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1. Polysaccharides 

Polysaccharides are complex carbohydrates which fall into the category of biopolymers derived 

from natural sources.1,2 Biopolymers like polysaccharides, proteins, and nucleic acids differ in 

chemical structures and their properties make them suitable for various applications.3 In 

particular, polysaccharides have shown great potential for several biomedical and pharmaceutical 

applications including tissue engineering,4-6 post surgical treatments,7 wound healing,8 controlled 

release of drugs/proteins.9,10 The success of polysaccharides for these applications can be 

explained because they are renewable materials, that originate from  biological sources (algae 

and plants, cultures of microbial strains or through recombinant DNA techniques) and generally 

are biocompatible, non-toxic and biodegradable.11 Moreover, polysaccharides are characterized 

by a wide variety of structures that lead to peculiar properties that can hardly be matched by 

synthetic materials.12 

Regarding their chemical structure, polysaccharides are (complex) carbohydrates formed by 

repeating sugar units linked together by glycosidic bonds. These polymers consist of thousands 

of sugar moieties and they can have both linear and branched structures. Polysaccharides can 

further form secondary structures (i.e. polysaccharides as gellan13 and scleroglucan14 having a 

double or  triple helix conformation, respectively) that lead to a great variety of physicochemical 

properties. Moreover, the diverse functional groups present in the monomer units open 

opportunities for chemical derivatization15-17 to tailor the physical and biological properties of the 

parent polysaccharide. Derivatization can also be done to introduce crosslinks between the 

polymer chains yielding networks, which can display a wide range of e.g. mechanical properties 

depending on the constitutive chains as well as the overall network architecture. In the next 

paragraph, the main characteristics of the polysaccharides described in this thesis are discussed. 

1.1. Alginate  

One of the most studied polysaccharides for biomedical applications is alginate, a linear 

copolymer composed of repetitive units of (1-4)-linked β-D-mannuronate (M) and its C-5 epimer 

α-L-guluronate (G) residues (Figure 1). The physico-chemical properties of this polysaccharide are 

dependent on the M/G ratio and the distribution of these residues along the polymer chains.18 

The sodium salt of alginate has an excellent solubility in water and this polymer is widely used as 

additive, thickener, stabilizer or emulsifier i.e. in food, cosmetic, textile and pharmaceutical 

products.19,20 The use of alginate is mainly based on its ability to form aqueous gels by 

interaction between the carboxylic acid moieties and bivalent ions, such as calcium, strontium 

and copper (forming the typical “egg-box” structure).21,22 Pharmaceutical researchers have 

focused their attention especially on alginate calcium networks used to develop fibers,23 tablets,24 

films,25 microspheres26 and other devices for the formulation and release of drugs and other 

bioactive compounds.27 Recently alginate, and its derivates, has been also investigated as scaffold 

for tissue and organ regeneration providing encouraging results.28,29 
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1.2. Hyaluronic Acid 

Another charged polysaccharide widely used in biomedical and pharmaceutical field is 

hyaluronic acid (HA), a glycosaminoglycan polymer composed of repeating disaccharide units of 

D-glucuronic acid and N-acetyl-D-glucosamine (Figure 1). Hyaluronic acid is one of the most 

abundant polysaccharide in the body being an important component of the extracellular matrix 

(ECM). Various functions have been attributed to HA, including maintenance of the overall 3-D 

structure and hydration of the ECM,30 preservation of tissue homeostasis31 and activation of cell 

surface receptors32 influencing cell behavior such as growth, migration and differentiation. These 

features explain the large number of studies in regenerative medicine in which hyaluronic acid or 

its derivatives have been used to develop supporting matrices (scaffolds) able to promote tissue 

and organ augmentation.33,34 Moreover, HA is used in tissue engineering as well as in the 

pharmaceutical field because of its unique physico-chemical properties.35 For example, the ability 

to increase the viscosity of aqueous solutions at low polymer concentration, the high 

hydrophilicity and the possibility for derivatization using its functional groups are often explored 

to develop and fabricate scaffolds,36,37 membranes,38 films,39,40 and other devices. Modulation of 

the polysaccharidic properties have been often established by chemical modification (i.e. 

esterification, oxidation, etc) and subsequent network formation.41 

1.3. Dextran  

Dextran is a bacterial polysaccharide consisting of consecutive α-1,6 linked D-glucopyranose 

units in their major chains (more than 50% of the total linkages) with some side chains stemming 

from  α-1,2, α-1,3 or α-1,4 branch linkages. Dextran is used in medicine as an antithrombotic 

agent to reduce blood viscosity, and as a plasma expander.42 In recent years, devices of this 

polysaccharide in the biomedical and pharmaceutical field are based on chemically modified 

dextrans making use of the three hydroxyl groups available per repeating sugar unit. Dextran can 

be modified in several ways to obtain chemically crosslinkable polymers.43 The functionalization 

of the dextran chains with methacrylate moieties (dex-MA)44 allows hydrogel formation by radical 

polymerization initiated chemically or by UV illumination. The derivatization of dextran chains 

with hydroxyethyl-methacrylate (dex-HEMA),45 containing hydrolysable esters, induces 

biodegradability of the hydrogel network. The structures of these dextran derivates are reported 

in Figure 1. 
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Figure 1. a) Average repeating unit of alginate, b) repeating unit of hyaluronic acid; c) and d) building blocks 
of methacrylated dextran (Dex-MA) and hydroxyethyl-methacrylated dextran (Dex-HEMA) respectively. 
 

2. Hydrogels 

Hydrogels are water swollen cross-linked polymer networks able to maintain their three 

dimensional structure when incubated in an aqueous medium.46,47 The ability of hydrogels to 

retain water is due to the presence of hydrophilic groups. Their soft nature matches that of 

biological tissues and explains the wide biomedical interest in these systems. In the last decades, 

a large variety of hydrogel systems has been described regarding applications in pharmaceutics 

and tissue engineering for their use as drug delivery systems and scaffolds, respectively.47-49 

Crosslinking reactions applied  for the formation of chemically crosslinked hydrogels are 

radical polymerization,50 enzyme-mediated polymerization,51 click-chemistry,52 Michael 

addition,53 etc. Besides by chemical crosslinking, hydrogels can also be formed by non-covalent 

interactions between the polymeric chains, such as hydrophobic or ionic interaction,54 hydrogen 

bonding,55 stereocomplex formation56 and inclusion complex formation.57 Depending on the 

crosslinking method, the resulting hydrogel can have different properties. In general, chemical 

crosslinking methods lead to mechanically strong hydrogels, while the physically crosslinked ones 

are generally weaker. On the other hand, physical crosslinks are reversible also by expositing 

stimuli, such as temperature58 and pH,59 allowing administration and gel formation in situ.60,61  

Also physical and chemical crosslinking methods have been applied simultaneously to obtain 

hydrogel networks that combine their favorable properties.62-64 These heterogeneous polymer 

systems are generally composed by combinations of different polymers (graft polymers, block 

copolymers, interpenetrating polymers and AB cross-linked copolymers) as represented in Figure 

2, and are presently under investigation in pharmaceutics and tissue engineering to tailor 
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properties in order to fulfill specific needs.65 In particular the use of natural polymers based on 

e.g. alginate, chitosan and hyaluronic has gained substantial interesting the last decade.66,67 

 
Figure 2. A schematic representation of heterogeneous polymer systems: a) graft polymers, b) block 
copolymers, c) AB cross-linked copolymers, d) semi-interpenetrating polymer network (semi-IPN) and e) (full) 
interpenetrating polymer network (IPN).  

 

3. Interpenetrating Polymers Networks (IPNs) 

An Interpenetrating Polymer Network (IPN) is defined by IUPAC as “A polymer comprising two 

or more networks which are at least partially interlaced on a molecular scale but not covalently 

bonded to each other and cannot be separated unless chemical bonds are broken”; while “a 

polymer comprising one or more networks and one or more linear or branched polymer(s) 

characterized by the penetration on a molecular scale of at least one of the networks by at least 

some of the linear or branched macromolecules” is referred to a Semi IPN.68  

A schematic illustration of these networks is shown in Figure 2 d) and e) where the polymer 

network of one polymer is indicated in black. The grey chains of the second polymer are only 

dispersed into the network (semi-IPN) (Figure 2d), or they form another network interpenetrated 

with the black one (IPN) (Figure 2e). 

The reason for the development of these structures is to combine the favorable properties of 

each constituent polymer within a new overall hydrogel network and/or to modulate the 

mechanical and biological properties of each constituent.69 Generally, the resulting hydrogel 

system possesses properties that differ from those of its components and in many cases 

synergistic effects have been observed. Because of these features, IPNs have attracted substantial 
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interest and studies have been focused on the development of new kinds of IPNs suitable for 

various biomedical applications.70-72 

3.1. Application of IPNs 

3.1.1 Protein Delivery 

The development of suitable protein delivery systems is one of the recent challenges in the 

pharmaceutical field. Nowadays proteins are generally administrated by intravenous injection but 

because of their poor pharmacokinetics, repeated administrations are frequently required which 

is rather inconvenient for the patient and often associated with high costs when these injections 

have to be given in a clinical setting. Therefore there is need for protein formulations that can be 

administered once, and hydrogels have been extensively studied as depot systems which slowly 

release proteins in a controlled and sustained manner.43,73  

The main advantage of hydrogels is the possibility to create a “friendly” environment for labile 

protein molecules because of the large water content, and, at the same time, the hydrogel matrix 

stabilizes the protein structure. Importantly, hydrogels offer the opportunity to tailor the release 

of entrapped protein by diffusion through and/or degradation of the matrix. Amongst the 

different hydrogels, particularly injectable hydrogels either in situ forming or based on 

micro/nanoparticles have demonstrated to be attractive candidates for protein delivery.61 An 

important advantage of injectable hydrogels is their ease of administration avoiding surgical 

intervention. For in situ forming systems, hydrogel formation is triggered by changes in e.g. pH, 

temperature, or by illumination with (UV-) light. The protein of interest is added to the liquid 

formulation and is subsequently released after hydrogel formation. The release kinetics can be 

tuned by the hydrogel network and is governed by diffusion through or degradation of the 

matrix, or a combination of both processes. Diffusion described by the Fick’s law of diffusion is 

the main mechanism of release when the size of the protein loaded in the hydrogel is smaller 

than the mesh size of the network, allowing free movement of the protein through the hydrogel 

matrix. When the mesh size of the hydrogel network is smaller than the size of the protein, it 

remains immobilized in the network and the protein release is governed by the degradation of 

the network, which can occur either by surface or bulk erosion.  

3.1.2 Tissue Engineering  

Tissue engineering is a multidisciplinary approach of medicine whose aim is to support and 

promote the biological and functional regeneration of damaged or diseased tissues or 

organs.74,75 Tissue engineering makes use of three dimensional matrices, or scaffolds, which are 

combined with cells and bioactive molecules. A scaffold acts as a substitute of the extracellular 

matrix (ECM) in which the cells can proliferate and regenerate the tissue, while the three 

dimensional structure gives mechanical support until it is replaced by natural ECM formed by the 

growing cells. In general, hydrogels are used to prepare scaffolds aimed to regenerate soft tissues 

because of their similarities to natural tissues. Their high water content, their soft and rubbery 
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nature and their high porosity that facilitates the diffusion of cellular nutrients and metabolites, 

create a favorable environment for cell growth and differentiation.48,76 

In practice, the patient’s cells are first expanded in vitro and then seeded into the hydrogel 

matrix, leading to a scaffold that is subsequently implanted into the damaged side of the body. 

Several technologies have been developed in the last decades for manufacturing and designing 

of scaffolds for tissue engineering, for example lithography77,78 and 3D printing.79,80 The most 

recently published technique is based on the layer-by-layer fibers deposition of cell-laden 

hydrogels, allowing a rapid building of complex three dimensional scaffolds with micro-scale 

porosity and heterogeneous cell distributions.81,82 
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4. Aim and outline of the thesis 

The main theme of this thesis is the development and the characterization of interpenetrating 

polymer network hydrogels (IPNs) based on biodegradable and biocompatible polysaccharides, 

in particular alginate, hyaluronic acid and dextran. The suitability of these novel systems as 

pharmaceutical and biomedical devices for the controlled release of proteins as well as for tissue 

regeneration has been investigated. Alginate and dextran derivates have been used to form 

injectable and in situ forming hydrogels while hyaluronic acid, together with polymerizable 

dextran derivates were used to prepare interpenetrating network scaffolds for tissue engineering 

applications. 

Chapter 2 reports the preparation and characterization of in situ forming IPN hydrogels based 

on alginate-calcium and methacrylated dextran (dex-MA) networks. The injectability of these 

systems, together with the capability to entrap an enzyme and release it in a controlled manner, 

and retention of its activity after release is studied. 

In Chapter 3, the alginate-calcium/methacrylated dextran (dex-MA) IPN discussed in the 

previous chapter is investigated by means of non-destructive techniques to provide further 

insight into its structure. Rheology, low field NMR and cryoporosimetry analyses were used to 

investigate the mesh size and mesh size distribution of the interpenetrating hydrogel network.  

Chapter 4 describes the preparation and the characterization of IPNs based on alginate 

calcium and hydroxyethyl-methacrylated dextran (dex-HEMA). The presence of hydrolysable 

esters in the dex-HEMA chains allows the biodegradation of IPNs networks, as shown by 

swelling/degradation profiles. The mechanical properties of these hydrogels are monitored using 

rheological experiments and the release of a model protein (BSA) is investigated. Finally, the 

cytocompatibility of the IPNs loaded with chondrocytes is assessed.  

Chapter 5 focuses on the possibility to modulate the degradability of alginate by oxidation 

with sodium periodate while preserving its gelation ability. Oxidation of alginate was done with 

different amounts of periodate and GPC analyses were used to monitor the effect of the 

oxidation reaction on the molecular weight of alginate as well as on the degradation  of alginates 

with different extents of oxidation at physiological conditions.  The gelation ability of the 

oxidized alginate was evaluated by rheological measurements. Finally, the formation of IPNs 

based on dex-HEMA and oxidized alginate and the release profiles of two model proteins 

(myoglobin and BSA) are reported. 

In Chapter 6 the use of semi-IPN hydrogels based on dex-HEMA and hyaluronic acid in tissue 

engineering is reported. The suitability of the polymeric solutions and the corresponding 

hydrogels for bioprinting is examined by means rheological measurements, stability at 

physiological conditions and cytocompatibility. 

Finally in Chapter 7 the findings of this thesis are summarized and the potential future 

applications of these interpenetrating hydrogels are discussed. 
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Abstract 

A novel injectable polysaccharide system based on Calcium Alginate (Ca-Alg) hydrogel and two 

Dextran methacrylate derivatives (DexMA) was recently developed. The resulting 

Interpenetrating Polymer Network (IPN) showed a synergistic mechanical behavior that can be 

exploited to target the hydrogel properties towards specific biomedical needs. In the present 

paper, hydrogels composed of 3% (w/v) Ca-Alg and Dextran (Mw 40 x 103 and 500 x 103), 

derivatized with methacrylic groups (derivatization degrees 5% and 30%) at concentrations 5% 

(w/v), were characterized. The data reported here evidenced that Mw and derivatization degree 

of Dex chains can deeply affect the mechanical as well as model protein (Horseradish 

peroxydase) delivery rate. The enzymatic activity of such model protein was never significantly 

altered by the adopted experimental conditions. 
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1. Introduction 

In the last years, injectable formulations that form macroscopic hydrogels at the site of 

injection have been developed for a broad range of pharmaceutical and biomedical applications 

because of their high patient compliance and ease of manipulation. Many routes can be 

adopted to reach this goal: temperature responsive polymers, self-assembling systems or 

external stimuli responsive polymers.1-3 In order to modulate the physico-chemical as well as 

the drug delivery properties of these hydrogels, an interesting approach can be also 

represented by the development of Interpenetrating Polymer Networks (IPNs) and semi-

Interpenetrating Polymer Networks (Semi-IPNs). Furthermore, hydrogels obtained by mixing 

two different polymeric systems can lead to new materials that can show completely different 

properties, with respect to the starting polymers, due to a synergistic effect.4 

Within the above depicted framework, polysaccharides can represent an opportunity because 

of their natural abundance, generally low cost, ease of manipulation, facile derivatization and 

quite general biocompatibility. Among polysaccharides alginates (Alg) possess a relevant 

interest for their numerous possible applications.5-7 Alg are a family of polyuronates, derived 

from algae or, more recently, from bioengineering source. They are copolymers of β-D-

mannuronic acid (M) and α-L-guluronic acid (G) linked (1−4), containing homopolymeric regions 

of M or G (M- and G- blocks, respectively) and alternated MG-blocks, extremely various in 

composition and monomer sequences. Alg are able to form physical hydrogels by simple 

addition of calcium ions to a water solution of such polymers; calcium ions, in fact, are able to 

interact with guluronic acid moieties forming the so-called “egg-box” structures in which two 

adjacent macromolecules are linked by means of a physical bond. 

Dextran (Dex) is another polysaccharide extensively employed in pharmaceutical and 

biomedical applications. Dextrans can be defined as glucose homopolysaccharides that feature 

a substantial number of consecutive α-(1−6) linkages in their main chains, usually more than 

50% of the total linkages.8 These α-D-glucans possess also side chains stemming from α-(1−2), 

α-(1−3), or α-(1−4) branch linkages. Dextrans and their derivatives are among the main 

promising candidates for the preparation of networks capable of giving a sustained release of 

proteins. In particular, functionalizing the polymer by introducing reactive groups, such as 

methacrylate moieties in the side chain; the obtained DexMA derivatives can be crosslinked by 

means of UV irradiation, leading to chemical hydrogels. These hydrogels have been widely 

investigated and their biocompatibility has been assessed.9,10  

Recently, it was described a new injectable hydrogel IPN based on Ca-Alg and DexMA 

derivatives11 that showed improved properties with respect each of hydrogel component. 

The aim of the present work is the characterization in terms of mechanical and protein 

delivery properties, of new IPNs based on Ca-Alg and DexMA derivatives. Two IPN systems are 

compared: 

1. AlgDex40MA5 = Dex (Mw 40x103), with a methacrylate substitution 5 % at a 5 % (w/v) 

concentration (Cp), interpenetrated with Ca-Alg hydrogel (Alg Cp 3 % (w/v)); 
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2. AlgDex500MA30 = Dex (Mw 500x103), with methacrylate substitution 30% at a Cp = 5% (w/v) 

interpenetrated with Ca-Alg hydrogel (Alg concentration Cp = 3 % (w/v)) 

In the present work we followed a different preparation procedure with respect the one 

previously described,11 thus obtaining IPN hydrogels at pH 7.0, in physiological solutions (NaCl 

0.9 % (w/v)), and with a reduced content of CaCl2, in order to increase the biocompatibility of 

the novel IPNs. 

The rheological and protein release data collected evidenced the versatility of the new IPN 

hydrogel systems and their suitability for protein delivery as well as for tissue engineering 

applications. 

 

2. Experimental 

2.1. Materials 

Dex samples from Leuconostoc ssp. with Mw 40x103 (Dex40) and 500x103 (Dex500), 4-N,N-

dimethylaminopyridine (4-DMAP), glycidyl methacrylate (GMA), 2,2'-azino-bis (3-

ethylbenzthiazoline-6-sulphonic acid) (ABTS) and Silicon Oil AP 150 Wacker were Fluka 

products. Sodium Alg salt, (70 % L-guluronic acid and 30% D-mannuronic acid), Irgacure 2959 

(2-hydroxy-4’-(2-hydroxy-etoxy)-2-methyl-propiophenone) and Horseradish peroxidase type I 

(HRP) was provided by Sigma. Quick Start Bradford protein assay kit was from Bio Rad. All other 

chemicals were analytical grade. 

2.2. Synthesis of Methacrylated Dextran 

Methacrylated derivateves of Dextrans (DexMA) were synthesized by modifying Dex samples 

according to the methodology previously described.12-14 Different amounts of GMA were added 

in order to obtain two degrees of substitution (DS): 5 for Dex40 and 30 for Dex500. Briefly 5 g of 

Dex were dissolved in 50 ml of anhydrous DMSO and 1 g of DMAP (4-dimethylaminopyridine) 

was then added. After the DMAP dissolution, GMA was added to the solution and the reaction 

was carried out at room temperature for 48h. pH was then adjusted to 8 with HCl to neutralize 

DMAP and the solution was exhaustively dialyzed against distilled water at 4 °C, lyophilized and 

placed in an air-tight container, protected from light. DS of the samples were determined by 

proton nuclear magnetic resonance (1H-NMR) recorded in D2O with a Bruker AC-400 

instrument. 

2.3. Hydrogels Preparation 

The IPN hydrogels were prepared following a three-step procedure: (I) polymer solution 

preparation, (II) semi-IPN formation by addition of CaCl2 (i.e Ca-Alg hydrogel formation) and (III) 

IPN hydrogel formation by photocrosslinking the DexMA derivatives. 

All obtained IPNs had an Alg Cp of 3 % (w/v) and a DexMA Cp of 5 % (w/v). 
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I. Polymer solution: the polymer solution was prepared by dissolving Alg in distilled water. 

After complete solubilization, DexMA was added. For the preparation of the IPN aimed to 

the evaluation of release properties, Horseradish peroxidase was also added during Alg 

dissolution. 

II. Semi-IPN formation: the initiator Irgacure 2959, which allows in the third step a rapid 

photo-crosslink reaction of DexMA which avoids loaded protein degradation, was added to 

the polymer solution15 (15 µl of a 33 % (w/v) solution for each ml of polymer solution I). 
CaCl2 0.025 M and NaCl 0.9 % (w/v) solution were then added. The obtained semi-IPN 

hydrogels were sterilized by autoclaving at 121 °C for 30 minutes. 

III. IPN hydrogel formation: the semi-IPN has been finally irradiated with a mercury UV lamp (λ 

maximum 365 nm). Such irradiation allows the radical polymerization of DexMA and the IPN 

formation. 

2.4. Rheological Characterization 

Rheological experiments were carried out by means of a controlled stress Haake RheoStress 

300 Rotational Rheometer, provided with a Haake DC10 thermostat. Frequency sweep 

experiments were performed on the hydrogels at 25 °C in the range 0.01 ÷ 10 Hz, in the linear 

viscoelastic region, assessed by preliminary stress sweep experiments. The mechanical spectra 

were then recorded applying a constant deformation in the linear regime: usually a γ = 0.01 

maximum deformation was used. In order to reduce the extent of the wall slippage 

phenomena16 a grained plate-plate device (Haake PP35 TI: diameter = 35 mm) was used. 

The hydrogels, with a thickness of 1.0 ÷ 2.0 mm, were removed with the aid of a small spatula 

from the petri dish where they were prepared and were laid with care on the lower plate of the 

rheometer. The upper plate was then lowered until it reached the hydrogel surface. Gap setting 

optimizations have been undertaken according to the procedure described elsewhere.17 A layer 

of silicon oil was poured on the lateral free hydrogel surface in order to prevent water 

evaporation. 

Flow curves of the solutions and of the semi-IPN hydrogels were performed using a cone-

plate geometry (Haake CP60Ti: diameter = 60 mm; cone = 1°; gap = 0.053 mm) in the range 

0.001 ÷ 1000 s-1. A step-wise increase of the stress was applied, with an equilibration time of 30 

s. All measurements were made at 25 °C. 

2.5. Texture Analysis 

For the mechanical characterization of the hydrogels a software-controlled dynamometer, 

TA-XT2i Texture Analyzer (Stable Micro Systems, UK), with a 5 kg load cell, was used.18  

The compression modulus of the IPN hydrogels was measured at room temperature using a 

steel cylinder probe (P/35, diameter of 35 mm). The pre-test speed, the test speed and the 

post-test speed were set up at 1 mm/s; the trigger force was set up at 0.002 N. The hydrogel 
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samples height was always in the range 4.5 ÷ 5.0 cm. The Young’s modulus was determined as 

described by Meyvis.19 

2.6. Injectability of the Hydrogels 

The injectability of the semi IPN hydrogels was investigated using the TA-XT2i Texture 

Analyzer. The samples were introduced into syringes (5 ml) equipped with a needle of 18 Gauge 

(1.2 mm) by means of a spatula. The syringe was fixed between the lower plate and the steel 

cylinder probe. The experiments were carried out recording the force needed to eject the 

hydrogel through the needle20,21 at a plunger rate of 1 mm/s. The measurements were repeated 

9 times and the average of the plateau data was taken as the final value. 

2.7. In vitro Protein Release 

For the in vitro release of model protein Horseradish peroxidase type I (HRP) was used. The 

protein solution was added to the samples during the hydrogel preparation (step I) to a typical 

final concentration of 1 mg/ml. After the UV curing, the hydrogel loaded with the enzyme was 

immersed in 200 ml of 1 mM HEPES at 37 °C. The solution was kept under constant magnetic 

stirring. Samples of 5 ml of the buffer solution were taken at regular time intervals and replaced 

by an equal volume of fresh buffer. The concentration of HRP was determined by means of 

Bradford Micro Assay, according with manufacturer's protocol, at λ 595 nm using a Perkin-

Elmer, lambda a3, UV-Vis spectrophotometer with quartz cell (pathlength 1.0 cm). Standard 

protein solutions were prepared and analyzed to generate a calibration curve.22,23  

All the measurements were performed in triplicate and the obtained values always laid within 

10% of the mean. HRP enzymatic activity was measured using H2O2 as oxidizing substrate and 

ABTS as reducing substrate; radical ABTS cation concentration was measured.24,25 30 µl of 

sample was added to 3 ml of ABTS solution (4.14 mg ABTS in 100 ml of H2O) in a 

spectrophotometric cell; 30 µl of H2O2 (0.034 mg/ml) were then added. The kinetic spectra were 

recorded for 5 min at λ = 414 nm. The values of enzyme activity were calculated according to 

Rojas-Melgarejo.25 
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3. Results and Discussion 

In the present work two IPN systems that can be proposed as in situ gelling systems have 

been taken into account in order to assess their physico-chemical properties and their protein 

delivery capabilities. In particular, rheological and mechanical properties were determined as 

well as the ability to carry Horseradish peroxidase without reducing significantly its enzymatic 

activity. 

3.1. Rheology 

3.1.1 Polymer Solutions 

In order to test the interactions in water solutions between Alg and DexMA in the 

experimental conditions adopted for the hydrogel formation, rheological experiments were 

performed both in steady shear and in oscillatory regime. 

Flow curves were registered for 3% (w/v) Alg, 5% (w/v) Dex40MA5 and 5% (w/v) Dex500MA30; 

flow curves were also registered for the solutions prepared blending with 3% (w/v) Alg each of 

the two prepared DexMA. For an appropriate comparison the same measurements were carried 

out with Dex40 and Dex500 alone, i.e. without chemical derivatization. 

Flow curves, reported in Figure 1, clearly evidence that the blends of Alg with Dex have the 

same viscosity (i.e. flow curve profile) of the solution of Alg, irrespective of the Mw of Dex. 

Indeed, the viscosity of Dex40 and Dex500 water solutions are comparable to the viscosity of the 

solvent. When methacrylate moieties are introduced on the Dex chains, the viscosity of the 

water solutions raised significantly. In fact, the viscosity of water solutions of Dex40MA5 and 

Dex500MA30 increased more than one order of magnitude with respect the Dex40 and Dex500. 

Also the blends with Alg showed an increase of the viscosity. This increase, that is a 

synergistic effect rather then a simple additive increase, can be ascribed to the interpenetrations 

of the polymer chains in semidilute regime. In fact, C*, i.e. the coil-overlap concentration 

between polymer coils, are in the range 1.3÷5 % (w/v), as previously reported for analogous 

systems (e.g. Dex40M20 and Dex500MA20).
11 It is to point out that for Dex40 and Dex500 the C* is 

well above the adopted experimental concentrations. 
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Figure 1. Flow curves at 25 °C of polymer solutions of: a) Alg 3% w/v (�), Dex40  5% w/v (�), Blend Alg 3% 
w/v + Dex40 5% w/v (�); b) Alg 3% w/v (�), Dex40MA5  5% w/v (�), Blend Alg 3% w/v + Dex40MA5  5% w/v 
(�); c) Alg 3% w/v (�), Dex500  5% w/v (�), Blend Alg 3% w/v + Dex500 5% w/v (�); d) Alg 3% w/v (�), 
Dex500MA30  5% w/v (�), Blend Alg 3% w/v + Dex500MA30 5% w/v (�) 
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Figure 2. Flow curves of semi-IPNs AlgDex40MA5 (�) and AlgDex500MA30 (�) recorded at 25 °C. 
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Figure 3. a) Schematic representation of the Texture Analyzer apparatus used for injectability tests. b) A 
typical Force/time profile obtained during the semi-IPN extrusion test. 
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Figure 4. Forces of extrusion of various samples. The values are arithmetic mean of 9 different tests; 
standard deviations are reported. 

3.1.2 Semi-IPN 

The addition of CaCl2 to the blend of Alg and Dex40MA5 or Dex500MA30, as described in the 

experimental section, leads to the formation of the semi-IPNs. 

In order to measure the injectability of these new systems, flow curves were collected in the 

range 10-4÷103 s-1. As evidenced in Figure 2, a strong pseudoplastic behavior can be observed 

for the two semi-IPN systems AlgDex40MA5 and AlgDex500MA30, as the viscosity values span from 

6 x 103 to 1 Pas in the experimental conditions. In particular, the viscosity at the shear rate 

usually adopted in the extrusion through a 18 G needle (102÷103 s-1) is comparable to that of an 

usual pharmaceutical formulation.  

The injectability of the prepared semi-IPNs was also tested by means of a Texture Analyzer; 

using the “ad hoc” apparatus reported in Figure 3a, the strength necessary to extrude the semi-

IPNs through a needle (18 gauge) – the plateau region in Figure 3b – was measured. Water and 
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silicon oil were used for an appropriate comparison. In Figure 4 data obtained are reported. As 

it can be seen, the data obtained clearly show the injectability of the semi-IPN, as the forces 

involved are of the same order of magnitude of silicon oil.  

 

3.1.3 IPN 

UV irradiation of the semi-IPNs leads to the IPNs. Mechanical spectra of the systems were 

recorded. In Figure 5 the spectra of two IPNs (10 min of UV irradiation) are reported. A typical 

hydrogel behavior is clearly evidenced, with G’ and G’’ (the elastic and the dissipative moduli) 

quite parallel and differing of roughly 1 order of magnitude.  

1,E+00

1,E+01

1,E+02

1,E+03

1,E+04

1,E-02 1,E-01 1,E+00 1,E+01
f [Hz]

G
', 

G
'' 

[P
a]

 

Figure 5. Mechanical spectra of IPNs AlgDex40MA5 (�) and AlgDex500MA30 (�), obtained with 10 min of UV 
irradiation; G’ (dark filled symbols), G’’ (open symbols). 

UV irradiation determines the extent of the cross-linking of the methacrylate moieties. In 

Figure 6 the elastic modulus G’ at 1 Hz, that is proportional to the number of crosslinks in the 

matrices, increased for the two systems as the irradiation time increases and reaches a plateau 

after 10 min for AlgDex500MA30. After the same time, AlgDex40MA5 reaches a G’ value, that is 

lower more than one order of magnitude with respect to the previous reported sample, and 

double its value after about 30 min of irradiation. It must be pointed out that the adopted 

experimental conditions, i.e. the presence of the photoinitiator Irgacure and the power of the 

UV lamp, are chosen in order to increase the potential biocompatibility of the hydrogels with 

living cells.26  
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Figure 6. Elastic moduli, G’, values at the frequency of 1 Hz, for IPNs obtained at different times of UV 
irradiation. AlgDex40MA5 (�) and AlgDex500MA30 (�). 
 

The Young modulus (E) of the hydrogels prepared at the lowest irradiation time, (i.e. 10 min 

as above reported) were calculated. For an appropriate comparison, the Young modulus of the 

hydrogels obtained by photopolymerization, in the same experimental conditions, of Dex40MA5 

and Dex500MA30, i.e. without Ca-Alg, were measured. The E value of Ca-Alg, in the same 

conditions of the IPNs, was not measurable. In Figure 7 obtained data are reported. As 

expected, the IPNs show E values that can be considered synergistic with respect to the E of the 

starting polymers. As reported for the G’ values, also E values are higher for the IPN composed 

by the Dex with the higher DS value. These results are in accordance with the more rigid 

structure related to a higher crosslinking density among Dex chains. 
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Figure 7. Young Modulus (E) of different hydrogels prepared (10 min of UV irradiation). 

 



Chapter 2 

 

 
 
24 

3.2. Protein release 

The IPN hydrogels obtained by UV irradiation for 10 min were loaded with the protein HRP, 

in order to test the delivery behavior of the two IPNs. Testing the enzymatic activity of the 

protein during the release from the matrices, in which it was physically entrapped, it was also 

possible to demonstrate that the conditions adopted to build up these new hydrogel systems 

are not so harsh to inactivate enzyme activity. 

In Figure 8 the release of the protein from the two hydrogels are reported. As expected, the 

release from the looser network (i.e. AlgDex40MA5) was faster and more than 90% of the loaded 

protein was released after 10 h. For the more crosslinked hydrogel (i.e. AlgDex500MA30) the 

release was quite slower and no more than 70% of the loaded protein was delivered after 24 h. 

In this last case, it can be assumed that the higher crosslinking reduces the diffusivity of the 

protein molecules in the hydrogel matrix. 

The enzymatic activity of the released HRP was tested, at fixed time intervals, using H2O2 as 

oxidizing substrate and ABTS as reducing substrate, in the solutions in equilibrium with the 

hydrogel. As reported in Figure 9 the activity remains always comparable with that of the free 

enzyme. 
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Figure 8. Release at 37 °C of HRP from IPNs (10 min of UV irradiation). The curves are reported only for an 
eye-guide. AlgDex40MA5 (�) and AlgDex500MA30 (�). 
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Figure 9. Percentage of the enzymatic activity of the released HRP with respect to the free enzyme. The 
curves are reported only for an eye guide. AlgDex40MA5 (�) and AlgDex500MA30 (�). 

4. Conclusions 

In the present study two innovative hydrogel systems were compared in terms of their 

rheological and protein delivery properties. These hydrogels are based on Ca-Alg and DexMA 

derivatives; the adopted experimental procedure allowed the two networks to be 

interpenetrated. Two types of DexMA samples were chosen: the first one with Mw 40x103 and 

methyacrylation degree of 5%, the second one with Mw 500x103 and methacrylation degree of 

30%. These features of the macromolecules were chosen in order to compare the effects on the 

physico-chemical characteristics and of the protein delivery properties of the obtained semi-

IPNs and IPNs. Collected data evidenced that the increase of Mw and of methacrylation degree 

induce a dramatic effect on the mechanical properties; in fact the two hydrogels significantly 

differ in their elastic modulus, G’, as well as in their Young modulus, E, of more than one order 

of magnitude. As far as the mechanical properties are concerned, obtained data showed always 

a strong synergistic effect with respect to the starting polymer properties. 

The studied hydrogels appear to be suitable for protein delivery, because the preparation 

conditions were sufficiently mild to retain the activity of loaded HRP. The HRP delivery profile is 

also influenced by the Dex polymer features: the release is slower for the hydrogel prepared 

with Dex with higher Mw and degree of methacrylation. 
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Abstract 

This paper deals with the characterization of an interpenetrating polymer network (IPN) based on 

calcium-alginate and methacrylated dextran, focusing the attention on the determination of IPN 

mesh size (distribution). Two different approaches were applied to get insight into the mesh size 

(distribution) of a dextran-alginate IPN, namely using combination of rheological and low field 

NMR characterization, and cryoporosimetry. Release test with a model protein (myoglobin) was 

used to verify the results of the two approaches, whereas also proper mathematical models were 

developed for the interpretation of experimental data. Both approaches led to a bimodal mesh 

distribution characterized by the same mean (25 nm) with a slightly different distribution around 

the mean. The mesh size distribution was confirmed by determination of the release kinetics of 

myoglobin from the IPN. The results proved the suitability of these two approaches to determine 

the mesh side and mesh size distribution of IPN hydrogels. 
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1. Introduction 

Polymeric hydrogels are a very important class of materials for biomedical and pharmaceutical 

applications.1-3 The main reasons for their success in these fields are related to the high water 

content, the wide range of biocompatible materials available, the ease of manipulation, the 

possibility to design appropriately the mechanical properties and good cell response.4 Moreover, 

hydrogels possess a good biocompatibility and degradability in these materials can be 

introduced by a proper selection of the building blocks.5,6 Furthermore, injectable hydrogels are 

highly desirable materials for drug and particularly protein delivery applications, because of the 

generally mild conditions necessary to obtain polymer gelation.7,8 Tissue engineering is another 

field of bioscience that favored from the availability of suitable hydrogels, because of their good 

biocompatibility, biodegradability and ability to mimic extracellular matrices (ECM). In recent 

years, hydrogels seeded with cells and fed appropriately, are under investigation as scaffolds for 

tissue regeneration.9-11 Hydrogels can be prepared by crosslinking of both natural and fully 

synthetic hydrophilic polymers. Particularly, polysaccharides are attractive building blocks to 

design hydrogels because these natural polymers are generally quite abundant, have a low cost, 

show good biocompatibility and have functional groups for chemical derivatization to tailor the 

properties of the hydrogel in light of its aimed application.  

Recently, Interpenetrating Polymer Network (IPN) systems based on calcium-alginate and 

dextran-methacrylated derivatives were developed. These systems were injectable and effective in 

preserving model protein activity and cells viability. It was further shown that the mechanical 

properties can be tailored by the polymers concentration and degree of methacrylate 

substitution of the dextran chains.12-14 

An important characteristic of hydrogels is their mesh size distribution, because this governs 

e.g. the diffusivity of entrapped drugs/proteins15 as well as the tissue augmentation capability of 

the material.16 

In this paper, the attention is focused on the determination of the mesh size distribution of the 

above mentioned dextran/alginate IPN using non-destructive techniques, in particular, rheology, 

low field NMR, cryoporosimetry and release experiments. Low field NMR allows for the 

determination of the mesh size distribution once the mean mesh size is known from rheological 

tests.17 As the same information can be deduced from cryoporosimetry analysis, the results 

obtained with these two different approaches are compared, discussed and related to protein 

release. For this purpose, it was necessary to build up proper mathematical models for the 

interpretation of experimental data.  
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2. Materials and Methods 

2.1. Materials 

Dextran samples from Leuconostoc ssp. with Mw 40 x 103, 4-N,N-dimethylaminopyridine (4-

DMAP), glycidyl methacrylate (GMA), were Fluka products. Sodium alginate salt, (70% L-guluronic 

acid and 30% D-mannuronic acid), Irgacure 2959 (2-hydroxy-4-(2-hydroxyetoxy)-2-methyl-

propiophenone) and myoglobin (MGB) were provided by Sigma. All other chemicals were 

analytical grade. 

2.2. Methods 

2.2.1 Synthesis of methacrylated dextran 

Methacrylated dextran (Dex-MA) was synthesized according to a methodology previously 

described.18 Briefly, 5 g of dextran was dissolved in 50 ml of anhydrous DMSO and 1 g of DMAP 

was added. Then 1.4 ml of GMA was added and the reaction mixture was stirred at room 

temperature for 48 h. Subsequently, HCl was added to neutralize DMAP and the solution (pH 8) 

was exhaustively dialyzed against distilled water at 4 °C, freeze dried and stored in an air-tight 

container, protected from light. DS (degree of substitution, i.e., the number of MA groups per 100 

glucopyranose residues of dextran) was determined by proton nuclear magnetic resonance (1H 

NMR) recorded in D2O with a Bruker AC-400 instrument. The batch used in this study had a DS of 

5.2. 

2.2.2 Hydrogel preparation 

IPNs were prepared following a three-step procedure as described earlier.13 In brief, the 

polymer solution was prepared by dissolving first 0.060 g of sodium alginate in 1.2 ml of distilled 

water and then 0.10 g of Dex-MA was added. After dissolving both polymers, 12 µl of a 

concentrated solution (33% w/v) of the photoinitiator Irgacure 2959 was added. Subsequently, 0.8 

ml of a CaCl2 solution (0.025 M) also containing NaCl (0.385 M) was added to the polymer 

solution and the resulting mixture (pH 6.5) was homogenized using magnetic stirring to ensure 

the interaction between alginate and calcium ions (molar ratio: 10/1) and, consequently, the 

semi-IPN formation. The polymer solution was finally irradiated with a mercury UV lamp (λ range 

350-450 nm, light intensity 20 mW/cm2) for 10 minutes allowing the radical polymerization of 

dex-MA and formation of the IPN. 

For release studies, the polymers were dissolved in 700 µl of distilled water and myoglobin 

(MGB) was added (4 mg of protein dissolved in 500 µl of distilled water).  
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2.2.3 Rheological Investigations 

Rheological experiments were performed using of a controlled stress Haake RheoStress 300 

Rotational Rheometer, equipped with a Haake DC10 thermostat. The hydrogels (thickness of 1–2 

mm) were removed with the aid of a small spatula from the petri disk in which they were 

prepared and were put on the lower plate of the rheometer. The upper plate was then lowered 

until it reached the hydrogel surface. In order to reduce the extent of the wall slippage 

phenomena,19 a grained plate-plate device (Haake PP35 TI: diameter = 35 mm) was used. Gap 

setting optimizations have been performed according to the procedure described elsewhere.20 A 

layer of silicon oil was poured onto the lateral free hydrogel surface in order to prevent water 

evaporation. The frequency-dependent rheological properties of the formed IPN hydrogels were 

recorded in the range of 0.01 to 50 Hz, applying a constant deformation in the linear regime 

(previously assessed by stress sweep experiments). All measurements were performed in 

duplicate at 25 °C. 

Frequency sweep data were modeled according to the generalized Maxwell model:21  
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where ω is the pulsation (= 2πf; f solicitation frequency), n is the number of Maxwell elements 

considered, Gi, ηi and λi represent the spring constant, the dashpot viscosity and the relaxation 

time of the ith Maxwell element, respectively. Data fitting was performed assuming that relaxation 

times are scaled by a factor 10.22 Hence, the parameters of the model are ηi and λ1. The number 

of the Maxwell elements was selected based on a statistical procedure, in order to minimize the 

product χ2*Np, where χ2 is the sum of the squared errors while Np (= 1 + n) indicates the number 

of fitting parameters.23 

2.2.4 Low field NMR experiments 

Hydrogel low field NMR characterization was performed, at 25 °C, by means of a Bruker 

Minispec mq20 (0.47 T). Transverse relaxation time (T2) measurements were performed according 

to CPMG (Carr-Purcell-Meiboom-Gill) sequence with a 90° - 180° pulse separation of 1 ms 

(number of scans 4; delay 5 s). T2 discrete distribution was determined by fitting the time (t) 
decay of the signal (I) related to the extinction of the x-y component of the magnetization vector 

(Mxy) by a sum of exponential functions: 
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where Ai are the pre-exponential factors (dimensionless) proportional to the number of hydrogen 

atoms relaxing with the relaxation time T2i. A statistical procedure was adopted for the 
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determination of the optimal number “n” of exponential terms required for I(t) data fitting. Briefly, 

this procedure states that the optimal “n” is the one that minimizes the product χ2*(2n), where χ2 

is data fitting chi-square.23 The continuous relaxation time distribution is determined assuming 

that for each time instant t , signal intensity I( t ) is the sum of infinite terms ( ) ( )
22 d2 TeTa Tt− : 
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where T2
min - T2

max indicate the range of the continuous T2 distribution. The integral appearing in 

Eq. (4) can be easily approximated according to the trapezoidal rule: 
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where T2
1 = T2

min, and T2
N = T2

max. The Eq. (5) implies the approximation of the continuous T2 

distribution in a discrete one composed by N elements each one characterised by an unknown 

weight ai corresponding to the relaxation time T2
i. The determination of the unknown ai requires 

the solution of a N x N system of linear equation of Eq. (5), evaluated at different time instant jt . 

Thus, after some simple algebraic manipulations, the generic equation of this system can be 

written: 
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2j . As this system is ill conditioned, it is necessary to solve it 

according to an iterative procedure which implies an initial supposition of the unknown vector 

a(a1,..,ai,..aN). Choosing jt  = T2
i (for j = i), our system approximately resembles to an upper 
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As a consequence, the new solution vector an(a1
n,..,ai

n,..aN
n) is evaluated according to: 
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Iterative process is stopped when the maximum value of the absolute difference 1-j
i

j
i aa −  is less 

than a fixed tolerance (j is iteration number). This strategy has been executed according to an in 

house written FORTRAN program. 

The mesh size distribution is subsequently derived from the direct proportionality of the 

relaxation time T2 with the mesh size:24 

 ξ2 kT =          (9) 

Prior to the measurements, the excess of water present on the surface of the hydrogel was gently 

removed and subsequently the hydrogel was cut into cylindrical shaped samples in order to fit 

the NMR holder (diameter 8 mm). 

2.2.5 Cryoporosimetry 

DSC analyses were carried out with a power-compensated differential scanning calorimeter 

(Perkin Elmer Pyris-1). A particular procedure was adopted to obtain the heating curve avoiding 

superheating. The hydrogel sample (about 2.5 mg) was cooled from 25 °C to -50 °C at 10 °C/min 

and let to rest at -50 °C for 1 minute. Next, the heating curve was acquired at low scanning rate, 2 

°C/min up to 25 °C, to avoid thermal and time delays. Measurements were performed under a N2 

stream of 20 cm3/min.  A scanning rate dependence of the temperature and the enthalpy of 

melting was ruled out by a proper calibration procedure of the calorimeter. Temperature and 

enthalpy calibrations were done using Hg and In standards, at a scan rate of 2 °C/min. 

Cryoporosimetry relies on the triple point dependence on the curvature radii of the solid-

liquid, solid-vapor and liquid-vapor interfaces, as theoretically demonstrated by Brun and co-

workers.25 Different equations must be considered as the Brun model assumes different 

expressions on the basis of pores (meshes) geometry (spherical or cylindrical) and boundary 

conditions (water in excess with respect to pores volume or not): 
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where T0 represents 0 °C (ice melting temperature for a flat solid-liquid interface), TR and ∆hR are, 

respectively, ice melting temperature and specific enthalpy for a solid-liquid interface 

characterized by a curvature radius equal to Rsl; γsl and γlv are, the ice-water and water-vapor 

interface tensions while ρs and ρl are ice and water density, respectively. In order to 

simultaneously take into account both situations, Eqs. (10)-(11) can be rewritten as: 
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With no water excess, X is the fraction of spherical meshes and consequently (1-X) is the fraction 

of cylindrical meshes. The numerical solution of Eq. (12) requires knowledge of the ∆hR 

dependence on melting temperature and curvature radius. For this purpose a classical 

thermodynamic relation can be used:26 
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where ∆h is the ice melting enthalpy for a flat solid-liquid interface (Rsl → ∞; TR = 0 °C), while cps 

and cpl are, respectively, the ice and water specific heat capacities. The ρs, ρl, cps and cpl 

temperature dependence can be expressed by: 

 ρs(g/cm3) = 0.917*(1.032-1.170*T(K)*10-4)     (14)27  

 ρl(g/cm3) = -7.1114+0.0882*T1-3.1959*T2*10-4 +3.8649*T3*10-7   (15)27 

 cps(J/g°C) = 2.114*(1+373.7*T(°C)*10-5)     (16)25 

 cpl(J/g°C) = 4.222*(1-54*T(°C)*10-5)      (17)25 

Analogously, the γsl, γlv and γsv temperature or Rsl dependencies are needed. Although 

traditionally their temperature dependence is considered,27 here we prefer used their 

dependence on Rsl according to the Tolman equation28 as this approach is more general, being 

independent from mesh geometry: 
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where γ∞ and γ are, respectively, the surface tension competing to a flat surface (infinite curvature 

radius) and a surface of curvature radius R (now identifiable with Rsl), while δ is the Tolmann 

length whose order of magnitude corresponds to the effective water molecule diameter29 a and it 

is usually assumed30 to be a/3 (in the case of water, δ ≈ 0.0681 nm). The numerical solution of 

Eqs. (12)-(18) allows determining the ∆hR dependence on TR as well as the TR derivative with 

respect to Rsl (dTR/dRsl), fundamental functions for the determination of the mesh size 

distribution27 dVm/dRm: 
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where Vm is the meshes volume, Rm is the mesh radius, Vs is the volume of the ice nano-crystals 

trapped inside the meshes, β is the constant thickness of the not-freezable water layer adsorbed 

on the mesh wall,31 v is the DSC heating speed, 
o

Q  is the DSC signal (W) and Z is a parameter 

dependent on X (Eq. 12) and consequently related to the mesh shape. In detail,  Z can be defined 

as 2*(1-X)+3*X: in the limit cases (X = 1 and X = 0)), Z is equal to 3 when all the meshes are 

spherical, while it is equal to 2 for cylindrical meshes.27 It is important to underline that the 

presence of a layer of not-freezable water adhering to the mesh walls makes the mesh volume 

(Vm) greater than the nanocrystals volume (Vs) and, at the same time, it makes the mesh radius 

(Rm) equal to the crystal radius (Rsl) plus the thickness β (being β radius independent, dRsl = dRm). 

On the basis of Eq. (19), the differential volumetric mesh size distribution (dϕ/dRm) can be 

calculated as: 
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or, equivalently, in terms of probability P to find, in the polymeric network, a mesh of radius Rm: 
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=       (21) 

where Rmin and Rmax are, respectively, the minimum and maximum values for Rm (they indicate the 

distribution wideness).  

In order to make Eq. (20) and Eq. (21) operative, it is necessary to determine the value of β. An 

iterative procedure similar to that suggested by Ishikiriyama and co-workers was followed.27 

Briefly, this procedure relies on the evidence that the total amount of water constituting the 

hydrogel (Wt) is given by the sum of the water amount that can freeze inside the hydrogel (Wf), 

the amount that can not freeze inside the hydrogel due to the interaction with mesh wall (Wnf) 

and the amount of water that is out of the polymeric network (bulk or excess water, Wew). While 

Wt can be estimated knowing the hydrogel mass and polymer concentration, Wf can be evaluated 

by measuring the amount of water melting below 0 °C: 
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In addition, Wew can be evaluated measuring the amount of water melting for T ≥ 0°C: 
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Thus, the amount of non-freezable water (Wnfw) can be calculated as: 

 Wnfw = Wt - Wf – Wew        (24) 
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Consequently, mesh volume (Vm) can be calculated as the sum of freezable (Vfw) and not-

freezable (Vnfw) water: 
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Now, the iterative procedure is started assuming β = 0 and calculating the mesh volume Vmc as 

follows:  
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When the relative difference mmmc VVVV −=∆  is lower than a fixed tolerance ε, the assumed 

value for β is correct. Hence, the procedure is repeated increasing β of ∆β up to convergence. As 

β is usually bigger than 0.5 nm,27 ∆β was set to 0.01 nm in order to perform a very prudential 

choice concerning the possibility of getting the convergence of the iterative procedure above 

illustrated. In addition, as we found that for tolerance ε < 10-3 no appreciable variation in the β 

values were observed, we set ε = 10-5. 

2.2.6 Release of Myoglobin from IPN hydrogels 

For in vitro release, the hydrogels loaded with myoglobin (MBG) were prepared as described 

above. After UV curing the IPN was immersed in 200 ml of distilled water. The cylindrical 

hydrogel (24 mm diameter; 5mm height) was suspended in the release medium by means a thin 

web in order to assure that the surface of the hydrogel was completely in contact with water; the 

medium was gently magnetically stirred and kept at 25 °C during the experiments. Samples (3 ml) 

were withdrawn from the solution at appropriate time intervals and replaced by the same amount 

of fresh solvent. MGB was spectrophotometrically detected at 409 nm, (Perkin-Elmer, lambda 3a, 

UV–Visible spectrometer) using quartz cells with path-lengths of 1.0 cm. Standard protein 

solutions were prepared and analyzed spectrophotometrically to obtain a calibration curve. All 

experiments were performed in triplicate.  

Release data were modeled according to a Fick law based model. It was assumed that 

hydrogels did not undergo significant swelling and/or erosion during release tests. Due to gel 

symmetry, the intrinsically three dimensional diffusive problems could be reduced to a simpler 

two dimensional one: 
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where D is the drug diffusion coefficient in the gel, t is time, C is the drug concentration 

(mass/volume) in the cylindrical hydrogel, R and Z are the radial and axial axes, respectively. This 

equation is subjected to the following initial and boundary conditions: 
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- Initial conditions: 

 C(Z, R) = C0  - Zc ≤ Z ≤ Zc 0 ≤ R ≤ Rc   (28)  

 Cr = 0         (29)  

- Boundary conditions 

 C(Z, Rc, t) = C(±Zc, R, t) = kp Cr(t)      (30) 

 ZRRtRZCCZRtCV
c cZ R

dd2),,(2)(
0 0

0c
2
crr ππ ∫ ∫−=     (31) 

where 2Zc and Rc are, respectively, cylinder height and radius, C0 is the initial protein 

concentration in the cylinder, Cr and Vr are the drug concentration and the volume of the release 

medium while kp is the drug partition coefficient between the cylindrical gel and the 

environmental release fluid. Eqs. (28)-(29) state, respectively, that the hydrogel is uniformly 

loaded with MGB at C0 concentration, while the release medium is initially MGB free. Eq. (30) 

expresses the partitioning condition at the cylinder/release fluid interface, while Eq. (31) 

expresses a drug mass balance for the gel/release fluid system allowing to state the relation 

between Cr and C(Z, R, t). Model numerical solution was performed according to the control 

volume method32 subdividing cylinder radius Rc and half height (Zc/2) into 100 parts, respectively, 

while integration time step ∆t was set to 20 s. The linear system of equations descending from 

the control volume approach was iteratively solved according to the Gauss–Seidel method33 

adopting a relaxation factor equal to 1.6. 
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3. Results and Discussion 

In order to determine the mesh size distribution of the dex-MA/alginate-calcium IPNs, two 

different approaches were followed. In the first approach the mean mesh size of the IPN was 

determined using rheological analysis whereas the mesh size distribution was deduced from low 

field NMR measurements. The second approach relies on the cryoporosimetry analysis. Finally, 

the results of these two approaches were validated using a release study of a model protein 

(myoglobin, MGB). 

Figure 1 shows that the storage modulus (G'; black circles) and the loss modulus (G''; open 

circles) are quite independent of pulsation ω  and G’ is one order of magnitude greater than G'', 

which is a typical rheological behavior of strong and (almost fully) elastic hydrogels.21 
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Figure 1. Mechanical spectrum of the studied IPN hydrogel based of dex-MA and alginate calcium. Close and 
open circles represent, respectively, storage (G’) and loss (G’’) modulus while solid lines represent the best 
fitting of the generalized Maxwell model composed by 6 elements (Eqs. 1 and 2). 
 

The statistical procedure presented in the “Rheological investigation” paragraph (section 2.2.3) 

reveals that the optimal number of Maxwell elements corresponds to six in order to properly fit 

the mechanical curves of the hydrogel (see symbols in Figure 1. Solid lines represent best fitting 

with Eqs. (1) and (2): λ1 = 0.020 ± 0.003 s; G1 = 118 ± 8 Pa; G2 = 32 ± 5 Pa; G3 = 27 ± 3 Pa; G4 = 

31 ± 3 Pa; G5 = 14 ± 7 Pa; G6 = 261 ± 11 Pa). The accuracy of the fitting is confirmed by the 

statistical F-test (F(6,57,0.95) < 281.6).  

Based hereon, it is possible to calculate the hydrogel shear modulus G: 

 ∑
=

=
n

i

GG
1

i
        (32) 
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Using this equation and the data mentioned above, a G value of 484.3 Pa is calculated, which 

allows further analysis using the rubber elasticity theory.34 Although this theory has been 

questioned for biopolymer gels, recent studies have shown that for stiff biopolymers (as the ones 

studied in this manuscript) it can be applied provided that hydrogel mechanical properties are 

determined in the linear viscoelastic region (that implying small deformations).35 Thus, for a stiff 

hydrogel crosslinked in solution (such as the one under study), the crosslink density ρx, can be 

expressed as: 

 RTG=xρ         (33) 

where R is the universal gas constant and T is the absolute temperature. Knowledge of ρx, jointly 

with the equivalent network theory,36 allows calculation of the network average mesh size ξ . 

Indeed, the equivalent network theory, starting from the experience that, in the majority of the 

situations, a detailed description of a real polymeric network is very hard37 if not impossible, 

suggests replacing the network  by an ideal one made up by a collection of spheres whose 

diameter coincides the average network mesh size ξ . Remembering the definition of cross-link 

density (moles of cross-links per hydrogel unit volume), it turns out that the spherical volume 

competing to each cross-link (1/(NA ρx)) is equal to: 
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       (34) 

where NA is the Avogadro number. Solving Eq. (34) for ξ  leads to: 

 3
Axπρ6ξ N=         (35) 

On the basis of Eqs. (33) and (35), it can be calculated that ρx = (2.0 ± 0.1)*10-7 mol/cm3 and ξ  = 

25.0 ± 0.4 nm. 

Low field NMR measurements have been performed on hydrogel network to provide further 

insight into the hydrogel structure, because this technique can provide useful information via the 

determination of the relaxation times of water hydrogen atoms inside the polymeric network. 

Hydrogen atoms of water molecules strongly bound to the polymer chains have a relatively low 

relaxation time as compared to those of water molecules present in free form in the mesh, due to 

the constrain effect exerted by the mesh/nanopore wall.24,38 The time (t) of decay of the signal (I) 
related to the extinction of the x-y component of the magnetization vector (Mxy, Eq. 3) was fitted 

(F-test provided the accuracy: F(3, 495, 0.95) < 1.09*107) by two exponential terms to yield pre-

exponential factors and relaxation times of A1 = 35.8 ± 0.3, T21 = 57.6 ± 0.8 ms and A2 = 64.2 ± 

0.3, T22 = 23.1 ± 0.1 ms. The relaxation time of 2200 ms has been measured for the hydrogen 

atoms of free water molecules (25 °C) and consequently the low values for T21 and T22 are due to 

hydrogen atoms of water molecules trapped inside polymeric meshes. Moreover, it can be 

excluded that the shortest relaxation time (T22) corresponds to the hydrogen atoms of the 

polymer chains, as their theoretical contribution to the initial value of I is 3.5% at most. 
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Accordingly, their effect is either comprised in A2 or, in virtue of the presumably very low 

relaxation time,24 their relaxation times could not be recorded by our measurements. Brownstein 

and Tarr demonstrated that a proportionality exists between the relaxation time of hydrogen 

atoms belonging to the water trapped inside polymeric meshes and the mesh diameter ξ.24 To 

calculate the mesh size distribution, it is necessary to calculate the proportionality constant, k, 

which relates the relaxation time to the mesh diameter according to the Eq. (9). The calculation of 

k is based on the definition of the mean relaxation time 2T  and the mean mesh size ξ :17 
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where I(T2) is the local intensity while T2max and T2min is the range of the transverse relaxation time 

distribution. Experimentally, the intensity “I” practically vanishes after about 400 ms; the integrals 

appearing on left side of Eq. (36) have been evaluated in the prudential range T2min = 0.0 < T2 < 

T2max = 1000 ms. Consequently, 2T  turns out to be equal to 35.9 ms. The rheological analysis 

yielded ξ  = 25.0 ± 0.4 nm and therefore k reads:  

 nmms4.1
ξ

2 == T
k        (37) 

Once the discrete relaxation peaks (T21, A22; T22, A22) are transformed into the continuous 

relaxation spectrum according to the methodology described in “Low field NMR experiments” 
section 2.2.4, knowledge of k allows converting the continuous time relaxation spectrum into the 

distribution of mesh size. Figure 2 shows this distribution in terms of the occurrence probability 

100*P(ξ) of the mesh diameter ξ (see white circles; note that the sum of all the white circles 

ordinates is equal to 100). It can be noticed that the mesh size distribution is bimodal and is a 

direct result of the presence of two principal relaxation times (T21, T22). Specifically, the studied 

hydrogel shows small meshes centred on around 17 nm and larger ones centred on around 42 

nm with an average value of about 25 nm.  

The mesh size distribution was also calculated from cryoporosimetry analyis. DSC analysis 

showed that no excess water was present. Figure 2 shows the occurrence probability estimated 

according to the cryoporosimetry analysis assuming that only spherical shaped meshes are 

present in the gel (X = 1; grey circles). Figure 2 shows that low field NMR and cryoporosimetry 

yield different average mesh sizes as well as different mesh size distributions. Since hydrogels 

present both spherical meshes and cylindrical ones,4,39 the X value (fraction of spherical meshes) 

has been modified in order to get a better agreement between the two distributions. The best 

result was obtained with an ensemble of meshes composed by 22% of spherical shaped meshes 

and 78 % of cylindrical meshes (Figure 2, X = 0.22, black circles). For these values cryoporosimetry 

and low field NMR yield two distributions with about the same average mesh size (≈ 25 nm). In 
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addition, the two peaks obtained from the low field NMR analysis can also be seen in the 

cryoporosimetry distribution. Although this is clear for the peak occurring at about 42 nm, this is 

less evident for the peak occurring at 17 nm, which can be seen in the cryoporosimetry 

distribution as a shoulder occurring at about 22 nm. Moreover, the cryoporosimetry distribution 

shows the presence of another peak appearing approximately at 50 nm. Thus, while low field 

NMR distribution is bimodal, the cryoporosimetry one is the convolution of three peaks. 
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Figure 2. Comparison between the mesh size distribution (100P(ξ)) descending from the rheology-low field 
NMR approach (white circles) and those descending from the cryoporosimetry analysis assuming 100% 
spherical meshes (grey circles; X=1) or 22% spherical meshes and 78 % cylindrical (black circles; X = 0.22). ξ is 
the mesh size, P is the probability of finding a mesh of size ξ (occurrence probability). The thickness (β) of 
not-freezable water, calculated according the procedure expressed by Eqs. (22)-(26), is equal to 2.74 nm and 
0.94 nm when X = 1 and X = 0.22, respectively. 
 

Release experiments using myoglobin as model protein were done to validate the results of 

the mesh size derived from rheology, low field NMR and cryoporosimetry analysis. Knowledge of 

the polymeric network average mesh size ξ  allows the determination of the drug diffusion 

coefficient in the polymeric network (D) according to the model of Peppas and co-workers:40,41 
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where D0 is the drug diffusion coefficient of the drug in water, ϕ is the polymer volume fraction of 

the hydrogel, while Y is a model parameter that can be assumed equal to one  since the diameter 

of the solute (myglobin, around 4.2 nm)42 is considerably smaller than average mesh diameter ξ  

= 25 nm. This theory combines the free volume theory43 with the assumption that the probability 

that a solute of radius rs has to pass through an opening of diameter ξ  is linearly dependent on 
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the ratio 2rs/ ξ . On the basis of ϕ (= 0.048), and D0 (= 1.5*10-6 cm2/s), determined according to 

the Stokes-Einstein equation at 25 °C (rs for myoglobin42 is 2.1 nm), D results to be 1.18*10-6 

cm2/s and 1.30*10-6 cm2/s when ξ  = 25 nm (X = 0.22 cryoporosimetry distribution) and ξ  = 50.5 

nm (X = 1.0 cryoporosimetry distribution), respectively. On the basis of these two D values and of 

the known release volume Vr = 200 cm3, the initial drug concentration C0 = 2000 µg/cm3, the 

partition coefficient kp = 1, cylinder radius Rc = 1.2 cm and height Zc = 0.22 cm, release model 

(Eqs. (27)-(31)) can be used to predict the myoglobin fractional release (Figure 3). The comparison 

of model predictions according to the Akaike method44 reveals that  1.18*10-6 cm2/s is the most 

probable value for D. Accordingly, release data support the correctness of the X = 0.22 

cryoporosimetry distribution. It can be noticed that the agreement is satisfactory as also proved 

by the F-test (F(1, 10, 0.95) < 29).  
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Figure 3. Comparison between experimental myoglobin release kinetics (open circles) and the release curve 
(solid line) predicted by the release model (Eqs. (26)-(31)) assuming the value of the myoglobin diffusion 
coefficient in the IPN hydrogel (D = 1.18*10-6 cm2/s) from the rheology-low field NMR analysis and the 
cryoporosimetry approach with 78% cylindrical meshes. 
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4. Conclusions 

In this paper we proved that it is possible to get insight into the average mesh size and the 

mesh size distribution of an IPN hydrogel using a combination of advanced techniques (rheology, 

low field NMR and cryoporosimetry). Both rheology and LF NMR as well as the cryoporosimetry 

show that average mesh size is around 25 nm. The simulation of the experimental protein release 

test made up by a model based on Fick’s law, demonstrated the reasonability of the estimated 

average mesh size.  
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Abstract 

In situ forming hydrogels in which allow for the modulation of physico-chemical properties and 

in which cell response can be tailored are providing new opportunities for biomedical 

applications. Here, we describe Interpenetrating Polymer Networks (IPNs) based on a physical 

network of calcium alginate (Alg-Ca), interpenetrated with a chemical one based on 

hydroxyethyl-methacrylate-derivatized dextran (dex-HEMA). IPNs with different concentration 

and degree of substitution of dex-HEMA were characterized and evaluated for protein release as 

well as for the behavior of embedded cells. The results demonstrated that the properties of the 

semi-IPNs, which are obtained by dissolution of dex-HEMA chains into the Alg-Ca hydrogels, 

would allow for injection of these hydrogels. Degradation times of the IPNs after photo-

crosslinking could be tailored from 15 to 180 days by the concentration and the degree of 

substitution of dex-HEMA. Further, after an initial burst release, bovine serum albumin was 

gradually released from the IPNs over approximately 15 days. Encapsulation of expanded 

chondrocytes in the IPNs revealed that cells remained viable and, depending on the composition, 

were able to redifferentiate, as was demonstrated by the deposition of collagen type II. These 

results demonstrate that these IPNs are attractive materials for pharmaceutical and biomedical 

applications due to their tailorable mechanical and degradation characteristics, their release 

kinetics and biocompatibility. 
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1. Introduction 

Hydrogels are commonly studied in the pharmaceutical field as materials for the controlled 

release of bioactive molecules, i.e. proteins, as well as in the tissue engineering field for 

encapsulation of cells.1,2 Hydrogel networks can be obtained by chemical or physical crosslinking 

of water-soluble macromolecules.3,4 Because of their hydrophilic nature, hydrogels are able to 

retain large amounts of water, thereby mimicking natural tissues. Particularly, hydrogels made of 

polysaccharides are attractive because of their abundance, possibilities for chemical derivatization 

and, generally, good biocompatibility.5,6  

Amongst the various hydrogels described in literature, particular attention is given in recent 

years on in situ forming hydrogels.7-10 These formulations can be administrated by injection in 

the therapeutic target, after which gelation takes place and the locally formed gel can act as a 

depot system for release of drugs or bioactive compounds. The use of hydrogels can improve 

efficacy, efficiency, patience compliance of the therapeutic agent and reduce, in most cases, its 

toxicity.3,7,11 In situ gelling hydrogels are also interesting materials for tissue engineering 

applications, where they can be injected into the defect site and, after gelation, mimic the 

extracellular matrix acting as scaffold for proliferation and differentiation of entrapped cells.12,13 

In order to modulate the properties of the networks, a new class of hydrogels based on the 

interpenetration of two different polymer networks (IPNs) has been developed recently.14-16 An 

IPN consists of two or more hydrophilic polymers, each forming either a physically or chemically 

crosslinked network which are entangled with each other. A semi-IPN, instead, is composed of 

one crosslinked polymer system in which free polymer chains are dissolved.  

In IPNs, neither chemical nor strong physical interactions are present between the two networks. 

Nevertheless, both polymers contribute, sometimes in a synergistic way, to the physico-chemical 

and e.g. drug delivery properties of the IPN.17 

Recently, we described IPN hydrogels based on calcium alginate (Alg-Ca) and dextran 

methacrylate derivatives (dex-MA).18,19 The physico-chemical characteristics of the semi-IPNs 

(Alg-Ca and dex-MA before UV curing) and of the corresponding IPNs (i.e after UV curing) were 

described.18,19 These systems showed interesting properties including injectability, improved 

mechanical strength in comparison to the two separate hydrogel systems, arising from the 

synergistic interaction between the polymer networks, and tunable protein release properties. 

The high viscosity of the semi-IPNs, the ease of manipulation and UV curing possibilities make 

the system useful for in situ hydrogel formation. However the dex-MA hydrogels are not 

biodegradable under physiological conditions,11 limiting their application in the biomedical and 

pharmaceutical field. Therefore, in the present work, polysaccharide IPNs based on alginate  and 

biodegradable dex-HEMA (Figure 1)20,21 were evaluated for their mechanical and release 

properties, cytocompatibility and their ability to act as scaffold for tissue engineering 

applications. 
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Figure 1. Chemical structure of dextran derivatized with hydrolyzable hydroxyethylmethacrylate moieties 
 

2. Materials and Methods 

2.1. Materials 

Dextran (dex) samples from Leuconostoc ssp. with Mw 40 x 103, 4-N,N-dimethylaminopyridine 

(4-DMAP), and hydroxyethyl methacrylate (HEMA) were Fluka products. Sodium alginate (Alg) 

with Mw 150 x 103 (70% L-guluronic acid and 30% D-mannuronic acid), carbonyldiimidazole (CDI), 

bovine serum albumin (BSA), (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer, 

ethylenediaminetetraacetic acid (EDTA), ascorbic acid 2-phosphate, haematoxylin, DAB, 

haematoxylin, eosin, fast green FCF and safranin O were all provided by Sigma-Aldrich, USA. 

Irgacure 2959 (2-hydroxy-4β-(2-hydroxyetoxy)-2-methyl-propiophenone) was obtained from Ciba 

Specialty Chemicals Inc. Collagenase type II was provided by Worthington Biochemical, 

Lakewood, USA.  Phosphate buffered saline (PBS), DMEM, penicillin, streptomycin, 1x ITS-X and 

trypsin were obtained from Invitrogen (USA). Fetal Bovine Serum (FBS) was a Biowhittaker 

product. βFGF and TGF-β2 were provided by R&D Systems (USA). Human serum albumin was a 

product of SeraCare Life Sciences (USA). All other chemicals were analytical grade. 

2.2. Methods 

2.2.1 Dex-HEMA Synthesis and Characterization 

Dex-HEMA batches were prepared by functionalizing dextran according to a previously 

described method.20 In short, first HEMA is activated with CDI (resulting in HEMA-CI), which in a 

second step was coupled to the hydroxyl groups of dextran. The degree of substitution (DS, i.e., 

the number of HEMA groups per 100 glucopyranose residues of dextran) was determined by 1H 

NMR in D2O using a Gemini 300 MHz spectrometer (Varian Associates Inc., NMR instruments, Palo 

Alto, CA). Dex-HEMA with DS = 8, 12, and 16 were prepared. 

2.2.2 Hydrogel Preparation 

In the IPNs, the Alg concentration was fixed at 3 % (w/v), while three different dex-HEMA 

concentrations, 10% (w/v), 15% (w/v) and 20 % (w/v), respectively, were used. 

Hydrogels (1 ml) were formed in cylindrical vials (diameter 12 mm) as follows. Alg-Na (0.030 g) 

was dissolved in 0.6 ml of HEPES buffer (100 mM, pH 7.4). Next, an appropriate amount of dex-



In Situ forming IPNs of Calcium Alginate and Dextran HEMA 

 

 
 

53 

HEMA was added followed by the addition of 3 µl of a concentrated solution (33% w/v) of the 

photoinitiator Irgacure 2959. Then, 0.4 ml of a CaCl2 solution (0.025 M) also containing NaCl 

(0.385 M) was added to the alginate/dex-HEMA solution. The system was mixed by mechanical 

stirring resulting in the formation of the semi-IPN, which was subsequently irradiated with a 

BluePoint 4 mercury lamp (Honle UV technology, λ range 350-450 nm, light intensity of 

400mW/cm2), for 5 minutes to polymerize dex-HEMA and to yield the IPNs. Table 1 gives the 

compositions of the investigated hydrogels. For release studies, BSA was loaded into the IPNs by 

dissolving 10 mg protein in 200 µl of HEPES which subsequently added to the alginate/dex-HEMA 

solution. In order to avoid UV-induced protein degradation, a glass filter was interposed between 

the sample and the UV lamp. 

2.2.3 Rheological Experiments 

Oscillatory shear experiments were performed using an AR-G2 rheometer (TA-Instruments). 

Frequency sweeps of the semi-IPNs were carried out using a cone-plate geometry (diameter = 20 

mm; cone = 1°) in the range 0.01 ÷ 10 Hz which is in the linear viscoelastic region as assessed by 

stress/sweep experiments. To prevent water evaporation from the samples, a solvent trap was 

used. The polymerization kinetics were followed using a UHP device connected to a BluePoint 4 

mercury lamp (Honle UV technology, λ range 230-500 nm, intensity of 50 mW/cm2), setting the 

gap to 500 µm and starting irradiation after 180 sec from the start of the rheological experiment. 

During the UV-irradiation of the samples for 7 minutes, G’ (storage modulus) and G’’ (loss 

modulus) were monitored at a strain of 0.1% and a frequency of 1 Hz. Next, the viscoelastic 

properties of the IPNs were recorded in the range of 0.01 to 10 Hz, applying a constant 

deformation in the linear regime (1%). All measurements were performed at 25 °C. 

2.2.4 DMA Measurements 

The Young’s moduli (E’) of the hydrogels were determined by dynamic mechanical analysis 

(DMA), performed with a DMA 2980 Dynamic Mechanical analyzer (TA Instruments, New Castle, 

England) equipped with a compression clamp (upper plate 6 mm, lower plate 45 mm). 

Experiments were performed at room temperature by imposing a range of frequencies (from 10 

to 0.1 Hz), an amplitude of 20 µm with a constant preload force of 0.01 N. For each formulation, 

the reported data are the mean of four independently prepared samples. 

2.2.5 Methacrylic Conversion  

The hydrogels were incubated in 9 ml of 0.02 M NaOH at 37 °C for 24 hours to hydrolyze 

unreacted methacrylic groups.22 Next, 1 ml of 2 M acetic acid solution was added and the 

methacrylic acid concentration was determined using an Acquity UPLC trade, equipped with a UV 

detector operating at 210 nm, utilizing a BEH C18 1.7 µm, 2.1 × 50 mm column. The eluent was 

H2O/acetonitrile/perchloric acid (95/5/0.1%) and the flow rate was 0.5 ml/min. The methacrylate 
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conversion is defined as (1 − (moles of unreacted methacrylate groups / moles of methacrylate 

groups originally coupled to dextran) x 100%). 

Table 1. Composition of the samples prepared 

 % polymer concentration (w/v) 

Sample Alginate Dextran Dex-HEMA DS 8% Dex-HEMA DS 12% Dex-HEMA DS 16% 

A3D108 3 - 10 - - 

A3D158 3 - 15 - - 

A3D208 3 - 20 - - 

A3D1012 3 - - 10 - 

A3D2012 3 - - 20 - 

A3D1016 3 - - - 10 

A3D2016 3 - - - 20 

A3Dex 3 20 - - - 

Alg3-Ca 3 - - - - 

D108 - - 10   

D208 - - 20   

D1012 - -  10  

D2012 - -  20  

D1016 - -   10 

D2016 - -   20 

 

2.2.6 Hydrogel Swelling and Degradation  

IPNs of Alg-Ca and dex-HEMA, were weighed and transferred into pre-weighed glass vials. 

Next, 6 ml of 100 mM HEPES buffer (pH 7.4) with 0.02% NaN3 was added and the gels were 

incubated at 37 °C. The hydrogels were weighed at regular time intervals after removal of the 

excess of buffer, until their complete dissolution in the incubation buffer.23 After each 

measurement, 6 ml of fresh buffer was added. The hydrogel swelling is defined as the ratio 

Wt/W0, where W0 and Wt are the hydrogel weight after preparation and at the time t, respectively. 

The swelling/degradation experiments were performed in duplicate. 

IPNs were also incubated in 6 ml of EDTA (70 mM) in HEPES buffer pH 7.4 for 48h, changing the 

buffer three times per day. Subsequently, the IPNs were weighed. 
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2.2.7 Protein Release  

Hydrogels with a BSA concentration of 10 mg/ml were prepared as described above. The 

obtained IPNs were transferred into 20 ml glass vials and 6 ml of 100 mM HEPES buffer pH 7.4 

plus 0.02 % NaN3 was added and the IPNs were incubated at 37 °C. Samples of the release 

medium (1 ml) were taken at appropriate time intervals (the first day after 1 h, 3 h, 5 h, and 24 h, 

and subsequently once a day) and replaced by an equal volume of fresh buffer. The protein 

concentration in the different samples was determined by using an Acquity UPLC trade, BEH C18 

1.7 µm, 2.1 × 50 mm column and a UV detector working at 210 nm. An eluent gradient, from 0 to 

100% of eluent A was used, where A is H2O/acetonitrile/perchloric acid (95/ 5/ 0.1%) and eluent B 

is acetonitrile/perchloric acid (100/0.1%).The injection volumes of the samples were 7.5 µl and the 

flow rate was 0.25 ml/min. For an appropriate comparison, BSA release from Alg-Ca hydrogels 

and from dex-HEMA hydrogels was followed. 

2.2.8 Cell Culture Experiments 

Full thickness healthy articular cartilage was obtained from the femoropatellar joints of fresh 

equine cadavers (n=2, age: 2 years) under aseptic conditions.24 Cartilage was digested overnight 

using 0.15% collagenase type II at 37 °C. The cell suspension was filtered through a 100 µm cell 

strainer and washed with PBS. Cells were resuspended in chondrocyte expansion medium, 

consisting of DMEM, supplemented with 10% Fetal Bovine Serum, 100 units/mL penicillin, 100 

µg/ml streptomycin and 10 ng/ml βFGF. Cells were then counted and seeded in 175 cm3 culture 

flasks at a density of 5000 cells/cm2 in expansion medium and maintained in a humidified 

incubator (37 °C, 5% CO2). After the first passage (t = 10 days), the chondrocytes were detached 

using 0.25% trypsin and embedded into the alginate/dex-HEMA solutions. Expanded 

chondrocytes were combined with IPNs (A3D108, A3D1012 and A3D1016) at a density of 1.0 x 107 

cells/ml. For IPN bead cultures, the polymer solution, containing Irgacure, was dripped with a 23G 

needle into 100 mM CaCl2 solution supplemented with 10 mM HEPES pH 7.4. Subsequently, IPNs 

were formed by 5 min of UV exposure of the beads. The resulting IPN beads were then cultured 

in differentiation medium (DMEM supplemented with 0.2 mM ascorbic acid 2-phosphate, 0.5% 

human serum albumin, 1x ITS-X, 100 units/ml penicillin and 100 µg/ml streptomycin and 5 ng/ml 

TGF-β2) for up to 4 weeks. Medium was replaced every 2-3 days. 

2.2.9 Cell Viability and Differentiation 

LIVE/DEAD Viability Assay (Molecular Probes MP03224, Eugene, USA) was performed according 

to the manufacturer’s recommendations. The samples were examined using a light microscope 

(Olympus, BX51, United States) and photomicrographs were taken with an Olympus DP70 camera 

(United States). The excitation/emission filters were set at 488/530 nm to observe living (green) 

cells and at 530/580 nm to detect dead (red) cells. 

For the evaluation of cellular differentiation, samples were dehydrated through graded ethanol 

series, cleared in xylene and embedded in paraffin. Embedded samples were sectioned to yield 5 
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µm sections, which were stained using either haematoxylin and eosin or a triple stain of 

haematoxylin, fast green FCF (0.001% w/v) and safranin O (0.1% w/v). The sections were examined 

using a light microscope (Olympus, BX51, United States) and photomicrographs taken with an 

Olympus DP70 camera (United States). For immunolocalization of collagen type II, sections were 

rehydrated and endogenous peroxidase activity was blocked using a 0.3% H2O2 solution for 10 

minutes. Samples were then washed with PBS/Tween 20 (0.1%) for 5 minutes, blocked with 5% 

BSA in PBS for 30 minutes and incubated overnight with anti-collagen type II (1:100, II-6B3II, 

Developmental Studies Hybridoma Bank, USA) antibodies. Samples were then incubated for 60 

minutes with the secondary HRP-conjugated goat anti-mouse antibody (1:200, Dako, USA). 

Staining was visualized using DAB solution for 10 minutes. Counterstaining was performed with 

hematoxylin. The sections were examined using a light microscope. Isotype controls were 

performed by using mouse isotype IgG1 monoclonal antibody at concentrations similar to those 

used for the stainings. 

3. Results and Discussion 

3.1. Physico-Chemical Characterization of Hydrogels 

In Figure 2A the mechanical spectra of Alg-Ca gel as well as semi-IPNs composed of Alg-Ca 

and dextran or dex-HEMA (DS=8, different polymer concentrations) are reported. G’ and G’’ for 

the different samples showed a slight dependence from frequency; moreover, the storage moduli 

were higher than the viscous ones in all the range of frequency analyzed and quite parallel each 

other, thus demonstrating that the semi-IPNs behave like weak hydrogels. Figure 2A also shows 

that when dextran was dissolved in the Alg-Ca network a slight increase in G’ was observed, 

which might be explained by the higher polymer concentration of the semi-IPN compared to the 

Alg-Ca gel. Figure 2B clearly shows that, at fixed dex-HEMA concentration, G’ decreased with 

increasing degree of HEMA substitution. The decrease in G’ of the Alg-Ca/dex-HEMA semi-IPNs 

with increasing dex-HEMA concentration (Figure 2A) and increasing DS suggests a disturbing 

effect of the HEMA moieties on the “egg-box” of the Alg-Ca network, as also found in a previous 

study on semi-IPNs based on Alg-Ca and another methacrylate derivative of dextran 18. Because 

of the low hydrogel strength, the semi-IPNs allow extrusion through a needle, which is an 

important handling property for in situ hydrogel forming applications. 

The semi-IPNs can be transformed into IPNs by means of UV exposure in the presence of a 

photoinitiator. In Figure 3, the G’ behavior upon UV irradiation of the A3D108, A3D158 and A3D208 

samples are shown. The storage moduli, G’, of the samples increased very rapidly when the UV 

light was switched on (after 180 sec from the start of the experiment), reaching an upper plateau 

level within 10 sec. In this short time, the HEMA groups polymerize upon irradiation, leading to a 

chemically crosslinked dex-HEMA network entangled in the Alg-Ca physical network. It should be 

emphasized that UV-polymerization resulted in an increase of the elastic moduli of the samples 

of more than one order of magnitude. Figure 3 also shows that, as expected, the higher the dex-

HEMA concentration, the higher the G’ values are, as the crosslink density increases. 
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Figure 2. A) Storage modulus G’ and loss modulus G’’as a function of frequency for (▼) A3Dex; (∆) Alg3-Ca; 

(■) A3D108; (♦) A3D158; (•) A3D208; B) Storage modulus G’ at 1 Hz of semi-IPNs of Alg-dex-HEMA as a function 
of the DS of dex-HEMA at a fixed dex-HEMA concentration of 20% (w/v). 
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Figure 3. Storage modulus, G’, at 1 Hz, of gels: (♦) A3D108; (•) A3D158; (▲) A3D208 as a function of time. UV 
irradiation was started at 180 seconds, as indicated by the arrow. 

 
Figure 4. Young Moduli (E’) at 1 Hz of different hydrogels: (□) D10; (■) A3D10; (■) D20; (■) A3D20. E’ of Alg-Ca is 
not reported because this hydrogel was too weak. 
 

We investigated whether the hydrogel strength can be modulated by varying the DS of dex-

HEMA. The values of the Young moduli, E’, at 1 Hz, of different IPNs are reported in Figure 4; for 

comparison, E’ of the dex-HEMA hydrogels are also reported. Figure 4 shows that the IPNs had 

higher E’ values than the corresponding dex-HEMA hydrogels. As the polymer concentration 

increases the E’ values increase correspondingly, as also seen for G’ (Figure 3). It should be 

emphasized that the hydrogel strengths of the IPNs are greater than the sum of the dex-HEMA 

and Alg-Ca moduli. It suggests a synergistic interaction between the two interpenetrating 

polymer networks. The homogeneity of the IPNs was investigated by soaking the IPNs in an EDTA 

solution which results in dissolution of the Alg-Ca network. DMA analysis showed that the EDTA 
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treatment resulted in a substantial drop in E’ (e.g. from 80 to 45 kPa for the A3D2012 IPN). 

Importantly, the resulting weaker hydrogels maintained the original shape, indicating that a 

homogeneous chemical network of dex-HEMA was formed after UV curing. 

UPLC analysis showed that the methacrylate conversion for both the dex-HEMA hydrogels and 

the IPNs was > 95% indicating that the UV-photopolymerization was very effective and, 

importantly, the Alg-Ca network did not inhibit the polymerization of the HEMA moieties. 

3.2. Hydrogel Swelling and Degradation  

Figure 5A shows that at pH 7.4 and 37 °C , the A3D108 IPN swelled substantially (almost three 

times its original weight within 8 days) while the solvent absorption of the D108 hydrogel was 

lower (two times weight increase in 10 days, Figure 5B). The higher swelling of the IPN can be 

ascribed to the higher water-absorbing capacity of Alg-Ca network, which is more hydrophilic 

than the dex-HEMA hydrogel. Figure 5A and B also show that this effect is more pronounced for 

IPNs with a low DS. In previous studies, it has been reported that at high DS, dex-HEMA gels 

hardly show swelling due to the relatively high crosslink density.25 Obviously, in such highly 

crosslinked hydrogels the Alg-Ca had a low contribution to the swelling capacity of the IPNs. 

Figure 5A shows that the IPNs degradation is influenced by the polymer concentration and the 

DS of the dex-HEMA. A3D108 and A3D208 IPNs showed complete degradation in about 15-18 days, 

depending on the polymer concentration. The A3D1210 and A3D1220 IPNs fully degraded in about 

30 and 60 days, respectively, while the IPNs with the highest DS degraded in 70-180 days. As 

expected, increasing both the dex-HEMA concentration and the DS resulted in increased 

degradation times which can be attributed to the higher crosslink density of the IPNs.21,26 It 

appears that the degradation time of the IPNs and the corresponding dex-HEMA hydrogels is 

about the same. The presence of the alginate network therefore does not affect the degradation 

rate of the hydrolytically sensitive carbonate esters in the crosslinks of the chemical dex-HEMA 

network. 
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Figure 5. Swelling and degradation curves of A) IPNs ( ) A3D108; (▲) A3D208; (□) A3D1012; (■) A3D2012; (○) 
A3D1016; (●) A3D2016; B) Dex-HEMA hydrogels (◊) D108; (▼) D2016, in 100 mM HEPES buffer at 37°C, pH 7.4 

 

3.3. Protein Release 

Figure 6A shows that the A3D1016 and A3D2016 IPNs displayed a sustained release of BSA for 

more than 300 hours. Surprisingly, the protein showed the same release kinetics in both 

hydrogels, while a slower release was expected for the IPN with the higher dex-HEMA 

concentration.  Both gels however show a considerable swelling (Figure 6A, insert) which 

obviously resulted in an IPN in which the pores are presumably larger than the hydrodynamic 

diameter of the protein molecule allowing its free diffusion in the IPN. The release curves were 

fitted to the Ritger-Peppas equation:27 

Mt/M∞ = ktn 
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Where Mt/M∞ represents the fractional release of the loaded protein, k is a kinetic constant, t is 

the release time and n is the diffusional exponent. Analysis showed that the n-value was 0.46 

demonstrating that the release is essentially governed by Fickian diffusion, supporting the 

suggestion that the pores of the IPNs are larger than the hydrodynamic diameter of BSA. 

In Figure 6B, the release profiles of the BSA from D2016, Alg3-Ca and A3D2016 are reported. The 

first mentioned gel showed a burst release of about 35 %, which might be explained by the 

observation that after polymerization the formed hydrogel expelled some water. The Alg3-Ca, 

instead, showed a low burst whereas a complete protein release was observed in 24 h. The 

protein release from the IPN is a superposition of the behavior of the IPN “building blocks” (Alg-

Ca and dex-HEMA hydrogel). In fact, theA3D2016 IPN showed a low burst effect, as the Alg-Ca 

network, and a slow release, governed by the dex-HEMA network. 

 

 

 
Figure 6. BSA release in HEPES buffer, 100 mM, pH 7.4 at 37 °C. A) (▼) A3D1016 and (■) A3D2016; and B) (○) 
D2016 and (■) A3D2016. In the insert the BSA release from Alg3-Ca (*) 
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3.4. Cell Encapsulation Experiments  

Cell therapy is currently clinically applied, for example, to treat cartilage defects.28 Such 

technologies require the in vitro expansion of the patient’s cells (chondrocytes) to obtain 

sufficient numbers to treat the defect. During the expansion, chondrocytes loose their 

chondrogenic phenotype, which is termed dedifferentiation. This process is associated with the 

acquisition of a fibroblast-like appearance, the loss of proteoglycan production and a switch in 

collagen synthesis from type II to type I.28 Therefore, evaluate cytocompatibility and 

chondrogenic behavior of the IPNs, in vitro expanded chondrocytes were seeded and cultured in 

beads of a selected number of compositions of IPNs (A3D108, A3D1012 and A3D1016). Upon 

encapsulation of the chondrocytes in the IPN beads, a uniform distribution of cells was observed 

(Figure 7). After 4 days of culture, cell viability in the hydrogels was approximately 60-70%, 

regardless of the composition (Figure 7). No difference in cell survival between photopolymerized 

and non-photopolymerized groups was observed (data not shown), which in line with previously 

published reports.29,30 

The IPNs preserved their shape for the entire course of culture (4 weeks). It should however be 

specified that this period is longer than the degradation time described in this paper (Figure 5A) 

because of the higher Ca+2 concentration used to prepare these gels. With culture time, 

increasing numbers of cell clusters were observed in the beads with increasing DS (Figure 8A-C). 

In addition, the embedded cells started to demonstrate signs of redifferentiation, as was revealed 

by histological examination. The dedifferentiated chondrocytes regained their original round 

morphology (Figure 8A-C) and areas of positive safranin O staining were observed around the 

cells and cell clusters, indicating the synthesis of new proteoglycan-rich matrix (Figure 8A-C). 

Most intense staining for proteoglycans was observed around cell clusters in the A3D1016 beads 

(Figure 8C). It should be noted that the IPN also stains positive for safranin O, in line with 

previous reports on Alg containing hydrogels.31,32 Positive staining for collagen type II, an 

additional commonly-used marker of chondrogenic differentiation, was also found (Figure 8D-E) 

and was again most intense around the cells embedded in A3D1016 (Figure 8E). 
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Figure 7. Cell viability assay (stains live cells green and dead cells red), of A3D108 (A) and A3D1016 (B) 
chondrocyte-seeded IPN hydrogels after 4 days of in vitro culture. Scale bar represents 100 µm. 
 

 

 

 

Figure 8. Safranin O staining (A, B, C; stains proteoglycans red) and immunolocalization of chondrogenic 
marker collagen type II (D, E, F; brown) of A3D108 (A, D), A3D1012 (B, E) and A3D1016 (C, F) chondrocyte-seeded 
IPN hydrogels after 4 weeks of in vitro culture. Scale bar represents 50 µm (A-C) or 100 µm (D-F). 
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4. Conclusions 

This paper reports on a novel class of hydrogels based on the interpenetration of two 

polysaccharide networks. It is shown that the semi-IPNs and the IPNs based on Alg-Ca and dex-

HEMA are suitable for in situ hydrogel forming applications. The semi-IPNs formed by dex-HEMA 

chains, with DS 8, 12 or 16, interfered with the Alg-Ca network, resulting in gel formulations with 

good flow properties that can be easily injected. These viscous semi-IPNs can be transformed 

into elastic IPNs using UV polymerization of dex-HEMA. Furthermore, due to the hydrolytically 

sensitive carbonate esters in the chemical dex-HEMA network, the IPNs were fully degradable and 

their degradation time can be tailored by varying the dex-HEMA concentration and/or dex-HEMA 

DS. The IPNs showed a sustained release of BSA for more than 300 hours. The IPN showed in 

contrast to the dex-HEMA gel, a very small burst release. Finally, IPN beads seeded with equine 

chondrocytes showed good cell survival and differentiation. They can facilitate chondrogenic 

differentiation, which is influenced by the DS. The IPNs based on Alg-Ca and dex-HEMA have 

potential for applications in regenerative medicine. In particular, since they can be further 

optimized to enhance specific tissue formation by embedded cells by e.g., the incorporation of 

specific binding sequences33 or the controlled release of bioactive compounds. Taken together, 

the IPNs described in this paper are promising systems as injectable in situ forming hydrogels for 

protein delivery and tissue engineering applications. 
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Abstract 

Alginate is a natural polysaccharide that is widely used for biomedical applications because of its 

biocompatibility and ability to form hydrogels, but its slow and uncontrollable degradation under 

physiological conditions represents an undesirable feature. To introduce hydrolytically sensitive 

sites in alginate, this polymer was partially oxidized using periodate. Alginates with different 

extent of oxidation were characterized for their degradation behavior and ability to form gels in 

the presence of Ca2+ ions. The obtained results showed that the oxidized alginates were indeed 

degradable under physiological conditions (pH 7.4 and 37 °C) and that their gelling ability was 

preserved for samples with oxidation degrees up to 5%. IPNs, based on oxidized alginate (1% and 

5% oxidation) and dextran-HEMA were prepared, characterized and evaluated for protein release. 

These IPNs showed properties similar to the IPNs networks composed by native alginate, 

confirming the suitability of IPNs based on dextran-HEMA and oxidized alginate as in situ 

forming protein releasing hydrogels.  
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1. Introduction 

Hydrogels are hydrophilic three dimensional polymeric networks capable to absorb large 

amounts of water and are frequently studied for pharmaceutical applications because of their 

ability to entrap and release drugs or proteins in a controlled manner.1,2 An interesting feature of 

these materials is the possibility to design in situ forming gels for application as drug delivery 

system or scaffolds for tissue engineering.3 These materials have a fluid character before and 

during administration but rapidly solidify due to the formation of a 3-D network at the site of 

injection. This sol/gel conversion can be triggered by temperature using thermosensitive 

block/graft copolymers 4,5 or due to chemical reaction of complementary groups, e.g. by Michael 

addition reactions 6,7 or by enzymatic conversions.8 These in situ gelling systems have several 

beneficial properties including the possibility for the site-specific delivery of drugs. Importantly, 

administration does not need surgical intervention as opposed to ”classical” drug-loaded 

implants which results in a better patient compliance. Critical properties of hydrogels include 

appropriate mechanical properties, biocompatibility and biodegradability of the overall network 

as well as a low or absent toxicity of the formed degradation products. 

Among the various hydrogels described in literature, hydrogels prepared using 

polysaccharides are attractive because of the abundance of such polymers, the possibility of 

chemical derivatization and, in most cases, good biocompatibility.9-11 

Recently, we developed an in situ forming IPN (Interpenetrated Polymer Network) based on 

alginate and hydroxyethyl methacrylate derivatized dextran (dex-HEMA) polysaccharides suitable 

for biomedical applications.12 These IPN hydrogels showed tailorable mechanical properties, in 
vitro degradability and good cytocompatibilty. Dex-HEMA is a photo-crosslinkable modified 

polysaccharide capable to form a hydrogel after radical polymerization of the HEMA groups 

initiated by a persulphate13,14 or by UV irradiation12,15 while alginate is an anionic polysaccharide 

that forms physically crosslinked hydrogels in the presence of bivalent cations, with a typical 

“egg-box” structure.16,17 One of the major concerns for in vivo application of a hydrogel is the 

bioelimination of the polymer fragments resulting from the network degradation. As a general 

rule macromolecules with molecular weights lower than 60 kDa can be excreted by the kidney.18 

No hydrolytic or enzymatic cleavage of the alginate chains occurs under physiological 

conditions although a slow degradation of alginates with high molecular weights (M < 80 x 105 

Da) was observed in in vivo studies.19  

A strategy that has been investigated to improve the clearance of alginate is the introduction 

of hydrolytic labile groups in the polymer backbone.20 It has been shown that oxidation of 

alginate with periodate leads to cleavage of the C2–C3 bond in the monosaccharide units thus 

forming a dialdehyde derivative. This derivative is susceptible to alkaline -elimination,21,22 

leading to a decrease of the polymer molecular weight. 

In order to improve the bioelimination of the degradation products of the IPNs previously 

developed, we substituted the alginate chains by oxidized alginate chains and we evaluated the 

influence of the periodate induced alginate oxidation on the physico-chemical properties of the 
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IPNs. In particular, the aim of this study was to assess the use of oxidized alginate as component 

of biodegradable IPN hydrogels based on alginate and dex-HEMA. The gelling capability of the 

alginate derivates, the degradation, the mechanical and release properties of the IPNs were 

evaluated. 

 

 

Figure 1. Periodate oxidation of alginate creates a dialdehyde derivate that is susceptible to hydrolytic 

scission.  

 

2. Materials and Methods 

2.1. Materials 

Dextran (dex) from Leuconostoc ssp. with Mw 40 x 103, 4-N,N-dimethylaminopyridine (4-

DMAP), and hydroxyethyl methacrylate (HEMA) were Fluka products. Sodium alginate (Mw 6.5 x 

105) with 70% L-guluronic acid and 30% D-mannuronic acid, carbonyldiimidazole (CDI) and (4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer, sodium periodate, Irgacure 2959 

(2-hydroxy-4β-(2-hydroxyetoxy)-2-methyl-propiophenone), myoglobin and BSA were all 

provided by Sigma-Aldrich, USA. Bradford reagent was a Bio-Rad product. All other chemicals 

were analytical grade. 

2.2. Partial Oxidation of Sodium Alginate 

Alginate was partially oxidized with sodium periodate following a modified procedure reported 

elsewhere.23,24 Briefly, 5.0 g of alginate (25 mmol of repeating sugar units) was dissolved in 

bidistilled water (300 ml) in a 1000 ml flask, under continuous stirring. Then, an appropriate 

amount of sodium periodate was added (0.25, 1.25. 2.5 and 25 mmol), corresponding to molar 

ratios of sodium periodate/repetitive units of alginate of 0.01, 0.05, 0.10 and 1) and the reaction 

mixture was stirred for 24 h in the dark at 20 °C. The corresponding products are indicated as 

AO1, AO5 and AO10, AO100, respectively, where the subscripted numbers indicate oxidized units 

expressed as percentage of the total number of monomeric units of alginate. After 24 h, the 

reaction was quenched by addition of an excess of ethylene glycol (3.5 ml) and the mixture was 

stirred for another 30 minutes. Next, 500 ml ethanol and 24 g of NaCl were added to the reaction 

mixture to precipitate alginate which was subsequently collected by centrifugation and 

solubilized in distilled water (500 ml). The precipitation process was repeated twice. Finally, the 

precipitate was washed with 200 ml ethanol and dried at 25 °C under vacuum. For an appropriate 

comparison, the procedure was also carried out without the addition of sodium periodate (AO0).  
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2.3. Dex-HEMA Synthesis and Characterization 

Dex-HEMA was prepared according to a method previously described by Van Dijk-Wolthuis et 
al.15 Briefly, in the first step HEMA was activated with CDI, leading to HEMA-CI, which, in a second 

step, was coupled to the hydroxyl groups of dextran. The degree of substitution (DS, i.e., the 

number of HEMA groups per 100 glucopyranose residues of dextran) was determined by 1H NMR 

in D2O using a Gemini 300 MHz spectrometer (Varian Associates Inc., NMR instruments, Palo Alto, 

CA). Dex-HEMA with DS = 10 was obtained. 

2.4. GPC Measurements 

Molecular weight determinations were done by Gel Permeation Chromatography (GPC). A GPC 

instrument (Varian), equipped with 2 columns PL Aquagel-OH Mixed-H 7.5 mm x 300 mm, 8 µm, 

and with a refractive index (Varian) detector was used. NaNO3 0.1 M, filtered (0.2 µm) and 

degassed under vacuum, was used as mobile phase; polymer solutions were filtered through 0.45 

µm filters before injection. The flow rate was 1 ml/min, while the volume of injection was 200 µl. 

Pullulan standards (Varian Polymer Laboratories) were used for calibration. 

Degradation of alginate and oxidized alginates under physiological conditions was studied as 

follows. The polymers were dissolved in 100 mM HEPES pH 7.4 (final concentration 0.2 % w/v), 

the solutions were incubated at 37 °C and samples were withdrawn at different times and 

analyzed by GPC. 

2.5. FTIR Analysis 

The oxidized alginates were characterized using FTIR analysis. FTIR spectra were recorded with 

a Perkin Elmer Paragon 1000 spectrophotometer (USA) in the range 4000–400 cm-1 using KBr 

pellets (number of scans 100, resolution of 1 cm-1). 

2.6. Hydrogel Preparation 

IPNs (1 ml) were formed in cylindrical vials (diameter 12 mm) for the swelling/degradation and 

for the release experiments as follows. Oxidized alginate (0.030 g) was dissolved in 0.6 ml of 

HEPES buffer (100 mM, pH 7.4). Next, dex-HEMA (0.10 g) was added and, after its dissolution, 0.4 

ml CaCl2 solution (0.025 or 0.05 M) containing NaCl (0.385 or 0.776 M) was added. The system was 

mixed by mechanical stirring leading to the formation of the semi-IPN. Then, after the addition of 

9 µl of a concentrated solution (11% w/v) of the photoinitiator Irgacure, the semi-IPN was 

irradiated with a mercury lamp (λ range 350-450 nm, light intensity 20 mW/cm2) for 10 minutes 

to polymerize dex-HEMA, resulting in the IPN formation. 

For the release studies, the IPNs were loaded with myoglobin or BSA by dissolving 10 mg of 

the protein in 200 µl of HEPES and adding the resulting solution to the alg-oxidized /dex-HEMA 

solution. 

IPN discs for the rheological measurements were prepared in petri dishes (diameter 40 mm, 

high 1 mm) instead of the cylindrical vials as above described. 
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In all the prepared samples the polymer concentrations were kept constant: 3% w/v, for the 

oxidized alginate and 10% w/v for the dex-HEMA. 

2.7. Rheological Measurements 

Rheological measurements were performed using a controlled stress Haake RheoStress 300 

Rotational Rheometer equipped with a Haake DC10 thermostat. Frequency sweep experiments of 

alginate solutions (3 % w/v) and hydrogels (AO0-Ca, AO1-Ca, AO5-Ca and AO10-Ca, alginate 

concentration was 3 % w/v, while Ca2+ concentrations were 0.025 and 0.05 M) were carried out 

using a cone-plate geometry (diameter = 20 mm; cone = 1°) in a frequency range form 0.01 to 10 

Hz (in the linear viscoelastic region previously assessed by stress sweep experiments). The 

frequency sweep experiments of the IPN hydrogels (AO0-Ca/D, AO1-Ca/D, AO5-Ca/D and AO10-

Ca/D) were recorded in the same range using a grained plate-plate geometry (Haake PP35 TI: 

diameter = 35 mm) in order to reduce the wall slippage.25 All measurements were performed in 

duplicate at 25 °C, using a solvent trap to prevent water evaporation. 

2.8. Hydrogel Swelling and Degradation  

IPNs were weighed (1.0 ± 0.3 g) and transferred into pre-weighed vials. Next, 6 ml of 100 mM 

HEPES buffer (pH 7.4) with 0.02% NaN3 was added and the gels were incubated at 37 °C. At 

defined time interval, after removal of the excess of buffer, the hydrogels were weighed.12 After 

each measurement, 6 ml of fresh buffer was added. The hydrogel swelling is defined as the 

Wt/W0 ratio, where W0 and Wt are the hydrogel weight after preparation and at the time t, 

respectively. Swelling/degradation experiments were performed in duplicate. 

2.9. Protein Release 

The ability of the studied IPN hydrogels to entrap and release proteins was studied by adding 

myoglobin (MW 17,800, van der Waals radius 2.1 nm)26 or BSA (MW 65,000, van der Waals radius 

3.6 nm)27 to the alg/dex-HEMA solution followed by preparation of the IPN as described in 

section 2.6. The final protein concentration was 10 mg/ml. The obtained cylindrical IPNs were 

transferred into 20 ml vials and 6 ml of 100 mM HEPES buffer pH 7.4 containing 0.02 % NaN3 was 

added. The hydrogels were incubated at 37 °C. Samples of the release medium (1 ml) were taken 

at appropriate time intervals and replaced by an equal volume of fresh buffer. The protein 

concentration in the samples was spectrophotometrically determined (Perkin-Elmer, lambda 3a, 

UV-Vis spectrometer) using quartz cells (1.0 cm). Myoglobin was detected at 409 nm, while the 

Bradford protein assay28 was used for the BSA determination, according to manufacturer’s 

protocol. Briefly, Bradford reagent (200 µl) was added to the release samples (1 ml) followed by 

incubation in the dark at room temperature for 15 min. After shaking for 30 s, absorbance was 

measured at 595 nm. Standard protein solutions were used for calibration. 
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3. Results and Discussion 

3.1. Degradation and gelling properties of oxidized Alginate 

Alginate was oxidized using sodium periodate in order to obtain chains that are hydrolytically 

labile and that can form low molecular weight fragments during or after degradation of the IPNs 

based on alginate and dex-HEMA. Periodate is able to split the vicinal diols in alginate, forming 

the corresponding dialdehyde derivative (Figure 1).21 The ratio of sodium periodate to the 

number of repetitive units of the polysaccharide was varied to obtain alginates with different 

extent of oxidation (aimed: 1, 5 and 10 %). As we aimed for low extents of oxidation in order to 

retain the Ca2+ induced gel forming capability, the analytical methods currently described in 

literature (IR, NMR, or colorimetric assays using t-butyl carbazate23 were insufficiently sensitive to 

accurately establish the degree of oxidation. Therefore, in the present work, the degree of 

oxidation is expressed as the percentage: (moles of periodate/moles of alginate repeating units) x 

100, used as feed ratio in the oxidation reaction. 

Alginate was oxidized at a molar ratio of sodium periodate/repetitive units of alginate of 1/1 

(AO100) to assess the efficacy of the reaction conditions. The aldehyde band at 1725 cm-1 in the 

FTIR spectrum (Figure 2) clearly confirms that oxidation had occurred. 

 

 

Figure 2. FTIR spectra of (--) alginate (AO0) and (−) oxidized alginate (AO100). Arrow evidences the vibration 
band of the aldehyde groups introduced by the oxidation reaction. 
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Figure 3a. Molecular weight (Mw) of alginates (GPC analysis) as a function of the molar feed ratio of sodium 
periodate/repetitive units of alginate. Oxidation was carried out as described in section 2.2. The Mw/Mn ratio 
was between 5 and 10. 
 

 
 

Figure 3b. Molecular weight (Mw) of alginates ((■) AO0) and oxidized alginates ((▲) AO1; (●) AO5; (♦) AO10) as 
obtained from GPC as a function of time. The alginates were dissolved in buffer of pH 7.4 and incubated at 37 
°C (section 2.4.). 

 

The Mw of the alginate as obtained from the supplier and AO0 (an alginate sample that has 

been exposed to the reaction conditions excluding sodium periodate) were the same, indicating 

that the polymer chains do not undergo scission under the experimental conditions. On the 

opposite, during the oxidation process, i.e. in the presence of periodate, the Mw of the polymer 

chains is reduced. Figure 3a shows the decrease of Mw of alginate as a function of the molar feed 
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ratio confirming similar previous findings described in the literature where polysaccharides chain 

scission has been associated with periodate oxidation reactions.29-31 

The degradation of alginates oxidized at different extents was studied by incubating aqueous 

solutions of these polymers at 37 °C and at pH 7.4 (Figure 3b). The Mw of AO0 remained almost 

constant, confirming that the glycosidic bonds of alginate are not sensitive for hydrolysis under 

the experimental conditions. Instead, Figure 3b clearly shows that the molecular weights of the 

oxidized alginates decreased because of the labile bonds in the main chains resulting from the 

oxidation reaction (Figure 1). The Mw of AO1 decreased from a 600 kDa to 290 kDa (decrease of 

~50%) upon incubation for 30 days. The alginate with higher degree of oxidation was, as 

expected, more sensitive for hydrolysis; after 30 days of incubation the Mw of AO10 dropped from 

290 to 75 kDa (decrease of ~75%).  

Oxidation of alginate influences the capability of this polymer to form gels in the presence of 

bivalent ions20,32 because the gelling properties, as well as the elasticity of the formed gels, is 

strictly dependent on the presence of sufficiently large G-blocks to form the rigid “egg-box” 

structure.  

 

 

Figure 4a. Frequency sweeps of the hydrogels formed at a low Ca2+ content (molar ratio COO-/Ca2+: 10/1):  
(■) G’ and (□) G’’ of AO0-Ca; (▲) G’ and (∆) G’’ of AO1-Ca; (●) G’ and (○) G’’ of AO5-Ca; (♦) G’ and (◊) G’’ of 
AO10-Ca. 
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Figure 4b. Frequency sweeps of the hydrogels formed with high Ca2+ content (molar ratio COO-/Ca2+: 5/1): 
(■) G’ and (□) G’’ of AO0-Ca; (▲) G’ and (∆) G’’ of AO1-Ca; (●) G’ and (○) G’’ of AO5-Ca; (♦) G’ and (◊) G’’ of 
AO10-Ca. 

 

In a previous paper we studied IPNs of alginate calcium and dex-HEMA that were formed at a 

molar ratio COO-/Ca2+  of 10.12 We therefore studied the hydrogel forming properties of the 

different oxidized alginates at the same COO-/Ca2+ ratio (Figure 4a). The rheological properties of 

the hydrogel composed of alginate with the lowest degree of oxidation (AO1-Ca) were similar to 

those of the non-oxidized alginate hydrogel (AO0-Ca. storage modulus of ~300 Pa, tan δ ~ 0.2 at 

1 Hz) indicating that this low oxidized alginate fully retained its gelling ability. On the other hand, 

the G’of the AO5-Ca alginate hydrogels was around a factor 100 lower than that of the AO0-Ca 

and AO1-Ca gels showing that this polymer lost to a great extent its gelling properties, but still a 

viscoelastic gel was formed (G’> G”). On the opposite, the AO10-Ca alginate was unable to form a 

gel (G’ < G’’). 

To improve the hydrogel mechanical properties, samples with higher Ca2+ content were 

prepared. Figure 4b reports the rheological curves of the samples at Ca2+ molar ratio COO-/Ca2+: 

5/1. As expected, the higher the Ca2+ concentration, the higher was the strength of the AO0-Ca 

hydrogel (~ 3000 versus ~ 300 Pa). This can be explained by an increase of the “egg-box” content 

leading to a higher elasticity of the network. Also, the AO1-Ca sample showed a typical curve of a 

strong hydrogel, although slightly shifted to lower moduli values compared to that of the AO0-Ca 

sample which can be ascribed to its low extent of oxidation. 

Figure 4b also shows that the AO5 sample is able to form a hydrogel (G’~10 Pa; G’ > G’’ for all 

frequencies). On the contrary, the AO10-Ca sample was still unable to form a gel. This inability to 

form hydrogel is maintained even at higher Ca2+ concentrations (up to molar ratio COO-/Ca2+ of 

1/1, rheological curves not shown). Thus “full gels” could still be obtained using alginate with an 

oxidation degree of up to 5 %, confirming the results obtained by Kristiansen.32 Because of their 

gel forming properties, the AO1-Ca and AO5-Ca alginates were used for the preparation of IPNs. 
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3.2. Rheological, degradation and protein release characteristics of alginate/dex-

HEMA IPNs 

One of the purposes of this work was to investigate the possibility to form an alg/dex-HEMA 

IPN using the oxidized alginates instead the native polymer, in order to obtain an IPN that 

degrades leaving low Mw alginate chains that potentially can be eliminated from the human body. 

Figure 5 shows that it is indeed possible to form strong IPN hydrogels based on AO1 and AO5. 

The G’ of the gels is comparable with the G’ of the dex-HEMA hydrogel ((∇) D in Figure 5) and it 

is almost independent of frequency. Further, G’’ is about one order of magnitude smaller than G’ 

(tan delta ~ 0.1), confirming that fully elastic hydrogels are formed. The AO5-Ca/D IPN shows 

lower G’ than those of the corresponding AO0-Ca/D and AO1-Ca/D gels likely due to the 

weakness of the AO5-Ca gel (see Figure 4b). 

 

 

Figure 5. Frequency sweeps of the IPNs based on (oxidized) alginates and dex-HEMA. The molar ratio COO-

/Ca2+ was 5/1, the dex-HEMA and alginate contents were 10% and 3% respectively. (■) G’ and (□) G’’ of AO0-
Ca/D; (▲) G’ and (∆) G’’ of AO1-Ca/D; (●) G’ and (○) G’’ of AO5-Ca/D. For comparison also the frequency 
sweep of the dex-HEMA hydrogel is reported: (▼) G’ and (∇) G’’ of D. 

 
 

Swelling and degradation experiments on the IPN hydrogels were performed by incubating 

samples in HEPES buffer at 37 °C, at pH 7.4 (Figure 6). All the studied IPNs showed a degradation 

time of ~ 50 days, irrespective of the of alginate sample used confirming the results obtained in a 

previous study,12 in which it was shown that the swelling and degradation behavior of the IPNs is 

governed by the chemical degradation of the dex-HEMA network. It is worth noticing that, in the 

present study, a higher Ca2+ concentration is adopted in IPNs formation, with respect to the 

previous systems. An increase of Ca2+ content results in an increase of the amount of “egg boxes” 

stacking, i.e. the lateral association of two or more “egg-boxes” segments 33, thus modifying the 

network arrangement. Furthermore, both the reduction of the molecular weight and the 
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increased flexibility of alginate chains due to the oxidation reaction increase the ability to form 

“egg box” stacking.34 As a consequence, the water uptake by the IPNs is slowed down, shifting 

the maximum of the swelling toward longer times - from 15 days for the non-oxidized IPNs 12 to 

30 days for the AO0-Ca/D. The swelling capability of the IPNs with oxidized alginate samples is 

also reduced, because of the increase of the network hydrophobicity due to the increase in the 

“egg boxes” stacking.  

 

 
Figure 6. Swelling/degradation of IPN hydrogels composed of (■) AO0-Ca/D; (▲) AO1-Ca/D; (●) AO5-Ca/D in 
buffer at 37 °C, pH 7.4.  

 

The ability of the IPNs to release proteins was evaluated using myoglobin (Figure 7a) and BSA 

(Figure 7b) as model proteins. It was observed that myoglobin and BSA were released in about 

100 and 300 hours, respectively. The faster release of myoglobin compared to BSA can be 

explained by the smaller size of the above mentioned proteins (radius is 2.1 nm and 3.6 nm for 

the myoglobin and BSA, respectively). Moreover, Figure 7a and 7b show that the release kinetics 

is independent of the IPNs polymer compositions. For the IPN containing AO5, it can be 

calculated that the molar ratio of aldehyde groups in the network and lysine residues in BSA is 

around 1. In principle, the aldehyde groups present in the oxidized alginate chains can react by 

Schiff base formation with amines (lysine residues) of the proteins. This might results in 

immobilization of protein molecules in the network which in turn can slow down the release 

kinetics (when protein-network bonds are reversible) or to incomplete release (when irreversible 

bonds are formed). Figures 7a and 7b show that almost quantitative release of the proteins 

occurs evidencing that no permanent protein immobilization occurred. This finding is in 

accordance with expectations since Schiff bases are normally reversible.35 Moreover, the release 

kinetics of the proteins is independent of the degree of alginate oxidation, indicating that the 
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formation and breaking of the Schiff base bonds is relatively fast compared to the diffusion of the 

protein in the gel. 

 

 

Figure 7a. Cumulative release of myoglobin from the IPNs hydrogels in HEPES buffer 100 mM: (■) AO0-Ca/D; 
(▲) AO1-Ca/D; (●) AO5-Ca/D. 

 
Figure 7b. Cumulative release of BSA from the IPN hydrogels in HEPES buffer 100 mM (■) AO0-Ca/D;  
(▲) AO1-Ca/D; (●) AO5-Ca/D. 
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4. Conclusions 

This paper shows that alginate can be oxidized to such an extent that the resulting chains 

undergo hydrolysis under physiological conditions whereas their ability to form gels in the 

presence of Ca2+ ions was retained. The oxidized alginates, in combination with dex-HEMA, were 

able to form strong but still degradable IPNs. The IPNs showed a sustained and complete release 

of myoglobin and BSA. Based on these results, the IPNs described in this paper represent 

promising in situ forming biodegradable hydrogels suitable as protein delivery systems.  
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Abstract 

Bioprinting is a recent technology in tissue engineering used for the design of porous constructs 

through layer-by-layer deposition of cell-laden material. This technology would benefit new 

biomaterials that can fulfill specific requirements for the fabrication of well-defined three-

dimensional (3D) constructs, such as the preservation of cell viability and adequate mechanical 

properties. 

We evaluated the suitability of novel semi-interpenetrating network (semi-IPN), based on 

hyaluronic acid and hydroxyethyl-methacrylate-derivatized dextran (dex-HEMA), to form 3D 

hydrogel bioprinted constructs. The rheological properties of the solutions allowed proper 

handling during bioprinting while photopolymerization led to stable constructs of which their 

mechanical properties matched the wide range of mechanical strengths of natural tissues. 

Importantly, excellent viability was observed for encapsulated chondrocytes. The results 

demonstrate the suitability of hyaluronic acid/dex-HEMA semi-IPNs to manufacture bioprinted 

constructs for tissue engineering. 
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1. Introduction 

The aim of tissue engineering is to support and promote the biological and functional 

regeneration of damaged or diseased tissues using a combination of cells and bioactive 

molecules seeded into a supporting material or scaffold.1-3 A scaffold defines the initial 

architecture of the construct by providing a three-dimensional mechanical support in which cells, 

together with the formed extracellular matrix and bioactive compounds, such as drugs or growth 

factors, can fulfill their specific functions and lead to new tissue formation.4-7
 

An ideal scaffold combines appropriate mechanical properties to withstand the forces imposed 

in vivo with a high porosity allowing for easy diffusion of nutrients and waste products. Moreover, 

the construct should be biocompatible, biodegradable and ideally provides signals that aid 

cellular function.2,8
 There is an increasing demand for three-dimensional (3D) organized tissue 

structures which can be used for implantation, as well as for in vitro screening systems for cell’s 

studies and basic research. Several technologies have been developed in the last decades for the 

manufacturing of cell-laden constructs for tissue engineering, such as lithography,9-11 fused 

deposition12 and 3D printing.13,14 Bioprinting differs from these approaches by allowing the 

generation of constructs that mimic the native tissue organization through the simultaneous 

deposition of both cells and bioactive biomaterials at predefined locations.15 Bioprinting also 

builds 3D constructs with spatial variations along multiple axes and heterogeneous cell 

distributions. These characteristics make bioprinting very suitable for the regeneration of several 

tissues such as bone,14 nervous tissue16 and cartilage.17 Commonly used materials for tissue 

regeneration are biodegradable polymers,18 ceramics composites19 and hydrogels.20 Hydrogels 

(hydrophilic polymer networks) in particular offer characteristics that ensure a suitable 

environment for living cells both during and after scaffold fabrication. In general, these materials 

show excellent biocompatibility and mimic the extracellular matrix with their high equilibrium 

water contents. 

In the present study, a new polysaccharidic semi-IPN (semi-Interpenetrating Polymer Network) 

hydrogel was studied for the development of a 3D printed construct suitable for tissue 

engineering. A suitable hydrogel for this 3D printing technique should fulfill several 

requirements. Firstly, the cell viability and function should be preserved during fabrication and 

secondly, the mechanical properties of the hydrogel construct should be suitable to withstand 

the implantation procedure and ideally mimic that of the natural tissue in which the scaffold is 

placed and degrade while simultaneous new tissue is formed. To tackle these demands, we 

propose a new semi-IPN hydrogel based on hyaluronic acid (HA) and a dextran derivate (dex-

HEMA), a photocrosslinkable polymer able to form a stable hydrogel after UV irradiation.21 The 

mechanical properties and the degradation time of this hydrogel can be tuned by varying the 

degree of substitution and the concentration of dex-HEMA.22,23 Hyaluronic acid (HA) is a natural 

linear polysaccharide composed of β-1,4-linked D- glucuronic acid (β-1,3) N-acetyl-D-

glucosamine disaccharide units and it is the only non-sulfated glycosaminoglycan (GAG) in the 

extracellular matrix (ECM). HA based materials offer great advantages, including an excellent 
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biocompatibility, biodegradability and versatility in producing materials with a broad range of 

properties for the design of tissue engineering scaffolds. However, one drawback of unmodified 

HA for 3D printing is the low stability of the resulting construct, due to its high water solubility. In 

literature, some strategies have been reported aimed to reduce the hydrophilicity of the HA, i.e. 

derivatizing the polysaccharidic chains with hydrophobic moieties or with crosslinkable 

groups.24,25 

In this study, to overcome the problem of the instability of the HA scaffold, we combined the 

viscoelastic and bioactive properties of HA with the photo-crosslinkable dextran derivate. The aim 

of this study was to assess the applicability of the polysaccharidic semi-IPN based on hyaluronic 

acid and dex-HEMA (chemical structures shown in Figure 1) as a scaffolding material. The 

mechanical properties and the printability of the material, together with the degradation kinetics 

of the construct were studied. Moreover, chondrocyte compatibility of this hydrogel system was 

evaluated. 

 

 
Figure 1: Chemical structures of hydroxyethyl methacrylate derivatized dextran (Dex-HEMA) and hyaluronic 
acid (HA). 
 

2. Materials and Methods 

2.1. Materials and Methods 

Dextran (dex) from Leuconostoc ssp. with Mw 4 x 104 Da, hyaluronic acid sodium salt (HA) from 

streptococcus equi sp with Mw 160 x 104 Da, and 4-N,N-dimethylaminopyridine (4-DMAP), 

hydroxyethyl methacrylate (HEMA) were sourced from Fluka. Irgacure 2959 (2-hydroxy-4β-(2-

hydroxyethoxy)-2-methyl-propiophenone) was obtained by Ciba Specialty Chemicals Inc. 

Carbonyldiimidazole (CDI), (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer, 

dimethylmethylene blue dye, chondroitin sulphate C, papain penicillin-streptomycin, ascorbic 

acid 2-phosphate and hyaluronidase from bovine testes (801U/mg) were provided by Sigma-

Aldrich, USA. Dulbecco’s Modified Eagle Medium (DMEM) and Insuline Transferase Selenium-X 

were obtained from Invitrogen (Carlsbad, California, USA). TGF-β2 and FGF-2 were purchased 

from R&D Systems (Minneapolis, Minnesota, USA). Type II collagenase was obtained from 

Worthington Biochemical Corporation (Lakewood, New Jersey, USA), fetal bovine serum was 

supplied from Biowhittaker (Walkersville, Maryland, USA), human serum albumin from Cealb 

(Sanquin, Utrecht, The Netherlands) was used. 
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2.2. Synthesis and Characterization of Dex-HEMA  

Dex-HEMA was prepared by functionalizing dextran according to a previously described 

method comprising two steps.21
 The first step concerns the activation of HEMA with CDI 

(resulting in HEMA-CI); the second step couples HEMA-CI to the hydroxyl groups of dextran. 1H 

NMR in D2O using a Gemini 300 MHz spectrometer (Varian Associates Inc., NMR instruments, Palo 

Alto, CA) was used to determine the degree of substitution (DS, i.e., the number of HEMA groups 

per 100 glucopyranose residues of dextran). The dex-HEMA used in this study had a DS of 18. 

2.3.  Hydrogel Preparation  

Dex-HEMA (10% w/v) was dissolved in HEPES buffer (100 mM, pH 7.4) or chondrocyte culture 

medium (DMEM supplemented with 0.2 mM ascorbic acid 2-phosphate, 0.5% human serum 

albumin, 1x ITS-X, 100 units/mL penicillin-streptomycin, and 5 ng/mL TGF-β2) before adding 

photoinitiator Irgacure 2959 (final concentration of 1% w/v). Hyaluronic acid was added slowly to 

the solution under vigorous stirring (final concentrations of 2%, 4% or 6% (w/v)). The mixtures 

were mechanically stirred and vortexed overnight in order to allow complete dissolution of HA. 

For cyto-compatibility tests, HA (powder) was sterilized in an autoclave (30 minutes, 121 °C) and 

then added in the dex-HEMA solution, which was previously sterilized by filtration (0.2 µm - 

polycarbonate). Intrinsic viscosity data confirmed that HA did not degrade in the experimental 

conditions adopted. For the preparation of the semi-IPN, 1 mL of HA/dex-HEMA solution was 

transferred into a glass vial (diameter 12 mm) and irradiated with a mercury lamp (λ range 350-

450 nm, light intensity of 20mW/cm2) for 10 minutes allowing the photopolymerization of dex-

HEMA resulting in the formation of the semi-IPN. 

For scaffold preparation, the polymer solutions were transferred into the dispenser of the 

Bioscaffolder (see below). Table 1 summarizes the compositions of the different polymer 

solutions used for scaffold preparation. 

 
 
Table 1: Polymer compositions used for scaffold preparation. 

Sample hyaluronic acid (w/v) dex-HEMA (w/v) 

HA2D10 2% 10% 

HA4D10 4% 10% 

HA6D10 6% 10% 

HA6 6% - 

D10 - 10% 
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2.4. Capillary Viscometry 

Intrinsic viscosity measurements were performed at 25 °C using a Haake automatic viscometer 

equipped with an Ubbelohde capillary (d = 0.53 mm) and a water thermostatted bath. HA was 

dissolved in 0.1 M NaCl solution (polymer concentration of 0.2 g/dL) whereas dextran or dex-

HEMA were dissolved in distilled water (polymer concentration of 1 g/dL). NaCl solution and 

distilled water were filtered with 0.22 µm Millipore filters (polycarbonate), and used for further 

dilutions, while the polymer solutions were passed through 0.45 µm Millipore filters. 

2.5.  Mechanical Characterization 

Rheology. A controlled stress Haake RheoStress 300 Rotational Rheometer equipped with a 

Haake DC10 thermostat, using a cone-plate geometry (Haake CP60Ti: diameter = 60 mm; cone = 

1°) was used to obtain flow curves of the samples. In order to assess the linear viscoelastic region, 

stress sweep experiments were performed in the range 0.1 Pa - 200 Pa at 1 Hz. Frequency sweeps 

of the solutions were undertaken using an AR-G2 Rheometer (TA-Instruments) with a cone-plate 

geometry (diameter = 20 mm; cone = 1°) (range 0.005 to 10 Hz) in the linear viscoelastic region. 

A solvent trap prevented evaporation of water. The photopolymerization kinetics were measured 

using a AR-G2 Rheometer (TA-Instruments) equipped with a UHP device connected to a 

BluePoint 4 mercury lamp (Honle UV technology, λ range 230-500 nm, intensity of 50 mW/cm2), 

setting the gap to 300 µm and starting irradiation 120 s after application of the sample on the 

geometry. G’ (storage modulus) and G’’ (loss modulus) were monitored during the polymerization 

of dex-HEMA at a strain of 0.1% and a frequency of 1 Hz. The frequency-dependent rheological 

properties of the formed semi-IPN hydrogels were recorded in the range of 0.01 to 10 Hz, 

applying a constant deformation in the linear regime (1%). All measurements were performed in 

duplicate at 25 °C. 

Texture Analysis. Gel samples were mechanically characterized26,27 by a software-controlled 

dynamometer, TA-XT2i Texture Analyzer (Stable Micro Systems, UK), with a 5 kg load cell, a force 

measurement accuracy of 0.0025% and a distance resolution of 0.0025 mm (according to the 

instrument specifications). 
Compression tests were performed by recording the resistance of cylindrical samples (diameter 

12 mm, height 10 mm) to the compression of an aluminum cylinder probe with a diameter of 35 

mm. The pre-test, test, and post-test speeds were 2.0 mm/s, 1.0 mm/s, 1.0 mm/s respectively, 

with an acquisition rate of 10 points/s. The stress σ was obtained by the following equation: σ(t) 

= F (t) / A, where F(t) is the applied force and A is the surface of the specimen at the beginning of 

the experiment. The strain γ was obtained using  γ(t) = D(t) ×100 / h, where D(t) is the sample 

displacement during compression and h is the sample height. The end point of the test was 

determined by rupture of the hydrogel and the values of stress and strain at rupture were 

monitored and referred to as ultimate compressive stress, σ, and ultimate compressive 

deformation, γ, respectively. The Young modulus (E) was calculated as the slope of the stress-

versus-strain curve, in the range of strain from 0 to 10%. The experiments were carried out at 

room temperature and performed in triplicate.  
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2.6. Hydrogel Swelling and Degradation 

Semi-IPN hydrogels of HA and dex-HEMA, prepared as described in section 2.3, were weighed 

(1 g) and transferred into pre-weighed glass vials. HEPES buffer (6mL, 100mM, pH 7.4, 

supplemented with 0.02% NaN3 to prevent bacterial growth), with or without hyaluronidase, (200 

U/mL) was added before incubating the hydrogels at 37 °C. At regular time intervals, excess 

buffer was removed and the swollen hydrogels were weighed before the addition of fresh buffer 

(6mL). The hydrogel swelling is defined as the ratio Wt/W0, where W0 and Wt are the hydrogel 

weight immediately after preparation and in the swollen state at time t, respectively. The same 

procedure was applied to the printed scaffold, prepared as described below (section 2.7.).The 

swelling/degradation experiments were performed in duplicate. 

Calculation of hydrogel mesh size. The hydrogel mesh size, ξ, in the swollen state was 

calculated using the following equation:28 

ξ = (υ2,s)
-1/3 2

0r         (1) 

where
2
0r is the average distance between two adjacent crosslinks in the solvent free state 

and υ2,s is the polymer volume fraction.
2
0r is related to the molecular weight between 

crosslinks Mc. For dextran it has been reported that:29 

2
0r = 0.0071 cM         (2) 

Mc for an hydrogel material can be calculated as follows:30 

G = 

M

RT

C

ρ           (3) 

where ρ is the polymer concentration [g/m3], R is the molar gas constant and T is the absolute 

temperature. 

2.7.  Printing of Semi IPN Scaffolds 

Three dimensional printing of the hyaluronic acid/dex-HEMA semi-IPNs scaffolds was achieved 

using the Bioscaffolder pneumatic dispensing system (Syseng, Salzgitter-Bad, Germany). This is a 

three-axis dispensing machine, provided with a pneumatic syringe dispenser.13,31 The 

bioscaffolder CAD/CAM software translates a three dimensional scaffold model into a layer-by-

layer fiber deposition protocol, and the material is subsequently extruded on a stationary 

platform. In the present study, the pneumatic syringe dispenser was loaded with the polymer 

solutions as reported in Table 1 and rectangular 3D scaffolds of 20 layers were printed with 0/90° 

configuration at room temperature. After deposition, the scaffolds were photopolymerized for 10 

minutes using a Superlite S-UV 2001AV lamp (Lumatec, Munchen, Germany), which emits UVA 

and blue light (320–500 nm, intensity of 6 mW/cm2 at 365 nm). Pictures of the scaffolds were 

captured using a Canon D450 camera equipped with a 18-55mm objective. 
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2.8. Conversion of Methacrylic Groups upon UV irradiation 

Semi-IPN scaffolds, prepared with the Bioscaffolder system as previously, were added to NaOH 

(1 mL, 0.02 M) in a vial and incubated at 37 °C to hydrolyze unreacted methacrylic groups32, 

before adding acetic acid (0.2mL, 2M) to convert the methacrylate anion into methacrylic acid. 

The same procedure was applied to dex-HEMA samples (without UV irradiation) as control. 

Methacrylic acid concentrations were measured using an Acquity UPLC (Ultra Performance Liquid 

Chromatography) trade, equipped with a UV detector operating at 210 nm, utilizing a BEH C18 

1.7 µm, 2.1 × 50 mm column and mobile phase: H2O/ acetonitrile/ perchloric acid (95/ 5/ 0.1%) at 

a flow rate of 1 mL/min. The methacrylate conversion is defined as (1 − (moles of unreacted 

methacrylate groups / moles of methacrylate groups originally coupled to dextran) x 100). 

2.9. Cell Encapsulation and Cell Viability 

Healthy, full-thickness articular cartilage was obtained under aseptic conditions from the 

femoral condyles and femoropatellar groove of fresh equine cadavers (n = 3; age, 2-10 years). 

Tissue was digested overnight using 0.15% type II collagenase at 37 °C and the cell suspension 

was filtered (100-µm cell strainer) and washed 3 times in phosphate-buffered saline. Cells were 

then resuspended in expansion medium (DMEM, Dulbecco’s Modified Eagle Medium) 

supplemented with 10% fetal bovine serum, 100 units/mL penicillin-streptomycin and 10 ng/mL 

FGF-2 and counted using a hemacytometer. Chondrocytes were cultered (5000 cells/cm2) in 

expansion medium until 90% confluency. Cells were then suspended in sterile HA6D10 solution 

containing Irgacure 2959, at a density of 5.0*106 cells/mL. Constructs of 100 µL were fabricated 

using two sterilized glass slides separated by two PVC spacers of 2 mm height. The cell-laden 

solution was then irradiated using a Superlite S-UV 2001AV lamp (Lumatec, Munchen, Germany), 

which emits UVA and blue light (320–500 nm) at an intensity of 6 mW/cm2, measured at 365 nm. 

The obtained semi-IPN hydrogels were cultured in chondrocyte  medium (DMEM supplemented 

with 0.2 mM ascorbic acid 2-phosphate, 0.5% human serum albumin, 1x ITS-X, 100 units/mL 

penicillin-streptomycin, and 5 ng/mL TGF-β2 for up to 3 days. Medium was replaced and 

collected for biochemical analysis. Samples were taken after 1 and 3 days.  

The LIVE/DEAD Viability Assay (Molecular Probes MP03224, Eugene, Oregon, USA) was used to 

assess cell viability according to the manufacturer’s instructions. Briefly, samples were examined 

and photographed using a BX51 light microscope (Olympus, Center Valley, Pennsylvania, USA) 

equipped with a DP 70 camera (Olympus, USA) with excitation/emission filters set at 488/530 nm 

to observe living cells33 and at 530/580 nm to detect dead (red) cells. Live and dead cells were 

counted for 4 samples per time point, at 4 locations within each construct. 

 

 

 

 

 



Hyaluronic acid and Dextran based Semi-IPN as Biomaterials for Bioprinting 
 

 
 

91 

3. Results and Discussion 

3.1. Physico-Chemical Characterization of the Polymer Solutions and Semi-IPNs 

A suitable biomaterial for 3D fiber deposition should have an appropriate viscosity (with a 

maximum of 100 Pa.s) allowing extrusion through a syringe system.34 The biomaterial also has to 

retain its plotted shape during deposition implying that the solution should not have a too low 

viscosity. In order to evaluate the suitability of the described systems for this technology, 

rheological measurements of the solutions and the corresponding semi-IPNs were performed. 

The used Dex-HEMA and HA have an intrinsic viscosity [η] of 0.18 dL/g and 20.4 dL/g, 

respectively. Consequently, the polymer concentrations used to prepare the samples 

(compositions given in Table 1) were above their critical coil overlap concentration (C*) (C* is 

inversely proportional to [η]),35 which is around 5.5 g/dL and 0.05 g/dL, for dex-HEMA and HA, 

respectively. Just above C*, soluble polymers are in a semi-diluted regime and their chains start 

to overlap. Particularly, the used HA concentrations were over four times C* and under these 

conditions the HA polymer chains were completely entangled. 

 

 
Figure 2: Flow curves of the solutions: (■) HA2D10; (▲) HA4D10; (●) HA6D10 and (○) HA6; the insert shows the 
flow curve of the (♦) D10 solution. Compositions of the solutions: see table 1. 

 

The viscosity of the prepared samples (Table 1) was evaluated as a function of the shear rate. 

HA is a high molecular weight polysaccharide forming very viscous solutions in water already at 

relatively low concentrations. As shown in Figure 2, at low shear rate (between 10-3 and 0.03 s-1) 

HA and HA/dex-HEMA blends behave as Newtonian fluids. The blend viscosities in that range of 

shear increase as the hyaluronic acid concentration increases; e.g., at 0.1 s-1, η is about 70 Pa.s for 

HA2D10, 800 Pa.s for HA4D10 and 3500 Pa.s for HA6D10. When increasing the shear rate above 0.05 

s-1, shear thinning was observed and at high shear rates the blend viscosities decrease below 10 



Chapter 6 

 
 
92 

Pa.s. The results of Figure 2 further show that it is possible to tune the viscosity for bioprinting by 

the blend composition. During extrusion through the used needle shear rates above 100 s-1 are 

obtained36 yielding, due to the shear thinning character of the hyaluronic acid/dex-HEMA 

solutions, suitable viscosities for extrusion. On the other hand, the high viscosity of the blend 

solutions at low shear is favorable as the deposited fibers will retain their structural dimensions 

for some time after the printing. 

The shear rate/viscosity profile of D10 and HA6 solutions are also reported in Figure 2. The insert 

shows the flow curve of the dex-HEMA (D10) solution that exhibits Newtonian behavior in the 

studied shear rate range, meaning that its viscosity (10-2 Pa.s) is independent of the applied 

stress. Comparing the flow curves of the HA6 and HA6D10 it is evident that the rheological 

behavior of the blend solutions is dominated by hyaluronic acid as could be expected from its 

high molecular weight and high intrinsic viscosity.  

The viscoelastic properties of the polymer blend solutions were also characterized in oscillatory 

experiments. The frequency-dependent storage (G’) and loss (G”) moduli of the HA2D10, HA4D10 

and HA6D10 solutions are shown in Figure 3a. 

The blend solutions showed, as expected, curves typical of entangled networks: both G’ and G” 

increased with frequency (but with different slopes), and cross-over points (G’ equals G”) are 

clearly present. At frequencies higher than the cross-over point, the solutions show more elastic 

behavior, whereas at frequencies lower than the cross-over point the viscous behavior prevails (G’ 

<G”). 

 

 
Figure 3a: Storage modulus G’ (closed symbols) and loss modulus G’’ (open symbols) of the blend solutions 
as a function of frequency for: (■) HA2D10; (▲) HA4D10; (●) HA6D10. 
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Figure 3b: The cross over frequency (Fc) as a function of the HA concentration for HA/Dex-HEMA blends. 

 
Figure 3c: Tan δ  of the blend solutions as a function of frequency for: (■) HA2D10; (▲) HA4D10; (●) HA6D10. 
Compositions of the solution are given in Table 1. 

 

The frequency at which cross-over occurs is dependent on the HA concentration in the 

polymer blend solutions (Figure 3b) and it is observed that with increasing HA concentration, the 

cross-over shifts towards lower frequency values, indicating, that the elastic character of the 

polymer blends increases with increasing of HA concentration.35,37 In this respect, it should be 

pointed out that HA solutions showed similar solution profiles (data not shown), displaying cross-

over of the moduli (for the HA6 it appeared at 0.01 Hz). Also the dex-HEMA showed a typical 

solution profile but with the G’ (10-2 – 10-3 Pa) lower than G’’ in the range 10-3 - 10 Hz; these 

values are negligible with respect those of HA6, confirming the above depicted model. 
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Figure 3c shows that tan δ, defined as G”/G’, is very low for all the samples at high frequencies 

values, while it increases at lower frequencies. In particular, the HA4D10 and HA6D10 solutions 

exhibit an overall solid-like character, since their tan δ is below 2 over the whole frequency range 

analyzed, while for the sample with the lowest HA content, HA2D10, more viscous behavior is 

found as at low frequencies tan δ is above 2. 

The overall rheological behavior of the blend solution is dominated by HA because of the high 

molecular weight and the stiffness of the polymer chains, reflected by the a parameter of the 

Mark Houwink equation, which is 0.8 for the HA in this solvent:38 if a is between 0.5 and 0.7, the 

polymer chains are flexible; when a is greater than 0.7 the chains are stiff.39  

 

 
Figure 4: Storage modulus, G’, at 1 Hz, of the systems: (■) HA2D10; (▲) HA4D10; (●) HA6D10 as a function of 
time. UV irradiation was started at 120 seconds, as indicated by the arrow.  

 

When HA/dex-HEMA solutions containing a photoinitiator were exposed to UV light, the HEMA 

groups linked to the dextran chains polymerized, leading to a chemically crosslinked dex-HEMA 

network, in which the HA chains are entangled (semi-IPN). The kinetics of the crosslinking process 

are shown in Figure 4 in which the G’ values of the samples with different concentrations of HA 

are plotted as a function of time. This figure shows that upon UV irradiation, the storage moduli 

G’ rapidly increased and reached a plateau level within 10 seconds, meaning that polymerization 

occurred instantaneously, as found previously for another polysaccharide system.23 Figure 4 also 

shows that after UV irradiation, the storage moduli of the obtained hydrogel networks are almost 

equal for all the samples analyzed (G’ of ~ 10 kPa) and independent of the HA concentration. This 

means that in contrast to the blends solution of which the rheological properties are dominated 

by hyaluronic acid, G’ of the semi-IPNs is governed by the formed dex-HEMA network. The HA-

independent G’ values of the semi-IPNs demonstrate that this polymer does not hamper the 

polymerization of the HEMA moieties and the network formation. 
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Figure 5: Storage modulus G’ (filled symbols) and loss modulus G” (open symbols) of the semi-IPNs and the 
dex-HEMA gel as a function of frequency for: (■) HA2D10; (▲) HA4D10; (●) HA6D10; (♦) D10. 
 

To further investigate the properties of the obtained hydrogels, frequency sweeps of the semi-

IPNs were recorded and compared with that of a dex-HEMA gel (Figure 5). All hydrogels behave 

typically as fully elastic gels, with G’ independent of the applied frequency and with G” values 

more than one order of magnitude smaller than G’. In line with the data of Figure 4, the semi-

IPNs possessed the same storage modulus as the dex-HEMA hydrogel, regardless of the HA 

concentration, again confirming that the elasticity of the system is dictated by the cross linked 

dex-HEMA network. Figure 5 also shows that G” of the semi-IPNs increases with increasing HA 

concentration which can be ascribed to an increased ability to dissipate the mechanical energy 

when a stress is applied. 

Since natural tissues, and also implanted scaffolds, are subjected in vivo to shear as well as 

compressive stresses, the behavior of the semi-IPNs in compression was also investigated. Figure 

6 shows that the different semi-IPNs have the same Young’s modulus (E) as that of the dex-HEMA 

hydrogel. The constant value of approximately 26 kPa again demonstrates that the dex-HEMA 

chemical network determines the elasticity of the semi-IPNs with no significant contribution of 

the free HA chains. It should be noted that theoretically the E value is three times the storage 

modulus value 35, which is approximately true for our system (G’ ~ 10 kPa and E ~ 26 kPa). 

In Figure 6, the stress-strain curves of the semi-IPNs as well as the dex-HEMA hydrogel are 

shown and the ultimate compressive stresses and strains are indicated by the arrows. The fracture 

of the D10 hydrogel occurred at 25% of deformation, while the semi-IPNs possessed higher 

ultimate compressive strain γ, that increases as the HA content increases (30 ± 4 %, 38 ± 2 % and 

50 ± 4 % for HA2D10, HA4D10 and HA6D10, respectively). Also, the ultimate compressive σ of these 

semi-IPNs depends on the HA content (100, 120, 160 kPa for HA2D10, HA4D10 and HA6D10, 

respectively). 

The results show that, also in the non-linear viscoelastic region, HA influenced the energy 

dissipation ability of the semi-IPNs. It can be hypothesized that the HA chains entangled into the 
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network are able to dissipate more efficiently the deformation energy, thus retarding network 

collapse. It results in hydrogels that can be deformed more easily before breaking, thereby 

mimicking viscoelastic behavior of natural tissues. 

 

 
Figure 6: Stress-strain plot of: (♦) D10 (■) HA2D10; (▲) HA4D10; (●) HA6D10. The arrows indicate the 
corresponding ultimate compressive stress (σ) and strain (γ).  
 

3.2.  Hydrogel Swelling, Degradation and Cytocompatibilty 

The swelling and degradation behavior of the semi-IPNs was studied by incubating them in 

HEPES buffer at 37 °C. Figure 7 shows the swelling behavior of the HA6D10 semi-IPN in 

comparison to that of the hydrogel based on dex-HEMA. We selected the semi-IPN with HA6D10 

composition for these studies as it showed better rheological properties for printing applications 

than the semi-IPNs with lower HA content.  The dex-HEMA hydrogel swelled almost two times its 

original weight within 20 days, in agreement with previous results.29 The HA6D10 semi-IPN 

hydrogel showed a 7-fold increase in weight within 40 days. It should be mentioned that even 

with this considerable increase in weight the semi-IPNs preserved their structural integrity during 

the swelling phase. This high swelling is likely due to the presence of HA which is a very 

hydrophilic and thus a high water-absorbing polymer. It can be expected that the HA chains 

remained entangled in the network because of its very high molecular weight (mesh size of Dex-

HEMA network (ξ) ~ 25 nm). The Mw of HA (160 x 104 Da) is approximately 100 times larger than 

the molar weight between effective crosslinks 40 of the dex-HEMA network which is 2 x 104 Da as 

calculated using eq. 3. Although the HA6D10 semi-IPN and dex-HEMA hydrogel show remarkable 

differences in swelling, both systems show the same overall degradation rate (80-85 days), 

demonstrating that degradation is dictated by the hydrolysis of carbonate ester bonds present in 

the crosslinks of the dex-HEMA network. 
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The degradation of the semi-IPNs was also studied in the presence of 200 U/mL of 

hyaluronidase in the medium. This enzyme concentration was chosen in order to assure a 

complete degradation of the polysaccharide in these conditions.41 The presence of the hydrolytic 

enzyme only slightly influenced the ability of the semi-IPN to swell (Figure 7, grey symbol) as 

compared to the IPN in the absence of enzyme. Likely, the penetration of hyaluronidase into the 

semi-IPN gel is highly restricted because of the entangled network and consequently 

hyaluronidase was only active on the edges of the hydrogel. In this hypothesis, the enzymatic 

action of hyaluronidase led to the cleavage of HA into smaller fragments, enabling HA to diffuse 

out of the hydrogel. As a consequence, the HA content in the hydrogel is lowered, and thereby 

reducing the swelling ability of the hydrogel. 

 

 
Figure 7: Swelling and degradation curves at 37°C, pH 7.4 for: (●) HA6D10 semi-IPN and (♦) D10 hydrogel in 
100 mM HEPES buffer (●) HA6D10 semi-IPNs in 100 mM HEPES buffer supplemented with hyaluronidase (200 
U/mL). 

 

A high extent of survival of chondrocytes was shown using LIVE/DEAD assays after 1 and 3 

days (94 ± 4% and 75 ± 19%, respectively) which is comparable with cell survival numbers 

described previously for other hydrogels.42,43 In figure 8, the viability of the cells after three days 

of seeding into the HA6D10 semi-IPN hydrogel is reported. These results show that the IPN has a 

good cytocompatibility and therefore excellent candidate material for tissue engineering and 

specifically, bioprinting. 
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Figure 8: Chondrocyte viability after 3 days of seeding into the HA6D10 semi-IPN hydrogel.  
Scale bar represents 200 µm. 
 

3.3. 3D Printed Scaffold based on Hyaluronic acid/Dex-HEMA Semi-IPNs 

The rheological characterization described in section 3.1. demonstrated that the HA6D10 

formulation had the best viscoelastic properties suitable for printing of a 3D construct. To explain, 

the HA6D10 solution could be easily injected through the dispenser needle because of its low 

viscosity at high shear rates. This solution also had, at low shear, both high viscosity (3500 Pa.s) 

and high elasticity (tan δ < 1) that can prevent flow after deposition, and thus allowing the 

preservation of the macroporous structure. Moreover, the formed semi-IPN construct, after UV 

curing, had good elasticity (E modulus 26 kPa) and also showed large resistance to the fracture. 

Multiple layers of the HA6D10 polymer solution were deposited resulting in macroporous 

constructs with dimensions of 10 × 10 × 2 mm (length × width × height). The deposition was 

followed by UV stabilization of the construct (shown in figure 9).  

Clearly, the shear thinning properties of the hyaluronic acid/dex-HEMA polysaccharidic 

solution allowed the preservation of the shape and, more importantly, the porosity of the 

designed construct. The samples showed a slight distortion of the printed perimeter but the 

entire printed construct had a reproducible internal structure with a channels of dimensions of 

730 ± 28 µm (in the x and y direction). UPLC analysis showed that the 83 ± 9 % of the methacrylic 

groups had reacted after 5 minutes of UV light exposure, confirming the good efficiency of the 

photopolymerization of the dex-HEMA polymer under experimental conditions.23 These data 

underline the effective capability of the dex-HEMA to form a stable hydrogel irrespective of the 

volume, the porosity and total polymer concentration. 

The swelling-degradation behavior of HA6D10 printed hydrogels was studied by incubating the 

constructs in HEPES buffer of pH 7.4 and at 37 °C. Figure 10 shows that the porous hydrogel 

showed a significant water uptake (8 times its original weight within 40 days), in agreement with 

the data obtained with the cylindrical samples (Figure 7), and degraded completely in 

approximately 60 days. The picture shown in the insert of Figure 10 illustrates that the porosity of 

the construct after 30 days of incubation at 37°C was preserved. 
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Figure 9: Photograph (top view) of 3D printed HA6D10 hydrogel Scale bar indicates 2.5 mm.  

 

 

 
Figure 10: Swelling and degradation of the printed construct based on HA6D10 hydrogel in 100 mM HEPES 
buffer at 37 °C, pH 7.4. The insert shows the hydrogel after 30 days of incubation.  
 

4. Conclusions 

The pseudoplastic behavior of hyaluronic acid/dex-HEMA solutions and their viscolelastic 

properties met the requirements of the bioprinting process. The solutions have sufficient viscosity 

at high shear to allow extrusion and have high viscosity at low shear to retain its plotted shape 

during deposition. The photo-polymerization of the dex-HEMA chains led to strong and 

biodegradable interpenetrating hydrogels with mechanical properties that can be tuned to suit 

tissue engineering applications. The polysaccharide semi-IPNs hydrogels showed good 

cytocompatibility. The system with highest hyaluronic acid content investigated (HA6D10) was 

successfully printed by deposition of fibers, which were subsequently stabilized by photo-curing. 

The resulting 3D construct showed high porosity and had well defined strand spacing. Construct 

architecture can be easily tuned by controlling the process parameters such as fiber spacing and 

orientation. The results presented in this paper demonstrate the suitability of the HA/dex-HEMA 

systems for bioprinting applications in tissue engineering. 
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1. Summary 

Polysaccharides represent a large and various class of biopolymers with a broad range of 

physico-chemical properties, which explains their extensive use in pharmacy and medicine for 

different applications, such as ophthalmology, dentistry, orthopedic surgery (implantation of 

medical devices and artificial organs), tissue engineering and drug delivery. Polysaccharides, 

unmodified or after appropriate derivatizations, are able to form three dimensional hydrogels 

that create a suitable environment for embedding drugs, proteins and cells. Recently, 

polysaccharidic hydrogels composed of two or more different polymers, combined in e.g. IPNs or 

graft copolymers, have gained attention for biomedical and pharmaceutical applications. This 

approach aims to exploit the beneficial physico-chemical properties of each component in order 

to improve the characteristics of the composite hydrogel. Among this class of hydrogels those 

obtained by interpenetration of polymer chains and networks have been widely studied because 

IPNs offer high tailorability both in hydrogel architecture and properties needed for their aimed 

application. In the present thesis research is performed on IPNs and semi-IPNs based on alginate, 

hyaluronic acid and dextran (hydroxyethyl) methacrylate derivatives, because of their versatility 

and favourable biocompatibility. 

Chapter 1 provides an introduction of polysaccharides applied in medicine and pharmacy 

focusing on their use as hydrogels. Particular attention is given to interpenetrating hydrogels and 

their applications for protein delivery and tissue engineering. Finally, the aim and outline of this 

thesis are presented. 

In Chapter 2, an interpenetrating polymer network based on alginate and methacrylated 

dextran (dex-MA) as injectable, in situ forming device for protein (enzyme) delivery is reported. In 

particular, the effect of the molecular weight of dextran and its degree of substitution (DS) on the 

mechanical properties of the IPN as well as on the release of the entrapped proteins was 

assessed. The method of hydrogel preparation, based on two main steps, allowed firstly the 

formation of a weak hydrogel based on Ca2+ crosslinked alginate in which the dex-MA chains 

were dispersed and interpenetrated (semi-IPN). In the second step, crosslinking of the 

methacrylic moieties by UV irradiation led to a strong and stable three dimensional IPN. The 

semi-IPNs were studied by means of rheological experiments and compared with standard 

viscous solutions, providing evidence of their suitability for administration by injection. The UV 

irradiation of the semi-IPNs, in the presence of a biocompatible photoinitiator (Irgacure 2959), 

allowed the (full-) IPNs formation by photo-polymerization of the methacrylic moieties. The 

mechanical properties of these IPNs as well as their ability to entrap and release the model 
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enzyme horseradish peroxidase (HRP) in a controlled manner were evaluated. These matrices 

were able to release the enzyme in a controlled fashion and, importantly, the enzymatic activity 

of HRP was preserved after being released demonstrating the “protein friendly” nature of these 

IPN hydrogels. 

To get more insight into the structure of the IPNs described in chapter 2, the mesh size and mesh 

size distribution of the IPN containing dex-MA with a degree of methacrylation of 5 was 

investigated in Chapter 3. Three different techniques were applied to determine the porosity of 

the IPN. To mention, rheological data were used to get information about the average mesh size 

of the hydrogel, which was subsequently combined with low field NMR data to obtain the mesh 

size distribution. These two techniques used in tandem provided a mean mesh size of 25 nm with 

a bimodal distribution around the mean (17 nm to 42 nm). These results were discussed and 

compared with mesh size data obtained from cryoporosimetry analysis. A bimodal distribution 

was also found using this technique, and the same mean size was obtained but with a slightly 

different distribution around the mean (22 to 42 nm). In order to support these results, the 

release of myoglobin from the IPN hydrogel characterized for pore size (distribution) by NMR, 

rheology and cryoporosimetry was predicted by a mathematical model and compared with the 

experimental protein release profile. A good correlation between measured and predicated 

release profile was observed.  

To introduce biodegradability in the IPNs of dextran and alginate, hydroxyehylmethacrylate 

derivatives of dextran were used in Chapter 4 to obtain hydrolysable bonds in the crosslinks. The 

same procedure as described in chapter 2 was used for the preparation of hydrogels with 

different concentrations of dex-HEMA of different degrees of substitution. The semi-IPNs were 

characterized using rheological analyses, which showed a disturbing effect of the HEMA groups 

on the formation of calcium-alginate network. This phenomenon, also observed previously for 

methacrylic derivatized dextran, led to a more liquid-like behavior of the semi-IPNs and, as a 

consequence, improved their injectability. It was shown that UV exposure of the semi-IPNs 

resulted in the rapid formation of strong hydrogel networks (IPNs), which displayed synergistic 

mechanical properties. It was further shown that by varying the dex-HEMA concentration and DS, 

the swelling/degradation behavior of the IPNs could be tuned. A model protein (BSA) was 

released from the IPNs over 300 hours and its release mechanism was governed by Fickian 

diffusion. The cytocompatibility of the IPNs was demonstrated by the high cell viability and 

redifferentiation of chondrocytes entrapped into the IPN hydrogels.  

Although alginate is widely used in biomedicine and pharmacy, its high molecular weight is a 

limitation for applications since human enzymes are unable to cleave its chains. Chapter 5 
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describes the reduction of the molecular weight of alginate by oxidation of the polymer chains 

using sodium periodate, leading to labile hydrolysable dialdehyde derivates. The selected extent 

of oxidation was low (from 1 to 10%) to assure the preservation of the gelling capability of the 

polysaccharide in the presence of calcium ions. The oxidized alginates showed a decrease of their 

molecular weight of 50-75 % during 30 days of incubation in physiological conditions, as 

assessed by GPC measurements. The derivates that showed preservation of their gel-forming 

ability (1% and 5% oxidation) were used to form IPNs with dex-HEMA as second network. It was 

demonstrated that the IPNs obtained from these derivates showed similar rheological 

characteristics as those obtained from native alginate. Moreover, the IPNs were able to release 

model proteins (myoglobin and BSA) in a controlled fashion (150 and 300 hours, respectively) 

depending on the protein size. 

In Chapter 6 a new polysaccharidic semi-IPN is presented for tissue engineering applications. 

In particular, the bioprinting technique was applied to design a three-dimensional scaffold. 

Bioprinting is a novel technique based on the layer-by-layer deposition of thin hydrogel fibers 

loaded with cells that allows the manufacturing of a complex three dimensional scaffold with 

specific and precise organization of the fibers. This method requires the availability of 

biomaterials with specific mechanical properties, namely low viscosity at high shear stresses to 

allow the extrusion through the dispenser needle and, at the same time, high elasticity of the 

extruded fibers to avoid fusion after extrusion. Moreover, the final construct should assure the 

viability of the embedded cells and should have adequate mechanical strength. In order to fulfill 

these requirements, solutions and semi-IPNs based on dex-HEMA (network) and hyaluronic acid 

(HA) were characterized using rheological measurements to assess their suitability for this 

technique. The system with a high hyaluronic acid content (HA 6% w/v) was selected for 

bioprinting because of its proper balance between fluidity and elasticity. The stability of the 

corresponding semi-IPN hydrogel was assessed by incubation in buffer of pH 7.4 and at 37 °C 

and it was shown that the IPNs displayed a high degree of high swelling (around 6 times their 

initial weight) and a degradation time of approximately 80 days, regardless of the presence of 

hydrolytic enzyme (hyaluronidase). Moreover, the semi-IPN hydrogel showed high viability of 

encapsulated equine chondrocytes. It was demonstrated that 3D scaffolds with a well defined 

macroporous structure and with an enhanced stability due to the photopolymerization of the 

dex-HEMA moieties were successfully printed. Furthermore, the swelling/degradation profile of 

the printed construct was monitored showing a stability of this construct for more than 60 days.  
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2. Perspectives 

The main topic of this thesis is the design and evaluation of injectable in situ forming 

interpenetrating hydrogel networks for the controlled release of bioactive compounds, in 

particular proteins, and for tissue engineering applications. As shown in this thesis, the main 

advantage of using these interpenetrating systems is the high versatility due to the possibility to 

combine the properties of the polysaccharide building blocks in one hydrogel system to yield 

synergistic properties. Mechanical properties and gel degradation were easily tuned by variables 

such as polymer concentration and degree of methacrylate substitution of dextran (chapters 2 

and 4). These tunable properties, together with the possibility to release proteins (chapters 2, 4 

and 5), and an enzyme (chapter 2), and the good cytocompatibility show that these systems are 

excellent candidates as protein delivery matrices, as tissue engineering scaffolds and as devices 

for other biomedical and pharmaceutical applications. However, some issues require further 

investigation and improvements have to be made before these systems can be brought to a 

clinical phase. 

Firstly, extensive in vivo studies have to be carried out. Although the cytocompatibility of the 

IPNs studied in this thesis has been demonstrated, their biocompatibility is a crucial requirement 

for future clinical application. Moreover, the favourable mechanical and degradation properties of 

the IPNs shown in vitro have to be confirmed also in vivo, since many studies highlight 

differences between in vitro and in vivo behavior of hydrogels systems.  

One important issue that has to be studied in vivo is the effect of the photopolymerization 

step that might damage natural tissues by the radicals formed during irradiation and can possibly 

result in interaction between the hydrogel precursors and membrane proteins.1 

Compatibility/toxicity studies of photopolymerizing networks have been carried out and 

demonstrated good biocompatibility2,3 which is encouraging for the IPNs investigated in this 

thesis. 

Another concern for the clinical applicability of in situ hydrogels formed by UV irradiation is 

the low penetration depth of UV as well as visible light in living tissues. Although full crosslinking 

of hydrogels after transdermal illumination has been demonstrated, the depth of injection 

influences the crosslinking efficiency and as a consequence the reproducibility of the gel 

formation that in turn may cause failure of these hydrogels as depot systems.4 A strategy to 
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overcome these drawbacks is the use of catheters or laparoscopic devices allowing direct 

exposure of the hydrogel formulation to the UV light. 

In the chapter 6 of this thesis the application of interpenetrated systems based on hyaluronic 

acid/dex-HEMA in regenerative medicine has been studied and promising results are reported. 

Also the IPN based on alginate/dex-HEMA network has great potential as scaffold for tissue 

regeneration. Besides the excellent cytocompatibility shown in this study (chapter 3), large 

number of studies both in vitro as well as in vivo has proven the high suitability of alginate and 

dextran derivates as scaffolds in tissue engineering. Moreover, the alginate/dex-HEMA IPN is a 

flexible system allowing modifications in several ways. For example, composite-IPNs formed by 

the addition of hydroxyapatite as extra component can be applied for the tissue regeneration of 

bones, teeth and other hard tissues.5 Hydroxyapatite is a bioactive mineral that can increase the 

mechanical properties of the hydrogels and, more importantly, can promote ingrowth of 

osteocytes. Another property of the IPN hydrogels presented in this thesis that probably needs 

improvement is the adhesion between the hydrogel network and cells, which can likely be 

established by chemically grafting specific peptides, i.e Arginine-Glycine-Aspartic acid (RGD) to 

the IPNs. It has been shown in many studies that  surfaces decorated with this peptide give highly 

specific binding with cells.6  

Among the various perspectives offered by IPNs, also the possibility to form nanogels should 

be mentioned. In the past decade, biomedicine has focused its attention on the development of 

nanogels and others nanoparticles, that are designed to overcome cellular barriers allowing site-

specific and even intra-cellular delivery of the therapeutic agents.7 Moreover, the tunable size, the 

possibility to bind targeting molecules on the surface and the capability to entrap bioactive 

compounds (small drugs as well as biotherapeutics like peptides, proteins, DNA and siRNA), offer 

great potential of these nanostructures as targeted delivery systems. The growing interest in 

nanogels has led to the development of new approaches for formation of such particles, with the 

intent to optimize their nanostructure and consequently their in vivo performace and efficacy.  

A frequently applied method to prepare nanogels is emulsion polymerization.8 The main 

disadvantage of this technology is the preparation of gel particles with a broad size distribution. 

An alternative method for the preparation of nanogels consists of the use of liposome vesicles as 

a nanosized template.9,10 Hydrogel formation occurs in the internal hydrophilic compartment of 

the vesicles loaded with the hydrogel building blocks, allowing control over the particle size and 

the size distribution of the obtained gels which are logically dependent on the size and size 

distribution of the liposomal template. Another benefit of this approach is the possibility to use 
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both bilayer coated nanogels (lipogels) and uncoated (naked) nanogels for several biomedical 

applications. Consequently, an approach that needs further investigation is to use the liposome 

template method to prepare IPN nanogels. The possibility to prepare such nanostructures based 

on either alginate or dex-HEMA hydrogels into the liposome core has been reported recently.11,12 

Introductory experiments have been performed recently by us to investigate the possibility to 

entrap these two polysaccharides simultaneously in the aqueous core of liposomes. It appeared 

that in order to avoid aggregation of the liposomes, charged phospholipids had to be introduced 

in the lipid layer. Since calcium ions and alginate chains can interact with these charged 

molecules, we used the following procedure to prepare alginate/dex-HEMA nanogels. First, we 

loaded both dex-HEMA and alginate into the core of negatively charged liposomes prepared by a 

film hydration method. Next, dex-HEMA was polymerized by UV irradiation using Irgacure 2959 

as photoinitiator which is able to freely pass the liposomal membrane. Subsequently, the 

liposomal bilayer was washed away, after which CaCl2 was added to crosslink alginate and to 

obtain IPN nanogels. Introductory experiments using this approach showed the formation of 

nanogels based on alginate-calcium and dex-HEMA of around 200 nm. Future investigations have 

to focus on the optimization and full characterization of these nanogel-interpenetrating particles 

and their application as drug delivery systems. 

It can be concluded that the interpenetrating networks described in this thesis, due to their 

high tailorability of properties, are attractive candidates for a broad range of pharmaceutical and 

biomedical applications. We believe that these interpenetrating hydrogels can find practical 

applications as injectable depot devices for protein administration and/or for tissue regeneration.  
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Nederlandse samenvatting 

Polysacchariden vertegenwoordigen een belangrijke groep van biopolymeren met een grote 

verscheidenheid aan fysisch-chemische eigenschappen, waardoor ze aangewend kunnen worden 

voor verschillende farmaceutische en biomedische toepassingen, zoals in oog- en tandheelkunde, 

orthopedische chirurgie, ‘tissue engineering’ en geneesmiddelenafgifte. Zowel natuurlijke als 

chemisch gemodificeerde polysacchariden zijn in staat om drie-dimensionale hydrogelen te 

vormen die geschikt zijn om geneesmiddelen, therapeutische eiwitten en cellen in te sluiten. 

Recent zijn er hydrogelen ontwikkeld die bestaan uit twee verschillende polymeernetwerken die 

in elkaar vervlochten zijn, de zogenaamde ‘interpenetrating networks’ (IPNs). Met IPNs wordt 

beoogd om de gewenste eigenschappen van de afzondelijke polymeernetwerken te benutten om 

daarmee de uiteindelijke eigenschappen van de samengestelde hydrogel te verbeteren.  

In dit proefschrift zijn IPNs en semi-IPNs beschreven op basis van alginaat, hyaluronzuur en 

(hydroxyethyl) gemethacryleerde dextraanderivaten vanwege hun veelzijdige 

toepassingsmogelijkheden en gunstige biocompatibiliteit.  

Hoofdstuk 1 geeft een introductie over polysacchariden met speciale aandacht voor hun 

toepassing in hydrogelen voor eiwitafgifte en tissue engineering.  

Hoofdstuk 2 rapporteert de synthese van een IPN op basis van alginaat en gemethacryleerde 

dextraan (dex-MA) dat gebruikt kan worden als in situ gelerend systeem voor eiwit- of 

enzymafgifte. Het effect van de molmassa van dextraan en de mate van methacrylering op de 

mechanische eigenschappen van de hydrogel zijn bestudeerd. Ook is gekeken naar de snelheid 

waarmee ingesloten eiwitten worden afgegeven uit deze hydrogelen. De IPN vorming bestaat uit 

twee stappen. De eerste stap zorgt voor de vorming van een zwakke gel, waarbij alginaatketens 

vernetten door de aanwezigheid van Ca2+ ionen tot een zogenaamde semi-IPN. In de tweede 

stap vernetten ook de dex-MA ketens tot een drie-dimensionaal netwerk door fotopolymerisatie 

van de methacrylaatgroepen. De reologische eigenschappen van zowel de semi-IPNs als IPNs zijn 

in dit hoofdstuk bestudeerd, waarbij ook gekeken is naar de mogelijkheid om een enzym in te 

sluiten en op een gereguleerde manier weer af te geven. Het enzym behield zijn activiteit na weer 

te zijn vrijgekomen uit de hydrogel, wat aantoont dat deze gel “eiwitvriendelijke” eigenschappen 

bezit. 

Om meer inzicht te krijgen in de structuur van de hydrogelen beschreven in hoofdstuk 2, zijn in 

Hoofdstuk 3 de poriegrootte en poriegrootteverdeling van de netwerken bestudeerd voor IPNs 

gebaseerd op calciumalginaat en dex-MA met een methacryleringsgraad van 5%. Reologische 

experimenten gaven informatie over de gemiddelde poriegrootte en de poriegrootteverdeling is 

gemeten met NMR. De gemiddelde poriegrootte was 25 nm met een bimodale verdeling om het 

gemiddelde (17-42 nm). De poriegrootte is ook gemeten met een cryoporosimetrie techniek, 

waarbij hetzelfde gemiddelde is gevonden en een vergelijkbare verdeling (22-42 nm). Ter 

bevestiging van deze resultaten is op basis van de gemeten poriegrootte de afgiftesnelheid van 

myoglobine voorspeld met behulp van een wiskundig model en vergeleken met de gevonden 

experimentele afgiftesnelheid van dit eiwit. Een goede correlatie is gevonden tussen theoretische 

voorspelde en experimentele afgiftesnelheid.  
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Naast alginaat is in Hoofdstuk 4 dextraan gederivatiseerd met hydroxyethyl 

methacrylaatgroepen (dex-HEMA) gebruikt als polymeer voor IPN vorming. Dit polymeer bevat 

hydrolyseerbare bindingen, waardoor de uiteindelijke netwerken biodegradeerbaar zijn. 

Fotopolymerisatie van de HEMA groepen leidde tot zeer snelle netwerkformatie en resulteerde in 

sterke gelen. Het zwelling- en degradatiegedrag van de gelen kon worden beïnvloed door de 

dex-HEMA concentratie en de relatieve hoeveelheid HEMA-groepen aan dextraan. Het 

eiwitafgifteprofiel is bestudeerd voor het modeleiwit BSA, dat door diffusie in 300 uur volledig 

werd afgegeven aan het medium. De cytocompatibiliteit van deze materialen is aangetoond met 

een hoge celoverleving en redifferentiatie van chondrocyten.  

Hoewel het gebruik van alginaat wijd verbreid is in de farmaceutische en biomedische 

wetenschappen, is het een groot nadeel dat menselijke enzymen niet in staat zijn om de lange 

ketens te knippen. In Hoofdstuk 5 wordt de oxidatie van alginaat beschreven met behulp van 

natrium perjodaat, wat leidt tot kortere alginaat ketens die bovendien hydrolyseerbare 

dialdehyde groepen bevatten. Een lage oxidatiegraad (1-10%) is gekozen zodat de gelerende 

eigenschappen van de alginaatketens in aanwezigheid van calciumionen wordt behouden. In 30 

dagen werd een afname in de molmassa van geoxideerde alginaat gevonden van 50 tot 75% in 

fysiologische condities. De derivaten met een oxidatiegraad van 1 en 5% in combinatie met dex-

HEMA zijn gebruikt om IPNs te vervaardigen. Deze IPNs hadden vergelijkbare mechanische 

eigenschappen en eiwitafgifteprofielen als de IPNs gebaseerd op ongemodificeerd alginaat. 

Een andere interessante toepassing van de semi-IPN hydrogelen is onderzocht in Hoofdstuk 6 

voor tissue engineering toepassingen. De polymeren hyaluronzuur (HA) en dex-HEMA zijn 

gebruikt voor een 3D-printtechniek waarbij driedimensionale hydrogelscaffolds zijn ontworpen. 

Er is gekozen voor een semi-IPN met een hoge HA concentratie (6%) omdat bij deze concentratie 

de juiste balans werd gevonden tussen vloeibare en elastische eigenschappen. Door het 

hydrofiele karakter van HA, werd een hoge mate van zwelling van de hydrogelen gevonden (~ 6 

keer het oorspronkelijke gewicht). De gelen degradeerden volledig in ongeveer 80 dagen 

ongeacht de aanwezigheid van het enzym hyaluronidase. Ook voor de gel is een hoge 

celoverleving gevonden van chondrocyten. Met behulp van de 3D printing techniek was het 

mogelijk om deze gel te printen met een gedetailleerde macroporeuze structuur, die 

gestabiliseerd werd door fotopolymerisatie van de aanwezige HEMA groepen.  

 

Samenvattend kan worden gesteld dat het werk beschreven in dit proefschrift heeft laten zien 

dat de nieuwe IPN hydrogelen een goede biodegradeerbaarheid, goede eiwit-, cel- en 

weefselcompatibiliteit en veel aanpassingsmogelijkheden met betrekking tot mechanische 

eigenschappen, degradatie en afgiftesnelheid bezitten. Daarmee is aangetoond dat het 

veelbelovende materialen zijn voor zowel gereguleerde eiwitafgifte als voor tissue engineering
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Riassunto 

I polisaccaridi sono carboidrati complessi che ricadono nella categoria dei biopolimeri in 

quanto derivanti da fonti naturali. Essi rappresentano una classe polimerica ampia ed eterogenea, 

caratterizzata da una ampia varietà di proprietà chimico-fisiche tali da giustificarne il loro uso 

estensivo in molteplici applicazioni farmaceutiche e biomediche, quali, ad esempio in 

oftalmologia, in odontoiatria, in chirurgia ortopedica, in ingegneria tissutale ed in formulazioni 

farmaceutiche a rilascio controllato. I polisaccaridi, con o senza opportune derivatizzazioni, sono 

capaci di formare idrogeli tridimensionali in grado di garantire un ambiente favorevole a farmaci, 

proteine e cellule in essi incapsulati. Recentemente, studi biomedici e farmaceutici hanno rivolto 

la loro attenzione verso idrogeli polisaccaridici composti da due o più polimeri, associati a 

formare Interpenetrating Polymer Network (IPN), ossia reticoli polimerici interpenetrati, o 

copolimeri graffati, per poter trarre beneficio dalle proprietà chimico-fisiche di ciascun 

componente e, in tal modo, migliorare le caratteristiche dell’idrogel risultante. Tra questi idrogeli 

”complessi”,, quelli ottenuti per interpenetrazione delle catene polimeriche e dei rispettivi 

network sono stati ampliamente studiati perché offrono una elevata modulabilità sia 

nell’architettura dell’idrogel sia nelle proprietà necessarie ad una sua specifica applicazione. 

Nella presente tesi, il lavoro di ricerca è stato finalizzato allo studio di IPN e semi-IPN a base di 

alginato, acido ialuronico e derivati (idrossietil) metacrilici del detrano, per la loro versatilità e 

biocompatibilità. 

 

Nel Capitolo 1 viene fatta una introduzione sui polisaccaridi utilizzati in applicazioni 

biomediche e farmaceutiche e sul loro uso come idrogeli. Particolare attenzione è stata rivolta 

agli idrogeli interpenetrati e alle loro applicazioni per il rilascio modificato di farmaci e per 

l’ingegneria tissutale. 

Il Capitolo 2 descrive un sistema polimerico interpenetrato, a base di alginato e destrano 

metacrilato, come formulazione iniettabile e gelificante in situ per il rilascio modificato di 

proteine (enzimi). In dettaglio, si riporta l’effetto del peso molecolare e del grado di 

derivatizzazione (DS) del destrano sulle proprietà meccaniche degli IPN e sulla capacità di 

modulare il rilascio di un enzima, precedentemente intrappolato nei idrogeli. Il metodo di 

preparazione dell’ idrogel consiste in due passaggi principali, il primo dei quali consente la 

formazione di un idrogel debole di alginato-Ca2+ in cui le catene di destrano metacrilato sono 

disperse ed intepenetrate (semi-IPN). Nel secondo passaggio, l’esposizione alla luce UV, in 

presenza di un fotoiniziatore biocompatibile (I2959), comporta la reticolazione dei gruppi 

metacrilici con conseguente formazione di un idrogel tridimensionale (IPN). I semi-IPN sono stati 

caratterizzati dal punto di vista reologico e confrontati con soluzioni standard a diversa viscosità, 

al fine di dimostare l’idoneità di queste formulazioni come somministrazioni iniettabili. 

L’irradiazione mediante luce UV dei semi-IPN permette la formazione degli IPN di cui si sono 

studiate le proprietà meccaniche e la capacità di intrappolare e rilasciare in modo controllato un 

enzima modello (horseradish perossidasi, HRP). I risultati dimostrano che le matrici studiate sono 
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in grado di modulare il rilascio dell’enzima e di preservare l’attività enzimatica durante le fasi di 

preparazione della matrice e durante il rilascio. 

Al fine di ottenere maggior informazioni sulla struttura degli IPN descritti nel precedente 

capitolo, è stato condotto uno studio, riportato nel Capitolo 3, sulla dimensione delle maglie del 

reticolo e sulla loro distribuzione nell’IPN contenente destano metacrilato con il grado di 

derivatizzazione pari a 5. Tre diverse metodologie sono state usate per determinare la porosità 

dell’IPN. In dettaglio, i dati reologici sono stati usati per determinare il valore medio della 

grandezza delle maglie dell’idrogel; tale valore è stato successivamente combinato con i dati 

ottenuti mediante analisi NMR a basso campo al fine di ottenere una distribuzione di tali maglie. 

Da queste due metodiche usate in tandem si è ottenuto un valore medio della grandezza delle 

maglie pari a 25 nm e una distribuzione bimodale (da 17 nm a 42 nm) intorno al valore medio. 

Questi risultati sono stati discussi e confrontati con i dati ottenuti dall’analisi di crioporosimetria. 

Anche con questa tecnica si è ottenuta una distribuzione bimodale con lo stesso valore medio 

della dimensione delle maglie, ma con una leggera differenza per quanto riguarda la 

distribuzione intorno al valore medio (da 22 nm a 42 nm). Per poter confermare tali risultati, si è 

costruito un modello matematico che potesse predire il rilascio teorico di una proteina modello 

(mioglobina) da idrogeli aventi la suddetta porosità. Il confronto di tale modello matematico con 

i profili di rilascio ottenuti sperimentalmente hanno evidenziato una buona correlazione.  

Per rendere biodegradabile il sistema IPN a base di alginato e destrano descritto 

precedentemente, nel Capitolo 4 il destrano metacrilato è stato sostituito con il destrano 

idrossietil-metacrilato (dex-HEMA), al fine di introdurre gruppi idrolizzabili nel reticolo 

polimerico. La stessa procedura descritta nel capitolo 2 è stata adottata per preparare gli idrogeli 

con diverse concentrazioni e gradi di derivatizzazione del dex-HEMA. I semi-IPN sono stati 

caratterizzati mediante analisi reologiche che hanno evidenziato un effetto di disturbo dei gruppi 

HEMA sulla formazione del gel di alginato-calcio. Tale fenomeno, precedentemente osservato 

anche per i derivati metacrilici del destrano, consente di ottenere un idrogel di alginato più 

debole; questo conferisce al semi-IPN caratteristiche di “quasi-liquido”, rendendolo più 

facilmente iniettabile. In questo capitolo è anche descritto come l’esposizione alla luce UV del 

semi-IPN comporti la formazione istantanea di un reticolo chimico (IPN) con caratteristiche di 

idrogel forte, il quale mostra proprietà meccaniche sinergiche rispetto a quelle dei due 

componenti presi singolarmente. Tali proprietà possono essere facilmente modulate variando sia 

la concentrazione polimerica sia il grado di derivatizzazione del dex-HEMA. L’albumina di siero 

bovino (BSA), scelta come proteina modello, è stata incapsulata negli idrogeli e rilasciata nell’arco 

di 300 ore con un meccanismo diffusivo di tipo fickiano. Cellule condrocitiche, incapsulate negli 

IPN, hanno dimostrato una elevata viabilità nonché capacità di redifferenziarsi, dimostrando la 

citocompatibilità di tali idrogeli. 

L’alginato è ampiamente utilizzato in applicazioni biomediche e nelle preparazioni 

farmaceutiche, ma il suo elevato peso molecolare può essere un fattore limitante nella fase di 

bioeliminazione, dato che nell’organismo umano non sono presenti enzimi in grado di demolirne 

la catena polimerica. Il Capitolo 5 descrive la possibilità di ridurre il peso molecolare 

dell’alginato mediante ossidazione delle catene polimeriche con sodio periodato, in modo da 
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avere la formazione di derivati dialdeidici facilmente idrolizzabili. Sono stati scelti bassi gradi di 

ossidazione (tra 1 e 10%) per preservare le capacità gelificanti del polisaccaride in presenza di 

ioni calcio. Dati ottenuti mediante analisi GPC hanno evidenziato che l’incubazione degli alginati 

ossidati in condizioni fisiologiche comporta una riduzione del peso molecolare del 50-75% in 30 

giorni. I derivati che hanno mostrato le migliori capacità gelificanti (1 e 5%) sono stati utilizzati 

per formare gli IPN contenenti dex-HEMA come secondo network. Gli IPN risultanti hanno 

mostrato proprietà reologiche simili a quelle osservate per l’alginato non ossidato. Inoltre, gli IPN 

sono risultati idonei per rilasciare proteine modello (mioglobina e BSA) in modo controllato (150 

e 300 ore, rispettivamente) e dipendente dalle loro dimensioni. 

In un successivo lavoro, riportato nel Capitolo 6, un nuovo sistema polisaccaridico 

interpenetrato (semi-IPN) è stato proposto per applicazioni in campo dell’ingegneria tissutale. In 

particolare, la tecnica del “bioprinting” è stata utilizzata per disegnare uno “scaffold” 

tridimensionale. Il bioprinting è una nuova tecnica basata sulla deposizione di sottili fibre di 

idrogel, contenenti cellule incapsulate, in strati sovrapposti in modo da formare uno “scaffold” 

tridimensionale secondo una predefinita architettura e organizzazione delle fibre. Tale tecnologia 

necessita di biomateriali con specifiche proprietà meccaniche, tra cui una bassa viscosità ad alte 

velocità di scorrimento per facilitarne l’estrusione attraverso l’ago dispensatore e, allo stesso 

tempo, una elevata elasticità fibre degli idrogel estrusi per evitare la fusione tra fibre contigue. 

Inoltre, il prodotto finale deve assicurare la viabilità delle cellule incapsulate nonché una 

adeguata resistenza meccanica. Nell’ottica di questi requisiti, soluzioni e semi-IPN basati su dex-

HEMA (reticolo) e su acido ialuronico sono state caratterizzati mediante studi reologici per 

valutarne l’idoneità nella applicazione di tale tecnologia. Il sistema polisaccaridico con il più alto 

contenuto di acido ialuronico (6% p/v) è stato selezionato per l’elasticità e la fluidità che lo 

caratterizzano. La stabilità dei semi-IPN è stata valutata incubando gli idrogeli in tampone a pH 

7.4 a 37 °C. Gli idrogeli hanno mostrato una elevata capacità di rigonfiamento (circa 6 volte il 

peso iniziale), tempi di degradazione di circa 80 giorni, a prescindere dalla presenza o meno di 

enzimi idrolitici (ialuronidasi), ed una elevata citocompatibilità. È stato quindi possibile fabbricare, 

utilizzando il bioprinting, degli “scaffold” tridimensionali con una ben definita struttura 

macroporosa e con una stabilità consolidata dalla fotopolimerizzazione dei gruppi metacrilici del 

dex-HEMA; tali sistemi idrogeli sono risultati stabili per circa 60 giorni.   

 

Si può concludere che i reticoli polimerici interpenetrati descritti in questa tesi, grazie alle loro 

proprietà modulabili, sono ottimi candidati per applicazioni biomediche e farmaceutiche.  

Siamo convinti che tali idrogeli interpenetrati possano trovare applicazioni pratiche come 

sistemi iniettabili di deposito per somministrazione di proteine e/o per la rigenerazione tissutale. 
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