure 4.2c). All samples were patted dry before 

the test. For both DN hydrogels, the measured contact angle dropped from ~ 80 degrees 

( below pH ~ 4) to 40 – 45 degrees (above pH ~ 4). The transition for the change in 

contact angle is sharper for the DN hydrogel prepared with PPEGMA1100 than for the 

PPEGMA475. Also, the water contact angle for PAA SN hydrogel exhibits similar pH 

sensitivity but with values much lower than the DN hydrogels at all pH range. In 

contrast, PPEGMA1100 and PPEGMA475 SN hydrogels show no sign of pH sensitivity, 

with water contact angle less than 10 degrees.  The hydrophobic complex acts as a 

surfactant and organizes at the surface to minimize the surface energy.  It was not 

expected that the DN hydrogels maintain a contact angle > 40 degrees at pH’s > 5 where 

the complex between the networks was expected to be destroyed.   

 It has been claimed that the hydrogen bond association of PAA and PEG involves 

“non-interrupted linear sequences of bonds” between contiguous monomer residues of 

the hydrogen bonding donor PAA and the hydrogen bonding acceptor PEG [8]. 



CHAPTER FOUR: PPEGMA-PAA Double Network Hydrogels                                 113 

 

 

Similarly, copolymers of methacrylic acid and linear polymer chains of PPEGMA 

exhibits a cloud point which falls below 0 
o
C under acidic conditions [9]. This cloud 

point was attributed to the formation of hydrophobic H-bonded ether-acid complexes. 

The transition in the PPEGMA-PAA DN hydrogels transparency and surface contact 

angle could be mainly due to the disruption of acid-ether hydrogen bonds as pH 

increases. In fact, the acid-ether hydrogen bonds introduce hydrophobic zones into the 

hydrogel’s structure which causes the DN hydrogel to contract in acidic conditions. By 

increasing the pH from acidic to more moderate pHs (above pKa of PAA), these 

hydrophobic acid-ether complexes dissociate, and consequently, changing the 

swellability and surface properties of the DN hydrogels.  These DN hydrogels consist of 

hydrophobic regions where a complex has formed between the PEG and the PAA 

alongside of hydrophilic regions containing PAA. 
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Figure 4.2. Effect of solution pH on physical properties of PPEGMA-PAA hydrogels: a) 

swelling ratio, b) transmittance, c) surface contact angle (next page). Lines are to guide 

the eye.  
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Figure 4.2. Continued. 

 

4.3.3. Effect of pH on Mechanical Properties 

In crosslinked polymeric structures, the swelling ratio of the network has a direct impact 

on the mechanical properties of the gel [10]. Similarly, as the swelling ratio of 

PPEGMA-PAA DN hydrogels varies with pH, it is expected that the mechanical 

properties of the DN hydrogels will also depend on pH. Figure 4.3 shows the pH 

dependency of compression strength and modulus of all investigated hydrogels. The 

PPEGMA SN hydrogels showed no dependency of their mechanical properties on pH, 

while the PAA SN hydrogel showed a transition to lower breaking strength and modulus 

at pHs above 4. These behaviours are consistent with the swelling ratios, with a higher 
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displayed a transition to higher strength at pH below 4, although the increase in strength 

was significantly greater than the PAA SN hydrogel (Figure 4.3a). In particular, the 

fracture strength of PPEGMA1100-PAA DN hydrogel at pH 2 (σb=8.1 MPa) was an 

order of magnitude higher than at pH 5.5 (σb=0.7 MPa). The DN hydrogels show an 

enhancement in strength compared with PAA SN hydrogel at all pHs. The enhancement 

in strength at pH < 4 of 4 – 8 MPa (for PPEGMA475-PAA and PPEGMA1100-PAA, 

respectively) is significantly higher than at pH > 4 (~ 0.5 MPa). The additional 

strengthening at low pH corresponds to the region where complexation between the 

interpenetrating networks was active, suggesting that the additional strengthening may 

be associated with the inter-network interactions. In contrast to the fracture strength, the 

elastic modulus of DN hydrogels (the slope of stress-strain curve at the initial part of the 

curve) did not show any significant pH dependence (Figure 4.3b). For the PAA SN 

hydrogel, a transition in elastic modulus was observed over the transition range as 

expected from the increase in swelling. The lack of pH sensitivity of the modulus of the 

DN hydrogels is particularly surprising since they display a large change in swellability 

with pH. The dependency of modulus on swelling ratio is considered in more details 

below.   

 To further investigate the influence of pH on the mechanical properties of 

PPEGMA-PAA DN hydrogels, tensile tests were performed on fully swollen DN and 

SN hydrogel sheets. The PPEGMA1100 and PPEGMA475 SN hydrogels were not 

tested under tension as they were so fragile that they fractured when mounting in the 

grips. Figure 4.4 shows typical tensile stress-strain curves of the PPEGMA1100-PAA 

and PPEGMA475-PAA DN hydrogels and PAA SN hydrogel at pH 2. 
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Figure 4.3. Compression properties of PPEGMA-PAA hydrogels and their constituent 

single networks as a function of pH: a) fracture strength, b) compression modulus.  
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Figure 4.4. Tensile stress-strain curves of PPEGMA-PAA and PAA hydrogels at pH 2. 
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swelling ratio, following nearly a power law trend as generally expected in swollen 

polymeric networks [10]. The tensile strength of the DN hydrogels was less sensitive to 

the swelling ratio compared to the PAA SN hydrogel, and generally showed much 

higher strength. A similar trend was observed by Frank et al. [1], where the true tensile 

strength of PEG-PAA DN hydrogel decreased almost one order of magnitude in its more 

swollen state at pH 6 (σtrue = 0.86 MPa) compared to its less swollen state at pH 3 (σtrue = 

8.2 MPa).  

 The tensile modulus of PPEGMA-PAA DN hydrogels was observed to be much 

less sensitive to pH than the PAA SN, where the latter decreased with increasing 

swelling. However, the modulus of the DN hydrogels did not change significantly with a 

change in pH in agreement with Frank et al. for PEG-PAA interpeneterating networks. 

This paradox was also noted by Frank et al., even though there is a significant change in 

water content (and hence chains per unit volume) as well as the breaking of complexes 

between the two networks.  It should be noted that that the crosslink densities of both 

networks employed by Frank et al. are much higher than those used here as indicated by 

the much higher reported modulus.  

 At low pH, the PPEGMA network is essentially collapsed, having formed a 

complex with the PAA network, hence the modulus is a measure of the PAA network 

that is in excess.  At high pH the modulus is a measure of both the PPEGMA and the 

PAA network.  Hence, there is an increase in the number of elastic chains that 

corresponds with the swelling resulting from the breaking of complexes between the two 

networks.  Overall the number of elastic chains per unit volume is close to constant, with 

variations expected by changing the molar ratio of ethylene glycol (EG) repeat unit to 
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the acrylic acid (AA) repeat unit.  In this instance, the PPEGMA1100-PAA had a higher 

ratio of EG to AA relative to the PPEGMA475-PAA. Consequently the PPEGMA475-

PAA hydrogel exhibited a small decrease in modulus with an increase of pH whilst the 

PPEGMA1100-PPA hydrogel did not.  In the work of Frank et al., the ratio of EG to AA 

is less than that used here (as the EG units are on the polymer back bone and not as side 

chains), consequently they observed a small increase in modulus with pH.  

 

4.4. Discussion 

4.4.1. Comparison with other DN Hydrogels  

The PPEGMA-PAA DN hydrogels prepared in these study exhibited similar 

compression properties as other similar IPN and DN hydrogels. Here, under acidic 

conditions, the PPEGMA-PAA DN hydrogels displayed compression fracture strengths 

(4 – 8 MPa) that exceeds most of the other DN hydrogels [11-13] except those based on  

PAMPS-PAAm (17–21 MPa) [14]and PVA-PEG (12.8–25.2 MPa) DN hydrogels [15] 

Also, under acidic conditions, the improvement in compression strength of the DN 

compared to SN, σmax
DN

/σmax
SN

, are among the highest reported in the literature (265 and 

130 for PPEGMA1100-PAA and PPEGMA475-PAA, respectively). The σmax
DN

/ σmax
SN

 

for PAMPS-PAAm and PVA-PEG DN hydrogels are 43 and 8.3, respectively; the 

highest reported values are 700 and 267 for P(AMPS-co-TFEA)-PAAm and PAMPS-

TFEA, respectively [14].  
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Figure 4.5. Tensile properties of PPEGMA-PAA and PAA hydrogels as a function of 

pH: a) Young’s modulus, b) tensile strength. The numbers on each data point represent 

the pH of buffer solution in which the corresponding swelling ratio was achieved.  
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 In terms of tensile behaviour, there are only a few examples in the literature that 

report the tensile properties of a fully swollen hydrogel. The highest reported values in 

the present literature for a fully swollen hydrogel is for PVA-PEG DN, which displayed 

a tensile strength and modulus of 6.10 MPa and 160 kPa, respectively [15]. However, 

the tensile strength of the PVA SN hydrogel was also fairly high (1.5 MPa) in 

comparison to other common synthetic SN hydrogels. The σmax
DN

/ σmax
SN 

for fully 

swollen PPEGMA1100-PAA and PPEGMA475-PAA hydrogels in this report was 

measured to be ~ 23 and ~ 15 at pH ~ 2, and ~ 68 and ~ 20 at pH 6, respectively. The 

calculated true tensile strength, σtrue, of PEG-PAA DN hydrogel is around 9 MPa by 

Frank et al. [1], which is higher than what we have observed here (σtrue ~ 3 MPa for 

PPEGMA1100-PAA under acidic conditions).     

 

4.4.2. Strengthening Mechanisms 

The bottlebrush structure of first network allows the second network to interact mainly 

with the “side chains” of the first network. This interaction is dominantly a pH sensitive 

acid-ether hydrogen bonding. From the results presented here, this interaction strongly 

influences the behavior of the DN hydrogels when pH changes, including a significant 

improvement in the mechanical properties over that of the first network. At acidic pHs, 

although the PAA network mainly interacts with the side chains of PPEGMA network, 

the hydrogen bonding interaction is sufficient to induce DN-like mechanical 

improvement in the hydrogels. At higher pHs when the hydrogen bonding interaction is 
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absent, the DN still exhibits improved strength compared to either SNs. However, the 

strengthening effect is not as pronounced at high pH compared to lower pHs.  

 The main question here is whether these systems, such as PPEGMA-PAA or PEG-

PAA, which are inspired by DN technique in their synthesis and possess strong 

hydrogen bonding between two networks, are strengthened in the same way as other 

double network hydrogels. In other words, is the source of strength in these hydrogels 

purely hydrogen bonding or topological characteristics of the networks or a combination 

of both? The proposed mechanism for the toughness of DN hydrogels is based on the 

topology of the hydrogels, where the first network will fracture first as a result of its 

higher crosslinking and its highly extended chains, followed by the formation of a 

damaged zone around the crack which has mainly the characteristics of the second 

network [16, 17]. Experimental evidence, such as necking and direct microscopic 

observation of damaged area around the crack, support this model [14, 18, 19]. 

However, the proposed model and all of the experimental evidence that support them 

totally focused on the only extensively studied DN system made of PAMPS as the first 

network and PAAm as the second network. Gong et al. in their early paper stated two 

main criteria for DN hydrogels which distinguish them from other IPN systems [14]. 

They mentioned the difference in degree of crosslinking of networks (tightly crosslinked 

first network and loosely crosslinked second network), and the high molar ratio of 

second network to the first network as two main criteria to achieve mechanical 

enhancement [14]. The crosslinking ratio of hydrogels can be adjusted by controlling the 

crosslinking agent concentration and polymerization condition of their respective 

polymerization reactions. The second criterion however, is mainly defined by the nature 
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of first network and its interaction with second network monomer solution. To achieve 

high molar ratio of the second network to the first network, Gong et al. suggested that 

the first network needs to preferentially be a polyelectrolyte which can then swell in the 

second network monomer solution and uptake second network monomers. Although it is 

possible to control the ratio of two networks by changing the concentration of monomer 

in the second network monomer solution, as demonstrated in the literature before [14], it 

is more difficult to manipulate it when the first network is not a polyelectrolyte. More 

neutral polymers do not swell in an aqueous solution as much as polyelectrolytes do. For 

example, to obtain a molar ratio of ~ 10 with the PAMPS first network made from a 4 M 

monomer solution (~ 17 wt% water), the PAMPS network should be swollen in a 1 M 

AAm monomer solution. Since the PAMPS first network swells in the AAm monomer 

solution, and in the absence of any specific interaction between first network polymer 

chains and second network monomer, the concentration of AAm monomers within the 

swollen PAMPS network is the same as the surrounding AAm monomer solution. This 

means that the as-prepared PAMPS hydrogel (Qo ~ 1.21) is required to swell 40 times in 

AAm monomer solution to reach to the required molar ratio. 

 In the case of PPEGMA-PAA and PEG-PAA, the interaction between PEG and 

PAA is so strong that it might limit the achievable molar ratio of the two networks. It 

has previously been suggested that the hydrogen bonding interaction between PAA and 

PEG chains follows a specific pattern with the ratio of carboxylic acid groups to 

ethylene glycol units ranges from 1 – 3 [5, 20]. Thus, it is important to estimate the ratio 

of the two networks investigated in this study. Since PPEGMA and PAA networks form 

strong hydrogen bonding, it is not possible to simply use the swelling ratio of the first 
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network and the second network monomer concentration to estimate the ratio of two 

networks. As a result, an indirect method was employed here to measure this ratio by 

using the mass of networks and their corresponding swelling ratios. Briefly, as-formed 

PPEGMA first network hydrogels were carefully weighed (w1) and by knowing their 

swelling ratio from previous measurements (Q1) the mass of dry polymer network (W1) 

can be calculated as:    

𝑊1 =
𝑤1

𝑄1
                   (4.2) 

 The PPEGMA hydrogels then were soaked in AA monomer solution with different 

monomer concentration (10 – 20 wt%), followed by polymerization of PAA second 

network within PPEGMA as mentioned before. The mass of fully swollen PPEGMA-

PAA hydrogels were measured (wDN) and by using the PPEGMA-PAA hydrogels 

swelling ratio (Q) the mass of dry PPEGMA-PAA networks (WDN) can be estimated: 

𝑊𝐷𝑁 =
𝑤𝐷𝑁
𝑄

                   (4.3) 

By assuming that the mass of PPEGMA network has not changed during the soaking 

and second network polymerization process, the difference between the mass of final dry 

PPEGMA-PAA and that of PPEGMA is considered as the incorporated second 

network’s mass (W2): 

𝑊2 = 𝑊𝐷𝑁 −𝑊1                    (4.4) 

The number of moles of PPEGMA repeating units (Xn1) was calculated from the molar 

mass of PEGMA monomer (M1100 or M475) and mass of dry PPEGMA networks: 
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𝑋𝑛1 = 𝑊1/𝑀1100      PEGMA1100 (4.5a) 

𝑋𝑛1 = 𝑊1/𝑀475       PEGMA 475 (4.5b) 

For PEGMA475 and PEGMA1100 the average number of ethylene glycol units per each 

monomer molecules (n1) is 8.5 and 22.7, respectively. Thus, the number of moles of 

ethylene glycol units (N1) in a PPEGMA network can be estimated as: 

𝑁1 = 𝑛1 𝑋𝑛1                    (4.6) 

A similar concept was employed to measure the number of moles of AA repeating units, 

and consequently carboxylic acid groups (N2) of PAA network as: 

𝑁2 = 𝑋𝑛2 = 𝑊2/𝑀𝐴𝐴                     (4.7) 

where MAA is the molar mass of acrylic acid repeating units. The molar ratio of ethylene 

glycol to carboxylic acid (N2/N1) as a function of AA monomer concentration is plotted 

for both PPEGMA475-PAA and PPEGMA1100-PAA in Figure 4.6a. For both systems, 

as the concentration of AA monomer increases in the second network monomer solution 

the ratio of carboxylic acid to the ethylene glycol increases in the final PPEGMA-PAA 

network. This ratio seems to level off around 1.1 for PPEGMA475-PAA and 2 for 

PPEGMA1100-PAA. These results are in agreement with previous studies that 

suggested a value between 1 and 3 for PAA to PEG [5, 20]. The higher concentration of 

AA monomer means that there is an excess of AA units so it is likely that the majority of 

ethylene glycol (EG) units participate in hydrogen bonding, although it is not possible to 

achieve all because of the defects and crosslinks.  
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Figure 4.6. Molar ratio of a) acrylic acid (AA) and ethylene glycol (EG) side groups in 

PPEGMA-PAA hydrogels (N2/N1) and b) PAA second network to PPEGMA first 

network (Xn2/Xn1) vs. acrylic acid monomer concentration. Dotted line indicates the 

equimolar ratio.  A 20 wt% solution was used for the study of hydrogel mechanical 

properties. 
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 The above analysis suggests that the molar ratio of carboxylic acid groups to 

ethylene glycol units in the DN gels ranges between 1 and 2. However, the actual molar 

ratio of AA repeat unit in the second network to PEGMA repeat unit in the first network 

is much higher than 2. Since ethylene glycol units form the side chains of the PPEGMA 

network with average ethylene glycol units per methacrylate units of 8.5 and 22.7 for 

PPEGMA475 and PPEGMA1100, respectively, the molar ratio of PAA to PPEGMA 

multiplies by a factor of 8.5 or 22.7 depending on the number of ethylene glycol units of 

the first network. Figure 4.6b plots the molar ratio of the second network to the first 

network for PPEGMA475-PAA and PPEGMA1100-PAA as a function of AA monomer 

concentration.  Consequently, for an AA monomer concentration of 20 wt% the molar 

ratio is well above 10 for both DN gels containing either PPEGMA475 or 

PPEGMA1100 (Scheme 4.2). As mentioned above, the strength and toughness of DN 

gels is enhanced when the second network is presented in a high molar excess [14].  

The mechanisms involved in the strengthening of these hydrogen bonding DN 

hydrogels remains to be determined. The proposed mechanism for the toughness of non-

hydrogen bonding DN hydrogels is based on the topology of the hydrogels, where the 

first network will fracture first as a result of its higher crosslinking and its highly 

extended chains, followed by the formation of a damaged zone around the crack which 

has mainly the characteristics of the second network [16, 17]. Experimental evidence, 

such as necking and direct microscopic observation of damaged area around the crack, 

support this model [14, 18, 19]. It is likely that similar mechanisms operate in the PEG-

PAA DN gels at pH > 4, where hydrogen bonding is reduced. In this regime the 

PPEGMA-DN tensile strength exceeded that of the PAA SN by a factor of at least 15 
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times. The network topologies produced are similar to that reported to be important for 

achieving high toughness with the second network (PAA) lightly crosslinked and present 

in a molar ratio of second network to first network greater than 5. As detailed in the 

supporting information, the molar ratio of the two networks could be calculated from the 

acrylic acid monomer concentration and for both PPEGMA-PAA hydrogels the ratio 

exceeded 5. 

 The most significant strengthening of PPEGMA-PAA DN hydrogels occurred at 

pH <4, where hydrogen bonding induced a significant deswelling coinciding with a 

heterogeneous microstructure (as evidenced by the opacity). In this condition, the 

interactions between the two networks may provide additional toughening mechanisms 

by the rupture or slipping of inter-polymer complexes.  The reduced swelling itself is 

likely to contribute to an increase in strength. As shown in Figure 1.2, a general trend to 

increased toughness has been observed in many different hydrogel systems as the 

swelling degree was decreased. It is likely that the enhanced strength of PPEGMA-PAA 

DN hydrogels at low pH is influenced by all 3 factors identified: reduced swelling; a DN 

topology and strong hydrogen bonded interactions. 

 

Scheme 4.2. Schematic illustration of a PPEGMA-PAA hydrogel. 
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4.5. Conclusions 

The two PPEGMA-PAA DN hydrogels investigated here displayed true DN-properties: 

significant improvement in mechanical properties was measured for all DN hydrogels 

compared to SN hydrogels prepared from their individual components (i.e. 

PPEGMA1100 and PPEGMA475 first networks, and PAA second network). The DN 

hydrogels respond to pH similar to the PAA component. Unlike the PPEGMA1100 and 

PPEGMA475 single hydrogel networks, the swelling ratio of PPEGMA-PAA DN 

hydrogels changed at a transition pH of ~ 4. This swelling transition also corresponded 

to the transformation between opaque and hydrophobic hydrogels (pH < 4) to 

transparent and hydrophilic hydrogels (pH > 4). These changes in physical properties are 

related to the observed change in mechanical properties. A dramatic decrease in tensile 

strength occurred when pH exceeded the transition point (pH ~ 4). In contrast, the tensile 

modulus of DN gels was largely insensitive to pH, while the modulus of PAA SN 

decreased on increasing pH above 4. These observations are related to the dissociation 

of the acid-ether hydrogen bonds as the pH is increased above the pKa value of the PAA 

network, causing the ionization of the carboxylic acid side groups of PAA. The observed 

enhancement in mechanical performance of PPEGMA-PAA DN hydrogels may be 

attributed to hydrogen bonding at pH < 4. However, it was shown that the ratio of PAA 

second network to the PPEGMA first network is more than ten and topological effects 

arising from the two networks might be responsible for additional toughening achieved 

at pHs above 4. The outstanding mechanical properties of the PPEGMA-PAA DN 

hydrogels make them potentially useful for many applications such as drug release and 
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actuators. The addition of electronic conductivity to these hydrogels is described in the 

following two chapters. 
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5. Electrically Conductive, Tough Hydrogels with pH 

Sensitivity 

 

 

 

5.1. Introduction 

As described in Chapter 1, conductive hydrogels hold significant promises in drug 

release (Chapter 2), bioactive electrode coating, and actuators [1, 2]. In this chapter, an 

electrically conductive hydrogel is reported, with pH sensitivity and improved 

mechanical properties. The toughness and enhanced mechanical properties along with 

pH sensitivity are obtained from a tough DN hydrogel system based on the 

poly(ethylene glycol) methyl ether methacrylates (PPEGMA) single network and 

poly(acrylic acid) (PAA) second network  (previous chapter). The electrical conductivity 

and electrochemical activity are achieved by chemically polymerising EDOT with PSS 

dopant within the pH-sensitive tough PPEGMA-PAA DN hydrogels to form PEDOT-

PSS. Conducting the EDOT polymerisation step more than once overcomes the 

limitations attributed to the solubility of EDOT in the PSS solution and as a result 

considerably higher conductivity could be reached while retaining excellent mechanical 

properties and pH sensitivity.   
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5.2. Experimental Section 

5.2.1. Materials 

Poly(ethylene glycol) methyl ether methacrylate (PEGMA1100) (MW 1,100 g/mol), 

acrylic acid (AA), potassium persulfate (KPS) and N,N’-methylene MBAAacrylamide 

(MBAA) were purchased from Sigma-Aldrich
 
and used without any further purification 

to fabricate the PPEGMA1100-PAA DN hydrogels. Poly(sodium 4-styrenesulfonate) 

(NaPSS) (MW 70,000 g/mol), ammonium persulfate (APS) and 3,4-

ethylenedioxythiophene (EDOT) were purchased from Sigma-Aldrich and used to form 

PEDOT-PSS within the hydrogels. Buffers (McIlvaine phosphate-citrate) with various 

pHs and constant ionic strength (0.5 M) were prepared using citric acid (Sigma-Alrich), 

sodium phosphate and potassium chloride (Ajax Finechem, Australia). To prepare glass 

slides with hydrophobic surfaces (that were used as moulds for the polymerisation of the 

hydrogels) octadecyltrichlorosilane 90 % was purchased from Sigma-Aldrich, and 

hexane and hydrogen peroxide 35 % solution were purchased from Ajax Finechem, 

Australia. The double-distilled deionised water (18.5 MΩ) was used to make up all of 

the aqueous solutions. The chemical structures of EDOT and PSS are presented in 

Scheme 5.1. 

                              

Scheme 5.1. Chemical structures of (a) EDOT and (b) PSS. 

b a 
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5.2.2. Preparation 

PPEGMA1100-PAA DN hydrogels 

 The method to manufacture the PPEGMA1100-PAA DN hydrogels was described 

elsewhere (previous chapter). Briefly, a simple thermal radical polymerisation was 

employed to prepare the networks. First, the PPEGMA1100 single network (SN) was 

synthesized by dissolving PEGMA1100 oligomonomers in deionised water (20 wt%) 

followed by adding MBAA as the crosslinking comonomer and KPS as the initiator (4 

mol% and 0.5 mol%, respectively, based on PEGMA1100 monomer). The solution was 

stirred thoroughly, purged with N2 and then transferred to a mould. For preparing thin 

sheets the mould was made of two surface-treated hydrophobic glass slides separated 

with a silicon spacer (1 mm). In some cases a plastic syringe was used as a mould to 

prepare cylindrical rods. Polymerisation was carried out in a convection oven at elevated 

temperature (65 
o
C) for 6 hrs. After the polymerisation, samples removed from the 

moulds and were rinsed thoroughly and kept in deionised water for one week, where the 

water was changed on a daily basis to ensure the removal of any unreacted chemicals. In 

the second polymerisation stage, the PPEGMA1100 hydrogels were soaked in AA 

monomer solution containing AA monomer (20 wt%), MBAA (0.1 mol%) and KPS (0.1 

mol%) for three days. The fully swollen PPEGMA1100 hydrogels were sealed between 

two hydrophobic glass slides, followed by a polymerisation reaction at 65 
o
C for 6 hrs. 

The resulting PPEGMA1100-PAA DN hydrogels ware then washed extensively with 

deionised water for one week to remove the unreacted components.  
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PPEGMA-PAA-PEDOT (PSS) hydrogels 

 To form the PEDOT-PSS within the PPEGMA1100-PAA DN hydrogel structure, 

the starting DN hydrogels were required to uptake sufficient EDOT monomer and PSS 

into their structure in a swelling process. Thus, the PPEGMA1100-PAA hydrogels were 

transferred to a buffer solution with pH 7 and ionic strength of 0.5 M for 3 days or until 

the hydrogels reached their equilibrium swelling ratio at this pH. After this period, the 

samples were removed and washed thoroughly with deionised water for another 3 days 

to remove the excess ions. During this final washing process the swelling ratio of 

samples did not change. The fully swollen samples were soaked in EDOT-PSS solution 

for one week as the solution was being stirred continuously. To prepare the EDOT-PSS 

solution, 10 g of NaPSS was dissolved in 100 mL water followed by addition of 6.5 g of 

EDOT monomer. The mixture was then vigorously stirred using a homogenizer (IKA 

T25D, Germany) for 20 min at 12000 rpm until a uniform mixture was obtained. The 

polymerisation of PEDOT was initiated by adding 13 g of APS to the above EDOT-PSS 

solution. In similar experiments KPS or Fe
3+ 

were used to initiate the polymerization. In 

the case of KPS, the reaction started as soon as KPS was added to the mixture. This fast 

initiation is not desirable since the best result achieves when the polymerization starts 

simultaneously from within the hydrogel and the surrounding mixture. In the case of 

Fe
3+

, the cationic Fe
3+

 acts as an ionic crosslinking agent and the PPEGMA-PAA DN 

hydrogel shrinks inside the EDOT/PSS solution before the reaction starts. As a result of 

this deswelling, EDOT and PSS will expel from the hydrogel and the resulting hydrogel 

is not conductive and becomes very brittle. Since the achieved results from KPS and 

Fe
3+

 were not satisfactory, APS was used to conduct the polymerization process. The 
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mixture was left at ambient temperature and stirring was continued for another 3 days. 

Since the PPEGMA-PAA hydrogels are mechanically strong this stirring process does 

not damage the hydrogel in general. However, minor mass loss was observed during this 

process without any visual damage to the hydrogel samples. This minor mass loss would 

cause further uncertainty in measuring the total mass of PEDOT added to the hydrogels 

after the polymerization. Consequently, the exact amount of PEDOT present in the 

samples was not obtained. At this stage, the mixture gradually turned dark and 

eventually the whole system turned to a gel with PEDOT-PSS forming (Scheme 5.2) 

both outside and inside the PPEGMA-PAA gel via radical polymerization as describe in 

the literature previously [3]. The PPEGMA1100-PAA-PEDOT(PSS) hydrogels were 

mechanically separated from the fragile surrounding PEDOT-PSS gel and washed 

extensively with deionised water. To increase the amount of PEDOT in the hydrogels, 

the PEDOT polymerisation process was repeated by immersing the fully swollen 

PPEGMA1100-PAA-PEDOT(PSS) hydrogels in a fresh EDOT-PSS solution, following 

all the aforementioned steps. This process was repeated several times to control the 

loading of PEDOT-PSS. To indicate the number of PEDOT polymerisation in this study, 

the PPEGMA1100-PAA-PEDOT(PSS) hydrogels are referred to as DN-PEDOT(PSS)-

X, where X (I, II, etc.) is the number of PEDOT polymerisation steps used. For example, 

DN-PEDOT(PSS)-II is designated to a hydrogel which was obtained after polymerising 

EDOT-PSS within the DN-PEDOT(PSS)-I hydrogels and “DN” refers to the originally 

prepared PPEGMA-PAA double network hydrogel.   
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Scheme 5.2. Chemical polymerization of EDOT in the presence of PSS. 
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5.2.3. Swelling Ratio 

Swelling ratio of various hydrogels was measured by weighing the hydrogels in their 

fully swollen state and after drying. Various samples were placed in pH buffer solutions 

at different pHs and constant ionic strength (0.5 M) for one week to reach the 

equilibrium. After one week, hydrogels were removed and weighed carefully. These 

hydrogels then dried at 75 
o
C for 3 days and weighed again. The mass ratio of fully 

swollen hydrogels to dried hydrogels was considered as the swelling ratio (Q) of 

hydrogels. 

 

5.2.4. Mechanical Testing 

The tensile and compression mechanical properties of hydrogels were measured using a 

Shimadzu mechanical tester (EZ-S, Japan). To investigate the effect of pH on the 

mechanical properties of hydrogels, samples were soaked in the buffer solutions at 

various pHs (I = 0.5 M) for one week, then cut from sheets into strip shapes for tensile 

testing (5 mm ×  30 mm). The same procedure was carried out on cylindrical rod 

samples (height ~ 10 mm) for compression testing. The thickness of samples in tensile 

test and the diameter of samples in compression test varied as the pH changed, 

depending on the swelling ratio of samples. Sand paper was used in both tensile and 

compression tests to prevent any slippage, and the strain rate was set at 10 %/min for all 

samples. All the measurements were completed in air and the weight of samples was 

monitored before and after the test to investigate any possible water loss during testing. 
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The weight loss measured for each test revealed that the water loss was negligible during 

the course of the test.   

 

5.2.5. Conductivity 

The four point probe technique was used to measure the conductivity of hydrogel 

samples with a linear probe head (JANDEL, UK). The bulk resistance of samples was 

calculated from the applied current and voltage with at least five separate measurements 

made for each sample. To measure the conductivity of the inner core of the hydrogels, 

rod samples were cut transversely into two pieces and the inner cross section of the cut 

samples was used for measurements (Scheme 5.3). Before each measurement, the 

surface water on the samples was carefully tapped dry.  

 

 

Scheme 5.3. Schematic illustration of a conducting hydrogel cut into two pieces (A and 

B). Electrical conductivity tests were performed on the cross sections A and B.   
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5.3. Results  

5.3.1. Hydrogel Formation 

The as-prepared PPEGMA1100-PAA hydrogels had a swelling ratio of ~ 1.5 and were 

opaque due to the hydrogen-bonding between carboxylic groups of PAA and ethylene 

glycol units of PPEGMA1100 [4]. The confirmation of tough double network formation 

based on PPEGMA1100 and PAA networks is presented elsewhere (previous chapter). 

Typical compression behaviour of DN hydrogel structures was observed for 

PPEGMA1100-PAA DN hydrogels with enhancements more than 15 and 270 times in 

compression strength compared to PAA and PPEGMA1100 SN hydrogels, respectively. 

Moreover, it was shown that the PPEGMA1100-PAA DN hydrogels are also pH 

sensitive, with their swelling behaviour and hydrophobicity changing extensively with 

pH. The hydrogen bonding between ethylene glycol units of PPEGMA1100 side chains 

and carboxylic acid groups in PAA were considered to be responsible for this pH 

sensitivity. As the pH increases the hydrogen bonding between PPEGMA1100 and PAA 

side groups dissociate and subsequently the PPEGMA1100-PAA DN hydrogels swelling 

ratio and hydrophilicity increase significantly. However, the as-prepared 

PPEGMA1100-PAA hydrogels were in their less-swollen state due to the acidic pH of 

the polymerisation reaction. As a result, even after immersing the as-prepared DN 

hydrogels in EDOT-PSS solution for one week, hydrogels were not able to absorb 

enough EDOT-PSS and the resulting polymerisation yielded PEDOT only at the surface 

of the hydrogels. To allow more EDOT monomer to diffuse into the PPEGMA1100-

PAA DN structure, DN hydrogels soaked in pH 7 buffer solution were used instead of 

the as-prepared PPEGMA1100-PAA DN hydrogels. The fully swollen PPEGMA1100-
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PAA hydrogel at pH 7 was transparent with a swelling ratio of ~ 9. This swelling ratio 

was 8 times as high as the as-prepared PPEGMA1100-PAA hydrogels with a much more 

hydrophilic nature. After the PEDOT polymerisation, visual inspection showed that the 

PEDOT was formed evenly through the hydrogel with no apparent difference observed 

at the cross section of DN-PEDOT(PSS) hydrogels.  

  

5.3.2. pH Sensitivity  

As a pH sensitive hydrogel, the swelling ratio of PPEGMA1100-PAA DN hydrogel 

varies considerably with pH (previous chapter). Thus, a similar pH sensitivity for 

PEDOT incorporated DN hydrogels was expected. The change in swelling ratio of the 

starting PPEGMA1100-PAA DN hydrogel, DN-PEDOT(PSS)-I and DN-PEDOT(PSS)-

II hydrogels is plotted in Figure 5.1 as pH ranges from 2.2 to 6 at a constant ionic 

strength (0.5 M).   

 Clearly, both DN-PEDOT(PSS)-I and DN-PEDOT(PSS)-II hydrogels are pH-

sensitive. The swelling ratio of all three systems (i.e. PPEGMA1100-PAA DN, DN-

PEDOT(PSS)-I and DN-PEDOT(PSS)-II) changed dramatically within the pH range of 

the PAA pKa value. All three hydrogels showed a transition point at around pH ~ 4. At 

pHs below ~ 4 all three systems remained in their collapsed state, although the DN-

PEDOT(PSS)-I hydrogel had considerably lower swelling than either of the other two 

systems. This reduced swelling could be the result of additional crosslinking which was 

introduced into the hydrogel by adding APS to the EDOT-PSS solution during the 

polymerisation of PEDOT. Since APS is a radical generator it is likely that not only 
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EDOT was polymerised but also some radicals were formed on the PPEGMA1100 and 

PAA networks and additional crosslinking resulted. 
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Figure 5.1. Swelling ratio of PPEGMA1100-PAA DN, DN-PEDOT(PSS)-I and DN-

PEDOT(PSS)-II hydrogels as a function of pH buffer solution (I = 0.5 M). Error bars are 

smaller than the size of symbols. 

 

 However, in DN-PEDOT(PSS)-II case, considerably more PEDOT was present in 

the system and the swelling of hydrogels is closer to that reported previously for a 

PEDOT-PSS hydrogel (Q ~ 5) [5]. For pHs above ~ 4, the measured swelling ratio of the 

PPEGMA1100-PAA DN and DN-PEDOT(PSS)-I hydrogels increased with increasing 

pH. The swelling behaviour of the DN-PEDOT(PSS)-I hydrogel was quite similar to the 

starting DN hydrogel with swelling ratio increasing more than 10 times after the pH 
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transition point. The increase in the swelling ratio for the DN-PEDOT(PSS)-II hydrogel 

was not as significant as DN-PEDOT(PSS)-I, showing only a slight increase with pH 

around the transition point. Both PPEGMA1100-PAA DN and DN-PEDOT(PSS)-I 

hydrogels reached a maximum swelling ratio of around 11 at pH 6, while the maximum 

swelling ratio of the DN-PEDOT(PSS)-II hydrogel was only ~ 5 at this pH, which is 

close to reported values for PEDOT-PSS gels [5]. These results suggest that although the 

DN-PEDOT(PSS) hydrogels remain pH-sensitive, their overall response to pH has 

decreased as more PEDOT was introduced to the system. Not shown in Figure 5.1 are 

the swelling ratios of PPEGMA1100 and PAA SN hydrogels. The PPEGMA1100 SN 

hydrogel is not pH sensitive with swelling ratio around 10 over the pH range studied 

here. The PAA SN hydrogel is, on the other hand, is pH sensitive, with its swelling ratio 

jumps from 5 at pH 2.2 to 23 at pH 6.  

  

5.3.3. Mechanical Properties 

To investigate the effect of PEDOT formation on the mechanical behaviour of 

hydrogels, compression and tensile tests were performed on the various gel systems. 

Figure 5.2 compares the compression stress-strain curves of the DN-PEDOT(PSS)-II 

hydrogel with the PPEGMA1100-PAA DN, PPEGMA100 SN and PAA SN hydrogels at 

pH 3. Although the maximum compression strain did not show any considerable 

difference between these networks (~ 75 – 80 %), the compression strength of DN-

PEDOT(PSS)-II and PPEGMA1100-PAA DN hydrogels exhibited enhancements of 

more than 250 and 15 times compared to PPEGMA1100 and PAA SN hydrogels, 
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respectively. The measured compression strength for DN-PEDOT(PSS)-II (11.6 MPa) 

was also higher than that of the starting DN hydrogel (8.3 MPa), with a similar failure 

strain of ~ 80 %. From Figure 5.1 it can be seen that at pH 3 both hydrogels possess 

comparable swelling ratios (3.1 and 2.8 for DN-PEDOT(PSS)-II and PPEGMA1100-

PAA DN hydrogels respectively). Thus, the higher compression strength of DN-

PEDOT(PSS)-II is not because of a lower swelling ratio, and most likely the presence of 

PEDOT and PSS chains had a positive impact on the mechanical properties of gels to 

cause additional strengthening.  
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Figure 5.2. Compression stress-strain curves of fully swollen DN-PEDOT(PSS)-II, 

PPEGMA1100-PAA DN, PAA and PPEGMA1100 hydrogels at pH 3. 
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 The effect of pH on the compression mechanical behaviour of DN-PEDOT(PSS)-

II hydrogels was also studied by measuring the mechanical properties of the fully 

swollen hydrogels at various pHs. Figure 5.3 plots the compression stress-strain curves 

of DN-PEDOT(PSS)-II hydrogels at various pHs with a constant ionic strength (0.5 M). 

Clearly, all hydrogels over the range of pH studied here had significantly improved 

compression strength than the individual SN constituents (i.e. PPEGMA1100 and PAA), 

with their compression strengths remained always above the starting DN at the same pH. 

As pH increased from 3 to 6, the compression strength of DN-PEDOT(PSS)-II 

decreased with a significant drop around the transition point. The results showed that 

after a slight decrease in strength from pH 3 to pH 4 (11.6 MPa to 10.3 MPa), at pH 5 

the strength dropped to 4.2 MPa followed by 1.8 MPa at pH 6. However, even at this 

pH, the fracture strength of DN-PEDOT(PSS)-II in its more swollen state was almost 

two times higher than that of PAA in its collapsed state at pH 2.2.  

 Tensile properties of the DN-PEDOT(PSS)-II hydrogels were also measured at 

different pHs. Shown in Figure 5.4 are typical tensile stress-strain curves of the 

PPEGMA1100-PAA DN and DN-PEDOT(PSS)-II hydrogels compared with the PAA 

SN hydrogel at pH 3. Noted here, the tensile properties of the PPEGMA1100 SN 

hydrogel was not measured because of the technical difficulties in mounting these very 

fragile samples. Again, considerable enhancement can be seen in strength of fully 

swollen PPEGMA1100-PAA DN and DN-PEDOT(PSS)-II hydrogels compared to the 

PAA SN hydrogel, with the DN-PEDOT(PSS)-II having even higher tensile strength 

than the starting PPEGMA1100-PAA DN hydrogel.  
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Figure 5.3. Compression stress-strain curves of fully swollen DN-PEDOT(PSS)-II 

hydrogels at various pH (I = 0.5 M).  
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Figure 5.4. Tensile stress of fully swollen DN-PEDOT(PSS)-II, PPEGMA1100-PAA 

DN and PAA hydrogels (pH 3, I = 0.5 M) as a function of elongation. 
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 To compare the tensile properties of the PPEGMA1100-PAA DN and DN-

PEDOT(PSS)-II hydrogels as pH changes, Figure 5.5 illustrates the elongation at break, 

Young’s modulus and tensile strength of PPEGMA1100-PAA DN and DN-

PEDOT(PSS)-II hydrogels as a function of pH.  

 A similar trend to that shown by the compression properties is observed here as pH 

increases from 3 to 6. The tensile fracture strength of the DN-PEDOT(PSS)-II hydrogels 

is slightly higher than PPEGMA-PAA DN at low pHs, then drops to similar values at 

pHs above the pH transition. In particular, the PPEGMA1100-PAA DN hydrogels had a 

strength of about 500 kPa at low pHs and less than 100 kPa at higher pHs. The strength 

was slightly higher for DN-PEDOT(PSS)-II hydrogels reaching to more than 600 kPa at 

low pHs, then dropped to 60 kPa at pHs higher than 4. However, in terms of elongation 

at break, the PPEGMA1100-PAA DN hydrogels always showed higher elongation than 

DN-PEDOT(PSS)-II hydrogels, while both systems were pH sensitive with elongation 

decreasing as pH exceeds the transition point. Interestingly, the Young’s modulus of the 

DN-PEDOT(PSS)-II hydrogels was almost 2 – 3 times higher than that of the starting 

PPEGMA1100-PAA DN hydrogels at all pHs. The Young’s modulus of the 

PPEGMA1100-PAA DN hydrogels was around 40 kPa at low pHs then decreased to 30 

kPa as pH increased. The DN-PEDOT(PSS)-II hydrogels, on the other hand, had a 

modulus as high as 110 kPa at low pHs and ~ 80 kPa at higher pHs.  
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Figure 5.5. Tensile mechanical properties of fully swollen DN-PEDOT(PSS)-II and 

PPEGMA1100-PAA DN hydrogels as a function of pH (I = 0.5 M): a) elongation at 

break, b) Young’s modulus, c) tensile strength (next page). 
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Figure 5.5. continued 

 

5.3.4. Electrical Conductivity 

The main purpose of incorporating a conducting polymer such as PEDOT into the 

structure of tough PPEGMA1100-PAA DN hydrogels was to enhance the electrical 

properties of the system. The bulk DC electrical conductivity of DN-PEDOT(PSS)-I 

samples was measured using a four point probe technique. Figure 5.6 illustrates 

conductivity and swelling ratio of DN-PEDOT(PSS)-I hydrogels as pH changes from 

acidic to neutral (pH 2.2 – 6). Clearly, the conductivity decreases with increasing pH and 

subsequently the swelling ratio. As the swelling ratio rises from Q ~ 1 at pH 2.2 to Q ~ 

11.2 at pH 6, the conductivity drops almost one order of magnitude from 3.7×10
-3

 S/cm 

at pH 2.2 to 2.8×10
-4

 S/cm at pH 6.  
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 It was expected that the conductivity could significantly improve by repeat 

polymerisations of PEDOT within the DN gels to make DN-PEDOT(PSS)-II and DN-

PEDOT(PSS)-III hydrogels. After the second polymerisation of PEDOT, the electrical 

conductivity was enhanced 3 orders of magnitude, increasing from 3.7×10
-3

 S/cm for 

DN-PEDOT(PSS)-I to 3.4 S/cm for DN-PEDOT(PSS)-II at pH 2.2. At this pH, DN-

PEDOT(PSS)-III had a conductivity of 4.3 S/cm. The effect of pH on the conductivity of 

DN-PEDOT(PSS)-I and DN-PEDOT(PSS)-II hydrogels is shown in Figure 5.7. Both 

systems show a decrease in conductivity corresponding to the pH induced swelling 

transition. However, at all pHs the DN-PEDOT(PSS)-II hydrogel had a conductivity at 

least 3 orders of magnitude larger than the DN-PEDOT(PSS)-I hydrogels. 
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Figure 5.6. Conductivity/swelling ratio of fully swollen DN-PEDOT(PSS)-I vs. pH (I = 

0.5 M).  
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Figure 5.7. Conductivity of fully swollen DN-PEDOT(PSS)-II and DN-PEDOT(PSS)-I 

vs. pH (I = 0.5 M). 

 

5.4. Discussions 

The compression and tensile properties of PEDOT incorporated hydrogels obtained in 

this study are comparable with other typical DN hydrogels. Also, a slight improvement 

was observed in the mechanical properties of DN-PEDOT(PSS) hydrogels compared to 

the starting PPEGMA1100-PAA DN hydrogels. In terms of compression strength, these 

DN-PEDOT(PSS) hydrogels exhibited high strengths (11 MPa at acidic pHs) which put 

them amongst the strongest hydrogels obtained by employing DN method (17 MPa for 

PAMPS-PAA) [6]. At the same time, DN-PEDOT(PSS) hydrogels showed high 

electrical conductivity by controlling the amount of PEDOT within the network via 

chemical polymerisation. To compare the electrical conductivity and mechanical 
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performance of DN-PEDOT(PSS) hydrogels obtained in this study with various systems 

available in the literature, Figure 5.8 plots the conductivity of fully swollen hydrogels [5, 

7-10] as a function of their compression strength in their fully swollen state. The data 

has been extracted from the literature where both mechanical properties and electrical 

conductivity was available. As can be seen from Figure 5.8, both compression strength 

and electrical conductivity of the DN-PEDOT(PSS)-II hydrogels is significantly higher 

than other conducting hydrogels.  

 Several hydrogel systems have been described as electrically conducting, but with 

no information regarding their mechanical properties. The results we obtained here for 

conductivity (3.4 and 4.3 S/cm for DN-PEDOT(PSS)-II and DN-PEDOT(PSS)-III at 

acidic pH) is slightly lower than that of PEDOT-PSS films (~ 7±2 S/cm), and similar to 

dehydrated PEDOT-PSS gels prepared via ionic crosslinking [11]. As for DN-

PEDOT(PSS)-I, the measured electrical conductivity (3.7×10
-3

 S/cm at pH 2.2 to 

2.8×10
-4

 S/cm at pH 6) is comparable with most previously described IPN hydrogel / 

conjugated polymer systems. 

 In the present study, it was observed that the conductivity dramatically increased 

from ~ 10
-4 

– 10
-3

 S/cm for DN-PEDOT(PSS)-I hydrogels to ~ 3.4 S/cm for DN-

PEDOT(PSS)-II and then to 4.3 S/cm for DN-PEDOT(PSS)-III hydrogels. It seems, 

therefore, that after the second PEDOT polymerisation in the already-formed DN-

PEDOT(PSS)-I hydrogels, the amount of PEDOT has reached a critical threshold to 

cause a significant and saturated enhancement in conductivity. Moreover, the 

conductivity of DN-PEDOT(PSS) hydrogels showed a clear drop as the pH changed 

from acidic to neutral pH corresponding to a increase in swelling. Figure 5.9 plots the 
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conductivity of DN-PEDTO(PSS)-I and DN-PEDOT(PSS)-II hydrogels as a function of 

Q
 
to understand whether the change in conductivity is a dilution effect of swelling or the 

results of a structural change in the system.  
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Figure 5.8. Conductivity of (open square) various conductive hydrogel systems vs. their 

compression strength in fully swollen state compared with (bottom-filled square) DN-

PEDOT(PSS)-I and (filled square) DN-PEDOT(PSS)-II hydrogels developed in this 

study. The range of values reported for these systems relates to the effect of pH on 

mechanical strength and conductivity. 
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Figure 5.9. Conductivity of DN-PEDOT(PSS)-I and DN-PEDOT(PSS)-II hydrogels as a 

function of Q. The change is swelling ratio is corresponded to the pH change. 

 

 A threshold of Qc ~ 1.9 and ~ 3.3 was observed for DN-PEDOT(PSS)-I and DN-

PEDOT(PSS)-II, respectively, where the conductivity dramatically drops from a higher 

plateau to lower values. The behaviour suggests that the swelling disrupts the 

percolation network of conductive pathways within the gel. Since the actual amount of 

PEDOT within these two hydrogels is not known, the direct comparison between the 

threshold values is not valid. However, it is obvious that the conductivity suddenly drops 

after a reaching to a certain threshold as swelling ratio changes, and this threshold 

depends on the number of times PEDOT had been polymerised within the hydrogel.  
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5.5. Conclusions 

The conductivity of PPEGMA1100-PAA DN hydrogels was significantly enhanced by 

polymerising EDOT within an already formed tough PPEGMA1100-PAA hydrogel. The 

DN hydrogels without PEDOT respond to pH changes in a similar way as the PAA 

component. By incorporating PEDOT into the structure of the hydrogels, the hydrogels 

remain pH sensitive, with mechanical properties and electrical conductivity changing 

considerably with pH. The change in pH also caused changes in swelling ratio, and this 

swelling transition corresponds to the transformation between highly conductive 

hydrogels (pH < 4) to less conductive hydrogels (pH > 4). Also, a dramatic decrease in 

tensile and compression strength occurred when pH exceeded the transition point (pH ~ 

4).     
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6. CNT Containing DN Hydrogels 

 

 

 

 

6.1. Introduction 

Previous studies have successfully demonstrated the fabrication of conductive hydrogels 

with enhanced mechanical performances by incorporating a conducting polymer (CP) 

within the structure of a DN hydrogel to make a triple network [1] or using the CP as 

one of the networks in the DN structure [2]. In the previous chapter (Chapter 4), the 

fabrication of a pH sensitive DN hydrogel based on poly(ethylene glycol) methyl ether 

methacrylate (PEGMA) oligomers and acrylic acid (AA) as the first network and second 

network building blocks, respectively, was reported. It was also shown that with 

incorporation of a CP (poly(3,4-ethylenedioxythiophene) (PEDOT)) into the already 

formed PPEGMA-PAA DN hydrogel, the conductivity increased several orders of 

magnitude (Chapter 5). Also, in Chapter 2, the modulated drug release from CNT loaded 

chitosan (CS) hydrogels was modulated by tuning the polarity and strength of the 

voltage applied to the CS-CNT hydrogel films. Here, to combine the high mechanical 

properties of DN hydrogels with conductivity and possible controlled release 
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performance of a CNT-incorporated hydrogel system, single walled carbon nanotubes 

(SWNTs) are added to the DN hydrogel structure.  

 

6.2. Experimental Section 

6.2.1. Materials 

Acrylic acid (AA), acrylamide (AAm), poly(ethylene glycol) methyl ether methacrylate 

(PEGMA) (Mw 1,100 g/mol) were used as monomers and purchased from Sigma-

Aldrich. Potassium persulfate (KPS) and N,N’-methylene MBAAacrylamide (MBAA) 

were used as initiator and crosslinking agent, respectively (Sigma-Aldrich). Single 

walled carbon nanotubes (SWNT) were obtained from Carbon Nanotechnologies Inc. 

(Houston, USA) and used as received. Sodium lauryl sulfate (SDS), 4-

dodecylbenzenesulfonic acid (SDBS), and Triton X100Buffers were used as surfactants 

and purchased from Sigma-Aldrich. Buffers (McIlvaine phosphate-citrate) with various 

pHs and constant ionic strength (0.5 M) were prepared using citric acid (Sigma-Alrich), 

sodium phosphate and potassium chloride (Ajax Finechem, Australia). 

 

6.2.2. Preparation 

CNT-incorporated first network 

 Various single network (SN) hydrogels with CNT incorporated were prepared by 

mixing the monomers with a stable dispersion of SWNTs in water. To disperse the 

SWNTs in water different surfactants including SDS, SDBS and Triton X100 were used 
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to investigate any possible effect of surfactant on the final hydrogel system. In general, 

the SWNT dispersion was prepared by adding the surfactant to deionised water (10 

mg/mL) followed by stirring. This amount was much higher than the critical micelle 

concentrations (cmc) of each of the surfactants. Then, different amount of SWNTs (1 – 4 

mg/mL) was added to the solution and mixture was ultrasonicated (Sonics) for 90 mins 

(1 min on/1 min off) to disperse the SWNTs in the presence of surfactants. The SWNT 

dispersions made using these three surfactants were stable for the range of SWNT 

concentration used. All SWNT dispersions were then centrifuged at 4,400 rpm for 90 

mins to separate large CNT bundles from the dispersion. The absorption peak of CNT 

dispersions at 655 nm before and after centrifuge was compared to estimate the amount 

of CNTs remaining in dispersion after centrifugation. The resulting samples obtained 

after centrifuging the CNT dispersions with 1, 2, 3, and 4 mg/mL SWNT had a SWNT 

concentration of 0.95, 1.45, 2.6 and 3.45 mg/mL, respectively. The first network 

monomer solution (e.g. AA, AAm and PEGMA) was made by dissolving the monomer 

in deionised water (various concentration), followed by adding KPS (4 mol%, based on 

monomer) and MBAA (various concentration). Then, the first network monomer 

solution was added to the SWNT dispersion (1:1 v/v) and mixed thoroughly. After this 

stage, monomer-SWNT dispersions with lower SWNT content (0.5 and 1 mg/mL) 

remained stable for days, however those with higher amount of SWNT (1.5 and 2 

mg/mL) were unstable with aggregation of CNTs occurring. As a result, CNT-

incorporated SN samples were manufactured from monomer-SWNT dispersions with 

only 0.5 mg/mL SWNT in the final composition. The monomer-SWNT dispersions were 

then injected between two glass slides separated with silicon spacers (1 mm) to make 

sheets, or sucked in plastic syringes to make cylindrical samples. The polymerization 
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was performed at 65 
o
C for 7 hrs, followed by removing the CNT-incorporated SN 

hydrogels from their moulds. Samples were washed extensively and stored in deionised 

water for at least one week to remove all unreacted reagents. The water was changed on 

a daily bases.      

 

CNT-incorporated interpenetrating networks 

 The second polymer network was formed from either PAAm or PAA and was 

polymerized within the CNT-incorporated SN hydrogels by soaking the aforementioned 

hydrogels in AAm or AA monomer solutions, followed by polymerization. The 

monomer solution was made of monomer (e.g. AAm or AA) (various concentration), 

KPS (0.1 mol%) and MBAA (various concentration) all dissolved in deionised water. 

Samples of CNT-SN were allowed to remain in the second network monomer solution 

for at least 3 days. Since a phase segregation was observed when the second network 

was introduced into the CNT-SN hydrogels according to normal double network 

procedure, two different techniques were employed to polymerize the second network 

monomers within the CNT-incorporated SN hydrogels as illustrated in Scheme 6.1. 

Briefly, in method A (Scheme 6.1), the fully swollen samples were removed from the 

second network monomer solution and carefully sealed by wrapping a polyethylene 

plastic film around it. Some samples were placed between two sheets of different 

materials to investigate the effect of surface energy on the possible surface phase 

segregation. These materials included poly(methyl methacrylates) (PMMA), high 

density polyethylene (HDPE), poly(tetrafluoroethylene) (PTFE), polystyrene (PS) and 
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glass. After being placed between the two sheets, samples were sealed in plastic 

containers as well. Also, some samples were submerged in hydrophobic silicon oil and 

then sealed to reduce any possible monomer loss during the polymerization. The 

polymerization was performed at 65 
o
C for 7 hrs. In method B (Scheme 6.1), the CNT-

incorporated SN samples were left in a bath of the second monomer solution, and the 

polymerization was performed while the samples were still in the second network 

monomer solution. A similar procedure was used to polymerize both fully swollen CNT-

incorporated hydrogels within the surrounding second network monomer. In both cases, 

samples were removed from the mould and washed thoroughly. For samples made from 

method B, the CNT-incorporated hydrogels were cut out from the surrounding second 

network SN hydrogels. Samples were stored in deionised water with water being 

changed on a regular basis. 

 

6.2.3. Methods 

An optical microscope (Leica, Germany) was used for visual observations, and scanning 

electron microscopy was used for further investigations. To measure the mechanical 

properties of hydrogels, compression tests were performed on the cylindrical hydrogels 

using a mechanical tester (Shimadzu EZ-S, Japan). Compression tests were carried out 

at 2 mm/min, on samples with 10 mm height.   

Conductivity test was performed on hydrogel samples using a four point probe 

technique. However, no significant enhancement was observed in the conductivity, 
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suggesting that the amount of SWNT is far less than the critical threshold which is 

needed to improve the conductivity.    

 

 

 

Scheme 6.1. Schematic illustration of preparing CNT-incorporated hydrogels. CNT-

hydrogel SN is obtained by polymerizing CNT-monomer dispersion, followed by 

soaking it in the 2
nd

 network monomer. (A) samples were polymerized outside the 

monomer solution (phase segregation occurred), (B) samples were polymerized within 

the 2
nd

 network monomer (no phase segregation occurred). 

            

6.3. Results 

The final CNT-incorporated hydrogels manufactured here were based on different 

polymer networks including PPEGMA-PAA, PAAm-PAAm, PAAm-PAA and PAA-
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PAA with various compositions in each network. The PPEGMA-PAA pair was chosen 

to consider the effect of hydrogen bonding as a strong interaction is known to occur 

between the two networks. The other two pairs (i.e. PAAm-PAAm and PAA-PAA) had 

no specific interaction between the networks. While PAA is a negatively charged 

polymer, PAAm has neutral polymer chains and as a result the effect of network charge 

could be described as well. As mentioned above two different techniques were used to 

form the second network within the PPEGMA-CNT, PAAm-CNT or PAA-CNT SN 

hydrogels. However, the method used to make these CNT-incorporated SN hydrogels 

was the same for all three hydrogels as mentioned before. The resulting first network 

hydrogels with CNT incorporated were all uniformly black in appearance as shown in 

Figure 6.1a for PAAm-CNT. By observing the cross section of hydrogels using the 

optical microscope while immersed in the second network monomer and before the 

polymerization no significant change was observed.   

 

 

Figure 6.1. Cross sections of a) PAAm-CNT SN, b) PAAm-PAAm-CNT (method A), c) 

PAAm-PAAm-CNT (method B) with arrows indicating the remaining of PAAm 2
nd

 

network, d) SEM of the boundary between CNT-rich sheath and the inner layer of a 

phase segregated PAAm-PAAm-CNT hydrogel prepared via method A. The scale bars 

in a, b and c are 2 cm, and in d is 5 μm. 
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 Surprisingly after the second polymerization process, visible phase segregation 

occurred for nearly all samples that were prepared via method A, with a CNT-rich phase 

forming in the outer wall of the hydrogel around the inner core (Figure 6.1b). In most 

cases the inner core was completely transparent indicating the absence of CNTs and a 

distinct boundary was often observed between the core and the outer CNT-rich sheath. 

In Figure 6.1b, there is an intermediate layer between the DN core and the CNT-rich 

sheath, which was not observed in all of the cases. Regardless of occurrence of this 

intermediate layer, the CNT-rich sheath was almost always formed around the inner core 

of samples prepared via method A. This phenomenon happened for different DN 

polymers, including PAA-PAA, PAAm-PAAm, PAA-PAAm and PPEGMA-PAA pairs, 

regardless of the type of surfactant used to disperse the SWNTs. Moreover, various 

materials ranging from hydrophilic to very hydrophobic was used as the mould and no 

meaningful effect was observed on the formation of the CNT-rich sheath. Furthermore, 

by changing the composition of each of the networks, e.g. crosslink density and 

monomer concentration, the size of the CNT-rich sheath varied but the phase 

segregation almost always happened during the second polymerization (method A). 

SEM micrographs showed a distinct boundary between the CNT-rich sheath and the 

core of samples with phase segregated (method A), as can be seen in Figure 6.1d. Phase 

segregation also occurred when other nanoparticles (such as gold nanoparticles) were 

used in place of the CNTs. 

 It was discovered that visible phase segregation could be prevented when method 

B was used for the second network formation, and the cross section of the CNT-

incorporated interpenetrating network hydrogels was uniform (Figure 6.1c). The arrows 
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in Figure 6.1c indicate the edges of remaining second network SN hydrogel around the 

CNT-incorporated hydrogel. Again, no visible phase segregation was observed by using 

this technique when the composition of networks was changed. Closer examination of 

the DN gels made by method B, however, suggested that small-scale (< 100 m) phase 

separation may still be occurring. Thin slices of the gel examined using an optical 

microscope showed small regions of CNT rich gel surrounded by gel of lower CNT 

content (Figure 6.2). 

 To investigate the formation of the CNT-rich sheath using method A, we 

performed a series of experiments in which the cross sections of CNT-incorporated PAA 

and PPEGMA hydrogels both fully swollen in AA (as their second network monomer) 

were optically monitored over the polymerization time. Figure 6.3 shows the 

photographs taken by an optical microscope from the cross sections of these hydrogels 

during the polymerization. 

 

Figure 6.2. Optical micrograph of PAAm-PAAm-CNT gel produced by method B. 
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 Lines in Figure 6.3 have been added to the photomicrographs to delineate the 

different phases. The solid line represents the gel-air surface and the dashed line is the 

phase boundary between the core and sheath. The CNT-rich sheath started to appear as 

the second polymerization progressed as was clearly seen within 15 minutes of the 

commencement of the second network polymerization (Figure 6.3a). With continued 

second network polymerization, the thickness of the outer sheath decreased and the 

colour contrast between the core and sheath increased (Figure 6.3a-f). The change in the 

thickness of CNT-rich sheath over the polymerization time (Figure 6.4) indicates that the 

sheath contracts as the polymerization progresses while the final sample (after 

polymerization stopped) is larger than the initial SN hydrogel. This means that the 

hydrogel has expanded during the polymerization and the sheath size has constantly 

decreased during the polymerization.  

 Figure 6.5 shows the change in the sheath to core size ratio ls/lc in phase 

segregated samples based on PAAm-PAAm hydrogels as a function of second network 

monomer (AAm) and crosslinking comonomer (MBAA) concentrations. By increasing 

the AAm monomer or MBAA concentration the ls/lc ratio continuously decreases. 

However, this decrease is more dramatic for AAm concentration compared to MBAA 

concentration. In the MBAA case, the ls/lc ratio drops slightly in the beginning, then 

levels off around 0.4, where both the sheath and core thicknesses (ls and lc respectively) 

remain almost constant. It is noted that phase segregation occurred at a MBAA 

concentration of zero showing that the segregation was not dependent on crosslinks 

forming in the second “network”. For increasing AAm monomer concentration the ls/lc 

ratio drops considerably from 1 (where no DN core was formed) to ~ 0.1, with ls 
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constantly decreasing. This indicates that the ls/lc ratio is much more sensitive to the 

second network monomer concentration than the crosslinking ratio of the second 

network. Surprisingly, the first network crosslinking or monomer concentration had no 

significant effect on the size of the CNT-rich sheath in phase segregated samples and the 

ls/lc remained around ~ 0.15±0.02 as the first network composition changed.    

 

 

Figure 6.3. Optical microscopic pictures of a, b, c) PAA-CNT and d, e, f) PPEGMA-

CNT SN hydrogels at various 2
nd

 network (PAA) polymerization time: a) 15 min, b) 120 

min, c) 240 min, d) 60 min, e) 120 min, f) 240 min. The scale bar is 500 μm for all 

pictures. Dashed lines separate the outer sheath from the inner core, solid lines indicate 

the edge of the hydrogel.    
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Figure 6.4. Sheath thickness lc in phase segregated samples (method A) as a function of 

polymerization time. 

 

 Although the phase separation was clearly observed for different polymer 

networks, to ensure that the interaction between networks does not influence the 

phenomenon, PAAm-PAAm pair was chosen to perform further experiments. Unlike 

PAA, PAAm hydrogel is a neutral network and the interaction between two PAAm 

networks as the first and second network is assumed to be the same as between PAAm 

chains within a PAAm SN hydrogel.  
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Figure 6.5. Sheath/core size ratio ls/lc of phase segregated samples (method A) as a 

function of 2
nd

 network monomer (AAm) concentration and second network crosslinker 

(MBAA) concentration. Lines are to guide the eye. 

   

 A swelling study was performed on samples made from different second network 

monomer concentrations (AAm; 1 – 4 M). Swelling ratios of SN hydrogel [16] and DN 

hyrdogels (Chapter 4) with no added CNT tends to decrease with increasing monomer 

concentration. The decreased swelling was attributed to the reduction of defects in the 

network structure as a result of higher monomer concentration. Swelling ratios were 

measured for the PAAm-PAAm-CNT hydrogels obtained from method B and for the 
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CNT-rich sheath and the DN core of phase segregated hydrogels (method A). As shown 

in Figure 6.6 the swelling ratio of CNT-rich sheath remained almost constant at around 

22, regardless of the second network monomer concentration and this swelling degree  is 

similar to the starting PAAm-CNT SN hydrogel (19.8). In contrast, the DN core 

hydrogel showed a decrease in swelling with increasing AAm monomer concentration. 

For hydrogels made using method A and from 1 M AAm second network, the samples 

were visibly uniform and no core structure was observed in the middle of the hydrogels. 

For these samples the swelling ratio remained close to that of the PAAm-CNT single 

network hydrogel. Interestingly, the PAAm-PAAm-CNT hydrogels obtained from 

method B exhibited higher swelling ratio than the DN core and CNT-rich sheath of 

phase segregated samples. For these hydrogels the swelling first increased and then 

decreased with increasing AAm concentration. This behaviour is unusual and not 

understood at this stage, although it suggests changes to the crosslink density of the first 

network.  

 The swelling of the PPEGMA-PAA hydrogels prepared by method A were also 

measured. The core exhibited the same pH sensitivity as was observed for PPEGMA-

PAA DN hydrogels in previous studies (Chapter 4) with a dramatic increase in swelling 

occurring above the pKa of the PAA component (pH ~ 4). The core was optically 

transparent at pHs above the transition point, but were opaque (white) below this pH due 

to the hydrogen bonding interactions that occur between the PPEGMA and the 

protonated PAA and as reported previously. Interestingly, the swelling ratio of the CNT-

rich sheath remained independent of pH, suggesting a low concentration of PAA in the 

outer sheath. 
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Figure 6.6. Swelling ratio of core-sheath (method A) and visibly homogeneous (method 

B) PAAm-PAAm-CNT hydrogels as a function of AAm 2
nd

 network monomer 

concentration. Lines are to guide the eye. 

 

 To examine the nature of these hydrogels and study the effect of phase segregation 

on the mechanical properties of hydrogels, compression tests were performed on the DN 

core of phase segregated samples made via method A and on the homogenous samples 

made be method B. These tests were performed on samples prepared with varying 

second network monomer concentration and constant crosslinker concentration (Figure 

6.7). The measured compression strength of both systems increased considerably as 
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AAm monomer concentration increased, as is typical of DN hydrogels (Chapter 4). The 

compression strengths of the DN core in phase segregated samples were always higher 

than the method B PAAm-PAAm-CNT hydrogels prepared at the same monomer 

concentration. The lower strength of the latter could be the result of the higher swelling 

ratios of the method B PAAm-PAAm-CNT hydrogels compared to the DN core of phase 

segregated hydrogels (Figure 6.6). Noted here, the compression strength of the method B 

PAAm-PAAm-CNT hydrogels was even lower than a PAAm SN hydrogel without CNT 

for AAm concentration of 1 and 2 M, indicating that no effective DN structure exists at 

these concentrations. On the other hand, the DN core of phase segregated hydrogels 

exhibited high compression strength which was always significantly higher than the 

PAAm SN hydrogel for all AAm concentration except for 1 M, where no phase 

segregation was observed and the strength was almost equal to PAAm SN hydrogel. 

This is in agreement with one of the DN criteria, suggesting that the molar ratio of the 

second network to the first network is required to be more than 5 [3]. This observation 

was interesting since it implies that no effective DN structure would form in the 

presence of SWNTs in visibly homogeneous PAAm-PAAm-CNT hydrogels (at least at 

lower concentrations), while the core of phase segregated hydrogels displays DN-like 

mechanical properties with lower amount of SWNTs.  
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Figure 6.7. Compression strength of DN core of core-sheath hydrogels (method A) and 

visibly homogeneous PAAm-PAAm/CNT hydrogels (method B) as a function of AAm 

2
nd

 network monomer concentration. The dashed line indicates the compression strength 

of PAAm/CNT SN hydrogel. 

 

6.4. Discussion 

Although the occurrence and hindrance of phase segregation phenomenon during the 

second polymerization was characterized and reported here, the actual reason for this 

behaviour is not clear at this stage. The fact that the phase segregation happens 

regardless of the nature of the networks and their interactions with each other can 

indicate that this phenomenon is general to all double networks and may even occur in 

the absence of CNTs or other nanoparticles.  
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 The hindrance of the large scale phase segregation when the CNT-incorporated SN 

hydrogel was polymerized while still immersed in the second network monomer 

(method B) provides valuable clues to the phase segregation process. Previously, a 

similar technique called monomer immersion polymerization was used to produce an 

interpenetrating network membrane based on poly(dimethylsiloxane) (PDMS) and 

poly(methacrylic acid) (PMAA) [4]. It was shown that when the PDMS films were 

immersed in MAA monomer throughout the synthesis an even monomer concentration 

profile would be obtained ensuring a uniform bi-continuous morphology of PMAA in 

PDMS throughout the membrane. This morphology was indicative of spinodal 

decomposition. Sequential polymerization of PDMS-PMAA IPN against various solid 

mould surfaces resulted in a varying morphology ranging from dispersed PMAA 

domains close to the surface (20 – 50 μm) to a bicontinuous morphology below the 

surface (> 60 μm). The volume fraction of PMAA was much smaller near the surface 

(<60 μm) than farther away from the surface. 

 Similar small scale composition variations have been noted previously in single 

network hydrogels that were polymerized against surfaces with various surface energies 

[5, 6]. It was found that the gelation process was suppressed at the hydrophobic surface 

and an inhomogeneous distribution of hydrogel network density was observed close to 

the more hydrophobic surface. However, in our work the scale of phase segregation 

observed here is much larger (0.1 – 1.5 mm) and the segregation occurs even when both 

networks are made from the same polymer (PAAm-PAAm and PAA-PAA).  

 The swelling study results showed that the CNT-rich sheath had a similar swelling 

behaviour to the PAAm-CNT SN hydrogels. However, both the DN core of the phase 
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segregated hydrogels prepared by method A and the PAAm-PAAm-CNT hydrogels 

made via method B displayed swelling ratios that were quite different to the PAAm-

CNT SN hydrogels and which vary with the monomer concentration and crosslink 

density. The mechanical tests suggested that whenever the phase segregation has taken 

place, the core with visually less SWNTs than the sheath exhibits DN mechanical 

behaviour. In contrast, no effective DN structure is believed to form in the visibly 

homogeneous PAAm-PAAn-CNT hydrogels at least at lower monomer concentrations. 

Moreover, in the PPEGMA-PAA case, where the DN without SWNT is pH sensitive, 

only the core of phase segregated hydrogels was pH sensitive. As a result, it is very 

likely that both networks are present in the core of the core-sheath phase segregated 

samples. Since the SWNTs were present in the starting SN hydrogel, it is also very 

likely that the sheath is mainly a SN hydrogel and in fact is part of the initial CNT-

incorporated hydrogel.  

 The illustration in Scheme 6.2 shows a proposed mechanism for the formation of 

the core-sheath structure. In this illustration, before the start of the second 

polymerization (tp = 0) the CNT-incorporated SN hydrogel shows no phase segregation. 

As the second network polymerization proceeds, a gradient in the concentration of 

polymer chains of the second network develops with a higher concentration in the core 

and lower concentration at the surface. The reasons for the formation of this 

concentration gradient are not known, but the experimental evidence confirms its 

occurrence. Secondly, it seems that the CNTs become excluded from the gel structure 

when the polymer concentration of the second network exceeds some value. Again, the 

theromodynamic basis of this phase separation is not known. Because of the “inside-out” 
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formation of the second network, the SWNTs are pushed to the outer surface. In the end, 

a CNT-incorporated SN is left around the DN core that is devoid of CNTs. The fact that 

no core was observed in the samples prepared via method A with the second network 

monomer of 1 M indicates the importance of the polymer concentration to the CNT 

stability. Similarly, when the CNT-containing SN hydrogels are polymerized within the 

monomer solution (method B) the CNTs also phase separate during the second network 

formation. However, in this case the CNT form small size aggregates evenly dispersed 

throughout the final gel structure. Consequently, the method B gels appear homogeneous 

to the unaided eye. In method B the concentration of growing chains will almost remain 

constant across the cross section because of the surrounding monomer solution.  

 

 

Scheme 6.2. Schematic illustration of the cross section of a hydrogel (method A), 

showing the formation of DN core and CNT-rich sheath over the 2
nd

 network 

polymerization time (tp): 0 < tp1< tp2< tp3. See text for details. 
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 The proposed mechanism is speculative and incomplete. Further work is required 

to establish the reasons for the “inside-out” polymerization that occurs in method A. 

Secondly, the conditions that govern the phase separation of CNTs from gel need to be 

identified and explained. 

 

6.5. Conclusions 

The original aim of this work was to produce a conductive, tough hydrogel using carbon 

nanotubes as the conducting network. The study, however, diverted to a different 

direction with the observation of the phase separation phenomenon that occurred during 

the second network formation. It is important to understand this surprising observation, 

as the process by which it occurs may occur generally in other double network systems. 

The core-sheath structure may occur in other double networks but go unnoticed due to 

the optical transparency of both networks. In the present work it was clearly shown that 

the core and sheath behave differently due to their different structures. It is not known at 

this stage, whether the carbon nanotubes are responsible for the formation of such phase 

separated structures or whether the carbon nanotubes are simply a marker for the phase 

separation phenomenon. Many details of the phase separation process are not yet known 

and are left for future work, as they are beyond the scope of the present thesis. 
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7. Conclusion and Future Work 

 

 

 

 

7.1. Summary and Conclusions 

The aim of this thesis was to develop mechanically strong hydrogel systems mainly 

based on the double network concept. These hydrogels are preferably conductive as 

well. A series of studies have been undertaken to develop hydrogel materials that are 

potentially useful as electroactive devices for applications such as controlled drug 

release. The principal problem investigated in this thesis was the way to produce thin gel 

materials (for fast response) that combined both high strength / toughness with adequate 

electrical conductivity.  

 The feasibility of employing conductive hydrogels for the drug release purposes 

was studied (Chapter 2) using a model drug and a model conductive hydrogel. The 

model drug was negatively charged dexamethasone sodium phosphate (DEX) and the 

conductive hydrogel was based on chitosan (CS) hydrogel films. The conductivity of 

hydrogels was obtained by incorporating single walled carbon nanotubes (SWNT) into 

the structure of the hydrogel. The resulting system displayed clear potential for 

modulated drug release under electrical stimulation. The CS-SWNT hydrogel films 
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loaded with DEX exhibited slow release behaviour in passive release of DEX (no 

electrical voltage was applied), compared to those without SWNTs. Moreover, when an 

external voltage was applied on the CS-SWNT hydrogels the release pattern changed in 

a controllable manner. Significantly faster drug release was observed when negative (-

0.4, -0.8 V) voltages were applied while the voltage strength controlled the rate of 

release. Also, it was possible to achieve100 % release by applying negative voltages. On 

the other hand, a positive voltage (+0.15 V) showed considerable retardation effects on 

release with accumulative release reaching only to around 30 % after 4 hrs then levelled 

off. The release was switched on again by applying a negative voltage. The release rate 

was also measured which reflected the overall retardation effects of SWNTs on the 

release process, and the effect of voltage polarity and strength on the release rate. 

Measured diffusion coefficients were also revealed to be much smaller for hydrogel 

films with SWNTs compared to samples with no nanotubes, which was attributed to the 

barrier effect of SWNTs. The modulated release imposed by voltage polarity and 

strength was considered to be the result of electrostatic interactions between the charge 

applied to the conductive network and the negatively charged DEX. The experimental 

observations in Chapter 2 suggested that although the SWNTs play a central role in 

slowing down the release in this system, it is possible to achieve similar modulated 

release from other conductive hydrogels by implementing the concepts which were 

framed in Chapter 2.  

 To expand the applicability of conductive hydrogel systems to broader application 

areas, various structures of hydrogels such as fibres, rods and sheets are required. In 

particular, small thickness films and fibres are desirable to minimise diffusion distances 
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and to increase the rate of response such as drug release. Moreover, as mentioned in 

Chapter 1, it is essential in some applications for hydrogels to sustain external forces 

during their usage. As a result, fabrication of a hydrogel fibre based on CS with 

enhanced mechanical properties was studied and described in Chapter 3. The fibres were 

made by a wet spinning process and to enhance their mechanical properties PAAm was 

synthesized within the CS fibres. The tensile properties of fully swollen CS-PAAm 

fibres showed clear enhancement in modulus and tensile strength of hydrogel fibres 

compared to PAAm hydrogels with, respectively, 11 and 8 times increase in Young’s 

modulus and tensile strength. The overall breaking energy of the CS-PAAm hydrogel 

fibres also showed a maximum of 8 times enhancement compared to rehydrated CS 

fibres. Maximum Young’s modulus and tensile strength of ~ 80 and ~ 300 kPa was 

achieved for fully swollen CS-PAAm fibres with swelling ration of ~ 8 (swell ratio here 

represents the volume ratio of fully swollen hydrogel fibre to dry fibre). Also, CS-

PAAm hydrogel fibres exhibited pH sensitivity where swelling ratio dropped with 

increasing pH as pH approached neutral values, then increased again at more basic pHs 

(pH > 9). The effect of PAAm content on the Young’s modulus and tensile strength of 

CS-PAAm hydrogel fibres was studied as well. As AAm monomer concentration 

increased the swelling ratio decreased and the tensile mechanical properties increased. In 

general, the CS-PAAm hydrogel fibres made in Chapter 3 possessed higher Young’s 

modulus and tensile strength compared to PAAm hydrogels and CS fibres, but the 

elongation at break was considerably lower than PAAm. This means that the hydrogels 

are not able to sustain large external deformation when the sample is bent or stretched.  
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 In order to produce a hydrogel system with more robust mechanical performance, 

the double network (DN) concept was employed to make DN hydrogels with hydrogen 

bonding (Chapter 4). The DN hydrogels were made from a tightly crosslinked first 

network based on poly(ethylene glycol) methyl ether methacrylate (PEGMA) oligomers 

and a loosely crosslinked network of poly(acrylic acid) (PAA). After polymerization, the 

PEGMA oligomers will produce bottlebrush chains, PPEGMA, with hydrophobic 

backbones and hydrophilic poly(ethylene glycol) (PEG) side chains. These specific 

components were chosen as it is known that hydrogen bonding interactions operate 

between PAA and PEG and such interactions may affect the DN toughness. The 

resulting PPEGMA-PAA DN hydrogels exhibited significantly higher compression and 

tensile performance compared to both PPEGMA and PAA single networks. 

Compression strength could reach to ~ 8 MPa, where tensile strength was ~ 550 kPa for 

fully swollen samples (pH 2). Moreover, the elongation at break was up to 500 % in 

tensile tests. The length of PEG side chains also had a clear impact on the physical and 

mechanical performance of achieved hydrogels, where hydrogels made of PPEGMA 

with longer side chains (PPEGMA1100-PAA) showed higher tensile and compression 

mechanical properties than those made of PPEGMA with shorter side chains 

(PPEGMA475-PAA).  

 In addition to the improved mechanical properties these DN hydrogel were pH 

sensitive with their swelling ratio, transparency, surface water contact angle and 

mechanical properties changing with pH. In general, all of the mechanical and physical 

properties of PPEGMA-PAA DN hydrogels (regardless of the PEG size) passed through 

a transition point around pH 4, where a dramatic change occurred in the hydrogels’ 
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properties. The swelling ratio of PPEGMA-PAA DN hydrogels increased almost 4 times 

when pH exceeded the transition point from acidic pHs (pH < 4) to more neutral pHs 

(pH 6), while surface contact angle and mechanical properties dropped dramatically 

around the same pH values. The appearance of hydrogels also changed with pH as well. 

As-prepared PPEGMA-PAA hydrogels were white/opaque, but their transparency 

increased significantly with increasing pH showing similar transition as swelling ratios. 

This pH sensitivity was attributed to the hydrogen bonding between PEG side chains of 

PPEGMA and carboxylic acid side groups of PAA. When pH is below the transition 

point (pH ~ 4) the carboxylic acid groups are protonated and can form very strong 

hydrogen bonding with ethylene glycol units of PEG chains. This interaction results into 

hydrophobic areas within the hydrogel which reflects its lower swelling ratio, higher 

water contact angle and white/opaque appearance with considerably enhanced 

mechanical performance. By increasing the pH above this transition value, the hydrogen 

bonds dissociate and the resulting hydrogel swells significantly more, with lower 

mechanical properties and lower water contact angle. Also, due to the disappearance of 

the hydrophobic hydrogen bonded zones the DN hydrogels become transparent at higher 

pHs.  

 Since the DN hydrogel system in Chapter 4 exhibited the desired mechanical 

performance and pH sensitivity, the same system was employed to develop tough and 

conductive hydrogels by incorporating a conducting polymer (CP) (Chapter 5) or carbon 

nanotubes (CNT) (Chapter 6) into the structure of DN hydrogels. Poly(3,4-

ethylenedioxythiophene) (PEDOT) was used as the CP to introduce conductivity to the 

PPEGMA-PAA DN hydrogels. A simple but effective technique was employed to 
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increase the loading of PEDOT beyond the limiting parameter of 3,4-

ethylenedioxythiophene (EDOT) solubility in water. Since EDOT is not very water 

soluble, the maximum amount of PEDOT which can be polymerized chemically within 

the DN hydrogel is limited by the EDOT solubility. However, multiple sequential 

PEDOT polymerizations were used to tackle this issue. The resulting PEDOT 

incorporated PPEGMA-PAA hydrogels showed 4-point probe conductivity of up to 4.3 

S/cm (fully swollen) after three times polymerization of PEDOT. This value is very 

close to the electrical conductivity of commercial PEDOT-PSS films. Moreover, the 

hydrogels not only maintained their high mechanical properties of PPEGMA-PAA DN 

system, but also more improvement in both tensile and compression mechanical 

performance was observed. Compression strength of up to 11.5 MPa was obtained for a 

fully swollen hydrogel (70 % water) at pH 3 with electrical conductivity of around 3.5 

S/cm after two PEDOT polymerizations. The same sample showed Young’s modulus 

and tensile strength of about 110 and 600 kPa in its fully swollen state.  

 It is informative to compare the compression strengths of PPEGMA-PAA DN and 

PEDOT-PEDOT(PSS) hydrogels with other hydrogel systems. In Figure 7.1 the 

compression strength of hydrogels developed in previous chapters is plotted against their 

corresponding swelling ratio (mass ratio of fully swollen hydrogel to dry hydrogel). The 

dotted line in Figure 7.1 represents the 1 MPa compression strength, and the filled 

symbols are the hydrogels mentioned in previous chapters. DN1100 and DN475 indicate 

PPEGMA1100-PAA and PPEGMA475-PAA DN hydrogels. The change in the swelling 

ratio of these hydrogels is due to the changes in pH. As can be seen, the hydrogels 

developed here have lower swelling ratio than most of the systems in Figure 7.1, due to 
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the strong hydrogen bonding between the networks. However, the compression strength 

is considerably higher than conventional hydrogels with the same swelling ratio. 

 

 

Figure 7.1. Compression strength of various hydrogels including (filled triangle) DN-

PEDOT(PSS)-II, (filled diamond) PPEGMA1100-PAA DN, (filled circle) 

PPEGMA475-PAA DN hydrogels as a function of their equilibrium swelling ratio 

(except for NC hydrogels.) 

 

 Compared to other DN hydrogels, the PPEGMA1100-PAA DN (DN1100 in 

Figure 7.1) has swelling ratios similar to cellulose-based DN hydrogels [1] with higher 

compression strength. On the other hand, the swelling ratio of PPEGMA-PAA DN 

hydrogels is lower than most of the DN systems, while their compression strength is one 
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of the highest [2]. As swelling ratio increases with increasing pH, the compression 

strength decreases, reaching to the 1 MPa line which separates the conventional 

hydrogels from more enhanced systems.  

 The tensile strengths of hydrogels vs. their elongation at break of various 

hydrogels are plotted in Figure 7.2. Again, filled symbols represent the hydrogels 

developed here. Those data points with higher elongation at break display the hydrogels 

form previous chapters at lower pHs (pH < 4) with low swelling ratio. As the pH 

increases, the swelling ratio increases and both tensile strength and elongation at break 

of hydrogels dropped to conventional hydrogel area. On the other hand, at acidic pHs, 

hydrogels have elongation at breaks higher than previously reported PEG-PAA IPN 

system [3] and cellulose-based DN hydrogels [1], but lower than NC hydrogels [4] and 

PAMPS-PAAm DN hydrogels [5, 6]. Also, as can be seen, the PEG-PAA IPN system 

has higher strength than PPEGMA-PAA system, while the net of enhancement in 

mechanical properties was much higher for PPEGMA-PAA DN than PEG-PAA. 

Moreover, at higher pHs, when the hydrogen bonds are dissociated the PEG-PAA 

hydrogels hold higher tensile strength than PPEGMA-PAA at the same pHs. This 

indicates that our first network, PPEGMA, is significantly weaker than the end-

crosslinked PEG network in reference [3]. One possible reason can be the bottlebrush 

structure of PPEGMA first network and the short-chain crosslinking agent which was 

used to crosslink this network. While the PEG side chains of PPEGMA1100 have 22 – 

23 ethylene glycol units on every repeating units, the N-N’-methylenebisacrylamide 

crosslinking agent has a significantly shorter chain. The excluded volume imposed by 

PEG side chains is much larger than the length of crosslinking agent molecules and 



CHAPTER SEVEN: Conclusion and Future Work                                                       191 

considerable amount of defects is expected to be introduced to the first network during 

the crosslinking process, yielding a weak network.  

 

 

Figure 7.2. Tensile properties of various hydrogels including (filled triangle) DN-

PEDOT(PSS)-II, (filled diamond) PPEGMA1100-PAA DN, (filled circle) 

PPEGMA475-PAA DN hydrogels. 

 

 The area under the tensile stress-strain curves of PPEGMA1100-PAA and 

PPEGMA475-PAA DN hydrogels along with DN-PEDOT(PSS)-II hydrogel was 

measured and then plotted against the corresponding swelling ratios in Figure 7.3. The 

area under the curve represents the work of extension and is a measure of the material’s 
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toughness, as described in Chapter 1. In general, these systems fall mainly in the same 

area as copolymers and lenses, with work of extension considerably higher than 

conventional hydrogels but still lower than DN and NC hydrogels.  

 

 

Figure 7.3. Work of extension of various hydrogels including (filled triangle) DN-

PEDOT(PSS)-II, (filled diamond) PPEGMA1100-PAA DN, (filled circle) 

PPEGMA475-PAA DN hydrogels as a function of their swelling ratio. 

 

Finally, in Chapter 6 the CNT-incorporated DN hydrogels were studied, where 
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Chapter 2. Since the modulated release was successfully demonstrated in Chapter 2, the 

idea of developing a CNT-incorporated hydrogel with enhanced mechanical properties 

for drug release was one of the goals of this study. However, by addition of CNT to the 

first network and forming the second network within this CNT-incorporated first 

network, a CNT-rich sheath was always observed to be formed around the tougher DN 

core. This sheath formation was demonstrated to be independent of the mould surface. 

Investigation on this behaviour showed that the sheath does not form only when samples 

are polymerized within the second monomer solution in a monomer-immersion 

polymerization technique. Although the understanding of this phenomenon is not very 

clear yet, the structure formed may have useful applications in drug delivery 

applications. Since a CNT-rich phase forms around the inner core of pH sensitive DN 

hydrogels, a similar concept as in Chapter 2 might be useful to control the release of 

drugs from the inner core (Scheme 7.1). As illustrated in Scheme 7.1, a charged drug can 

be introduced to the hydrogel by immersing the hydrogel in the drug solution (Scheme 

7.1a). The drug can diffuse into the surrounding media via a simple diffusion process 

(Scheme 7.1b) when there is no external voltage is applied. However, by applying the 

same charge as that of drug molecules to the CNT-rich sheath, the release of charged 

drug molecules may slow down similar to the study presented in Chapter 2 (Scheme 

7.1c).     
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Scheme 7.1. Schematic illustration of controlled drug release, a) as-prepared hydrogels 

with CNT-rich sheath and DN core, where negatively charged drug is in the core, b) 

diffusion of negatively charged drug, c) a negative voltage applied to the CNT-rich 

sheath to slow down the diffusion. 

 

7.2. Further Work 

 Unfortunately due to time restraints, the drug release studies on DN-PEDOT(PSS) 

and CNT-incorporated hydrogels were not completed. Also, attempts to produce more 

sophisticated structures (such as fibres) form these hydrogels were not particularly 

successful due to time issues. However, preliminary studies showed that it is certainly 

possible to produce spheres based on the PPEGMA-PAA DN hydrogel, by employing a 

biopolymer (chitosan, alginate, gellun gum) to form the spheres first. In this technique 

(Scheme 7.2) the PEGMA monomer along with initiator and crosslinking agent is mixed 

with the biopolymer, followed by forming the spheres by dropping the biopolymer 

mixture into a coagulation bath. Then, the PPEGMA network is formed in the spheres 

by thermal or UV polymerization. The biopolymer can be removed by dissolving the 

   

a b c 
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physical crosslinked biopolymer chains or can remain until the end of process. The PAA 

network is formed by soaking the spheres in the AA monomer, followed by second 

polymerization. Using this technique, short fibres were also formed, by spinning the 

biopolymer mixture (Scheme 7.3). However, the whole process is considerably more 

difficult for fibres due to the size of fibres, and the subsequent polymerization process. 

Another possible method to fabricate fibres based on a DN system can be to spin the 

biopolymer with PEGMA as the inner core of a core shell fibre. The shell is to protect 

the inner core and first network monomer and other reagents and to slow down the 

diffusion process. The first network polymerization can take place inside the shell and 

then the shell can be removed for subsequent processes.  

 

 

Scheme 7.2. Schematic diagram of forming DN hydrogel spheres. 

 

 

Scheme 7.3. Schematic diagram of forming fibrous DN hydrogels.  
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 Apart from these proposed methods for fabricating useful forms of tough, 

conducting gels a further area of additional study was suggested by the work described 

in Chapter 6 on phase separated CNT containing gels. As described above, the 

mechanism of phase separation is not yet understood. The experimental evidence 

suggests that the second network forms from the inside out of the first network. In doing 

so, the CNTs are excluded to the outer surface.  Further investigations are required to 

determine the reasons for 1) the formation of the concentration gradient of polymer from 

the core to the surface; and 2) the reasons for the phase separation when the polymer 

concentration increases above a given level. 
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