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Abstract: Hydrogels currently represent a powerful solution to promote the regeneration 

of soft and hard tissues. Primarily, they assure efficient bio-molecular interactions with 

cells, also regulating their basic functions, guiding the spatially and temporally complex 

multi-cellular processes of tissue formation, and ultimately facilitating the restoration of 

structure and function of damaged or dysfunctional tissues. In order to overcome basic 

drawbacks of traditional synthesized hydrogels, many recent strategies have been 

implemented to realize multi-component hydrogels based on natural and/or synthetic 

materials with tailored chemistries and different degradation kinetics. Here, a critical 

review of main strategies has been proposed based on the use of hydrogels-based devices 

for the regeneration of complex tissues, i.e., osteo-chondral tissues and intervertebral disc.  
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1. Introduction 

From the beginning, biomaterials have played a key underpinning role in particularizing the 

properties and functions of medical devices used as prostheses or scaffolds in tissue repair and 

regenerative medicine. Different approaches based on the use of biodegradable or non degradable 

polymers have actually been proposed to design novel bioactive systems in turn able (a) to interact 

with the host tissues; (b) to assist and to improve the healing process; and (c) to replace the functional 

tissue through the mimicry of morphological characteristics of natural systems. In this context, 
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hydrophilic materials and hydrogels, in combination with other material phases strictly organized in 

composite structures, can be successfully used to satisfy the basic requirements in terms of transport 

and mechanical properties of natural soft and hard tissue. In this case, the efficacy of the design 

strategy depends on the mimicking or the supporting action of the proposed engineered platform. 

Starting from the basic principle of “learning from nature”, smart and multifunctional materials can be 

designed to mimic the behavior of natural soft tissues characterized by complex mechanical loading 

conditions, mimicking the specific biomechanical and physiological conditions at the interface with the 

surrounding tissues. In past years, tailor-made hydrogels have demonstrated their ability to guide the 

tissue growth by bio-molecular interaction with cells or adjacent tissues, thus providing a fine control 

of their basic functions, guiding the spatially and temporally complex multi-cellular processes of tissue 

formation and regeneration or facilitating the restoration of structure and function of damaged or 

dysfunctional tissues [1]. Still, several drawbacks of traditional synthesized hydrogels are concerned 

with their loss in mechanical properties over time [2] so making their use in load bearing applications 

often unsatisfactory. 

Recently, many recent strategies have focused on composite hydrogels, which afford greater control 

over each of these aspects, by combining different degradable or non-degradable polymers with 

tailored chemistries in order to create bioactive systems with customized functional properties [3,4]. 

So, the need for promoting bio-mimetic integration in the native microenvironment, is opening up a 

progressive revision of the concept of old hydrogel-based devices, moving towards the design of smart 

platforms, programmed with peculiar chemical and morphological information able to actively direct 

the behavior of cells in order to promote tissue regeneration mechanisms.  

This paper offers a brief overview of composite hydrogels used largely in biomedical applications 

and highlights recent advances in material design, focusing attention on different technological 

approaches for the development of porous scaffolds for tissue engineering and prostheses for  

tissue replacement.  

2. Hydrogels for Tissue Engineering 

The hydrophilic nature of the natural ECM certainly plays a key role in the basic function of natural 

tissues. Synthetic hydrogels offer the ability to mimic various distinctive requirements of an ECM-like 

physicochemical environment and to sustain cellular and tissue function. In the past, they have been 

largely used to repair and assist regeneration of a variety of tissues, such as cartilage, bone and 

vasculature [5,6]. Now, they have been frequently used as scaffolds for tissue engineering, because 

they can provide a highly swollen three-dimensional (3D) environment similar to soft tissues and allow 

diffusion of nutrients and cellular waste through the elastic networks [7,8]. Indeed, hydrogels are 

hydrophilic crosslinked polymers that are formed by the reaction of one or more monomers, by 

association of hydrogen bonds or van der Waals interactions between the chains [9]. The crosslinking 

can be achieved either physically or chemically. While in chemical crosslinking, covalent bonds must 

be formed, physical crosslinking happens when physical interaction between the chains occurs [10,11]. 

When hydrogels are in contact with water, they swell and form an insoluble three-dimensional network. 

Other than injectability, hydrogels display many properties [7] that make them desirable candidates for 

tissue engineering applications. One of the most important advantages is their aqueous environment, 



Polymers 2012, 4                    

 

 

1592

which protects cells and sensitive drugs that are incorporated in the network for controlled delivery at 

the site of injury. The aqueous environment allows transportation of substances, such as nutrients and 

by-products from cell metabolism, in and out of the hydrogels [8]. Hydrogels can also be derivatized 

with functional groups that mediate processes such as cell attachment and subsequent spreading [12]. 

Traditionally, hydrogels were mainly considered for soft tissue regeneration. In the last few years, 

however, the interest in testing the feasibility of using the beneficial properties of hydrogels for hard 

tissue regeneration has increased despite the fact that their use is often associated with a number of 

disadvantages mainly due to their poor tendency to mineralization upon implantation [13].  

Even though naturally derived hydrogels have desirable biological properties, they often exhibit 

degradation profiles that are too fast for hard tissue regeneration [14]. Moreover, chemical 

characteristics of natural hydrogels such as molecular weight usually display a wide distribution due to 

their natural origin, which limits the reproducibility and functionality of the materials. On the other 

hand, synthetic hydrogels can be prepared with tailored and highly reproducible chemical 

characteristics, thereby enabling the required degradation properties [15]. The combination of the 

different monomer units results in hydrogels with controlled characteristics in terms of degradation 

rate, swelling ratios, and mechanical properties [16]. They can be tailored for specific applications with 

the incorporation of biofunctions, and their transport properties can also be customized by adjusting 

polymer chain lengths and density [7]. 

Hydrogels can also be implanted in vivo with minimal invasive techniques. The standard approach 

consists of seeding a three-dimensional (3D) biomaterial scaffold [17], incorporated with gene vectors, 

soluble factors and chemical signals to help the new tissue develop during implantation [18]. 

Furthermore, the crosslinked hydrophilic polymers architecture may provide tissue-like viscoelastic, 

diffusive transport and interstitial flow characteristics [19]. Naturally-derived and synthetic scaffold 

materials have been used to exploit the regenerative capacities of host tissues or transplanted cells [20]. 

Current design and fabrication of organic scaffolds in skeletal tissue engineering (TE) involve a range 

of materials, such as, protein-based polymers (collagen, fibrin, gelatin, and synthetic polypeptides), 

natural carbohydrate-based polymers (agarose, alginate, hyaluronate, chitosan, dextran), fully synthetic 

polymers (polyactive, haluronan and their copolymers with non-degradable polymers: Dacron, Teflon, 

polyesters, polyurethanes), and composite materials based on the coupling of hydrogels and  

inorganic compounds.  

Although naturally derived biomaterials have proven effective in many basic and clinical 

applications, the need for custom-made matrices for tissue-specific cell biological investigation drives 

recapitulation of their key characteristics in synthetic materials. However, their chemical synthesis 

often causes a reduced control of the material properties because of side reactions coupled with the 

presence of un-reacted pendant groups and physical bonds (entanglements). Furthermore, gel 

compositions rapidly degraded in the presence of enzymatic molecules (i.e., hyaluronidase, 

collagenase) result in a drastic decay of the mechanical performance after implantation, while also 

presenting slow or delayed response times to external stimuli [21]. 

The use of synthetic materials has been pursued because the immunogenic and purification issues 

relating to natural biomaterials are only partially overcome by recombinant protein technologies [1] 

and the synthetic material properties can be finely controlled and tailored to perform tissue required 

responses. Although synthetic materials offer these advantages, and are more chemically 
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programmable and reproducible, their deficiencies with respect to biological recognition limit their use 

as tissue regeneration scaffolds [22].  

In recent years, hydrogels based on both natural and synthetic polymers have continued to be of 

interest for the new field of “tissue engineering” for repairing and regenerating a wide variety of 

tissues and organs [19]. They can reproduce elastic, three-dimensional porous networks able to swell 

up to 90% in aqueous solution and to adequately transfer stresses, making them an attractive material 

for biomedical and tissue engineering applications, such as bone and ligament replacement. Hydrogels 

typically have lubricating properties, low coefficients of friction and high mechanical strength, very 

interesting for the regeneration of cartilage and meniscus.  

Of note, the addition of synthetic peptides is promising in designing hydrogel carriers with a wealth 

of bioactive signals programmed directly into the hydrogel matrix. More specifically, it has been 

verified that incorporation of cell adhesion moieties and biochemical cues allows the promotion of 

tissue deposition as well as specific enzyme-sensitive sequences which may induce cell-mediated 

degradation. [23]. For instance, in an effort to recapitulate the native microenvironment that surrounds 

cells, synthetic extracellular matrix (ECM) hydrogels may be designed by incorporating both proteins 

and glycosaminoglycans into a single hydrogel matrix. In this configuration, these synthetic ECM 

analogues can be degraded through hydrolysis of the ester bond associated with the acrylate with a 

glycosaminoglycans-dependent degradation degree [24]. Degradation properties may be tuned by 

proper selection of hydrogels. More chemically stable hydrogels can be covalently cross-linked into 

hydrogel networks by several mechanisms, including chain-growth polymerizations, such as 

photopolymerization, or step-growth polymerizations, such as Michael-addition reactions. In particular, 

photopolymerization includes photo-initiated reactions between PEG diacrylate (PEG-DA) molecules 

or other groups (i.e., thiols) [25]. In this case, functionalized PEGs may be also cross-linked into a 

biodegradable gel network using peptides that contain protease-sensitive substrate sequences [26]. 

Alternatively, hydrogels can also be formed by physical or ionic interactions between molecules. This 

behavior is observed in the case of peptide amphiphiles self-assembly or during the complexation of 

polymers or polysaccharides with ions [27]. Taking inspiration from nature, hybrid hydrogels have 

been developed by self-assembling domains, as in silk, with short-chain PEG segments to form 

hydrogels with good mechanical properties [28]. Moreover, the complexation via the divalent cation 

calcium is frequently used to obtain hydrogel from alginate or modified alginate polysaccharides [29]. 

Altering the bulk composition or distribution of mannuronic and guluronic acid units as well as the 

overall molecular weight of the alginate affects the final hydrogel properties [30].  

Interestingly, hydrogels are also largely used as injectable in situ gelling networks and in cell-sheet 

engineering [31], wound healing and cellular patterning through spray deposition [32,33]. Hydrogels 

combined with solid particles provide mechanically strong scaffolds largely used for load-bearing 

applications [34]. To extend the biological performance of synthetic materials, a promising strategy 

consists of chemically encoding bio-molecular cues (morphogenic bone factors, growth factors, and 

gene factors) into synthetic platforms [35]. In this context, composite hydrogels represent new frontiers 

for developing smart materials able to regulate and coordinate events in spatial and temporal 

modalities guided by biophysical and biochemical signals, as well as biomolecular factors being 

naturally triggered by the extracellular microenvironment. 
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3. Polymer Based Macroporous Scaffolds for Osteochondral Tissue 

In osteochondral tissue engineering, several three-dimensional cell-based tissue models have been 

useful in investigating the regeneration processes of cartilage and bone tissue. In this context, the 

scaffold often represents a critical tool because it is responsible for supporting the medium to deliver 

cell populations and for inducing the in-growth of surrounding tissue [21]. Firstly, it should guide the 

tissue growth by bio-molecular interaction with cells or adjacent tissues thus controlling their basic 

functions, and guiding the spatially and temporally complex multi-cellular processes of tissue 

formation and regeneration. This is mainly assured by its porous architecture which typically serves as 

a template that facilitates cell attachment and matrix deposition. In particular, macroporosity within 

scaffolds is thought to help facilitate cell migration, proliferation, and signalling [36]. Meanwhile, high 

pore interconnections have implications for facilitated cell migration, abundant cell–cell interaction, 

and potentially improved vascular growth, thus supporting the intimate cell–cell contact. 

In this context, hydrophilic polymers may be efficiently used to build three-dimensional scaffolds 

that serve as a temporary support for cell growth and new tissue development. The introduction of 

enhanced pores can provide more space and increased surface area-to-volume ratio of hydrogel 

scaffolds for cell growth, tissue invasion and local angiogenesis, and facilitate nutrient transport [37]. 

For example, porous alginate showed enhanced cell proliferation and increased permeability by nearly 

three orders of magnitude when compared to nonporous conditions [38]. Porous collagen prepared 

with ice particulates improved cell distribution and chondrogenesis [39]. Moreover, the mechanical 

and transport properties of porous hydrogels are mainly dictated by pore size and hydrogel density [40]; 

In particular, pore size is also mandatory for regulating cell behavior, such as neovascularization [41]. 

More importantly, porosity and pore interconnectivity of the hydrogels have a great impact on the 

viability of the encapsulated cells by influencing the flow diffusion mechanisms [37]. Therefore, it is 

crucial to control the various pore features (e.g., pore size, porosity, pore distribution and 

interconnectivity) within hydrogels. Techniques to control the overall porosity of hydrogels include 

solvent casting particle leaching, freeze-drying, gas foaming, and electrospinning. Combinations of 

these methods have been used to fabricate porous hydrogels for many tissue engineering  

applications [42]. In addition, more advanced control of specific pore features and microarchitecture 

has been achieved through various micropatterning [43] and micromolding techniques [44]. With these 

techniques it is possible not only to specifically control individual and group pore architecture, but also 

to take the next step to create microvascular features to improve integration within host tissues. One of 

the most studied and widely applied hydrogels is poly(ethylene glycol) (PEG) which has been 

extensively explored as cell scaffolds [45] as well as in drug delivery devices [46]. Indeed PEG 

hydrogels recently approved by the FDA for cosmetics, personal care products and pharmaceuticals, 

show peculiar properties, such as good biocompatibility, non-immunogenity, and resistance to protein 

adsorption which make their use satisfactory for different biomedical applications including surface 

modification, bio-conjugation, drug delivery and tissue engineering [47,48]. Three major crosslinking 

methods have been used to make PEG hydrogels, including radiation of linear or branched PEG 

polymers [49,50], free radical polymerization (FRP) of PEG acrylates [51], and specific chemical 

reactions, such as condensation [52], Michael-type additions [53,54], Click chemistry [55], and 

enzymatic reactions [56]. The most common approach to make PEG hydrogels is photo-polymerization, 
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which utilizes light to convert liquid PEG macromer solutions into solid hydrogels at physiological 

temperature and pH. This method is advantageous for fabricating hydrogel scaffolds in situ with spatial 

and temporal control and in a variety of 3D structures with encapsulation of cells and biological  

agents [57].  

PEG acrylates are the major type of macromers used for photo-polymerization, including PEG 

diacrylate (PEGDA), PEG dimethacrylate (PEGDMA). PEG dimethacrylate (PEGDMA) is an 

unsaturated linear polyether with methacrylate double bonds that can be crosslinked in situ.  

Cross-linked PEGDMA, which has been successfully used by several groups both in vitro and in vivo 

as scaffold material, has been shown to be biocompatible with the unreacted dimethacrylates having 

relatively low cytotoxicity [58]. For bone tissue engineering purposes, PEG is notable for its lack of 

protein adsorption and cell adhesion, which play an important role in facilitating osteoblasts matrix 

deposition during bone remodeling [59,60]. It seems that PEGDMA formation may be too exothermic, 

and harm the surrounding cells during the process of gelation. However, for tissue engineering 

purposes, the reactions of PEGDMA hydrogels may be too exothermic, particularly during radical 

polymerization, which will potentially harm surrounding cells during the process of gelation [61]. 

Usually, heat release in the crosslinking process of polymers can be decreased by adding inert reagents, 

which can mediate between the polymer chains and weaken their interactions. PEG hydrogels are 

attractive scaffolds for providing 3D templates in aqueous environments for tissue regeneration; 

however, PEG hydrogels typically exhibit minimal or no intrinsic biological activity due to the non 

adhesive nature of PEG chains [47]. It has been noted that anchorage-dependent cells encapsulated in 

PEG hydrogels show low viability due to the bio-inert characteristic of PEG [62]. Inspired by nature, 

researchers have developed a variety of bioactive modified PEG hydrogels to mimic the natural 

extracellular matrix (ECM) [63]. 

A valid alternative to the traditional composite systems is also represented by composite scaffolds 

from the combination of hydrophobic and/or hydrophilic polymers. Recently, PEG has been 

successfully blended with hydrophobic PCL to form a scaffold with improved molecular transport 

capability and great potential for grafting bone morphogenic proteins and growth factors [64]. The use 

of conventional techniques like phase inversion and salt leaching even assures the formation of an 

interconnected pore network with pre-ordered pore size scale. The preliminary photo-polymerization 

by ultra-violet (UV) radiation of the composite prevents the undesired removal of PEG, during the 

ionic dissolution of sodium chloride particles (Figure 1).  

Figure 1. Macroporous scaffolds of poly(ethylene glycol) diacrylate (PEGDA) with high 

swelling properties for osteochondral defect. 
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Of note, on the basis of the specific interconnectivity and broad size distribution of the pores, the 

fluid flow within the hydrogel network may be changed, also affecting the mechanical behavior and 

permeability of the tissue substitute. Mainly, the integration of hydrogels such as PEG may enable the 

achievement of some properties similar to highly hydrated tissues in terms of fluid transport properties. 

Meanwhile, the mechanical integrity may be controlled by crosslinking of the polymeric chain [65]. 

From this point of view, the hydrophilic properties of the photo-polymerized PEG-based scaffolds 

allows the retention of high water content—about 10 fold higher than for non photo-polymerized 

materials. These hydrogels can be efficiently used to encode morphological and functional properties 

(i.e., porosity, mechanical properties) through the synergic control of the chemical composition and 

preparation process parameters in order to mimic the behavior of the mature cartilage. In particular, the 

modulation of the UV exposure time enables the control of water uptake also modulating the transport 

properties of the substrate, guided by the highly complex chemical composition and structural 

organization. In order to prevent some of the limitations of non-degradable polymers for clinical uses 

including acute inflammatory phenomena evidenced by “in vivo” experiments [66], hyaluronan 

derivates such as HYAFF formulations obtained by chemical modification of purified hyaluronan may 

be used [67]. The chemical modification of HYAFF consisting of the partial or total esterification of 

the carboxyl groups of hyaluronic acid, may be controlled by selection of the chemical agents and the 

esterification extent with considerable effects on the composite biological properties either favoring or, 

conversely, inhibiting the adhesion of certain cell types [68]. Moreover, by changing the type of ester 

group introduced or the extent of the esterification, a broad variety of hyaluronan based polymers 

(HYAFF 11, HYAFF 7) can be subsequently generated and easily processed to produce membranes, 

fibers, sponges, microspheres and other devices through different techniques (i.e., extrusion, 

lyophilization or spray drying). Campoccia et al. [69] have demonstrated that benzyl ester Hyaff-11 

underwent a spontaneous hydrolytic degradation of the ester bonds even in the absence of any 

enzymatic activity with complete dissolution after only one week. More recently, biological studies 

confirmed the relevant effect of esterification degree on the degradation mechanisms as well as on the 

hydrophilic behavior of the final material, in the case of three dimensional porous scaffolds prepared 

by freeze drying and salt leaching [70]. In this case, porous architecture is characterized by a  

well-interconnected and spatially well-distributed macroporosity ranging from 100 to 200 μm obtained 

by the removal of sodium chloride crystals, acting as porogen agent, which allows the control of the 

pores. The total porosity is equal to 92%–93%, consistently with a theoretical value of sodium chloride 

volume fraction (equal to 91%). The hydrogel-like behavior easily determines some of the limitations 

in the control of shape and pore spatial distribution directly due to the volumetric shrinkage of the 

HYAFF 11 which occurs during the preparation process when the water content previously adsorbed 

during the salt leaching step is lost. Hence, the volumetric shrinkage of the hydrogel determines a 

partial collapse of the polymeric skeleton which explains the “microstructural disorder”. Their use 

combined with aliphatic polyesters such as PCL [67], PLA and PLGA, can allow the stabilization of the 

pore architecture by the sage combination of hydrophilic and hydrophobic phases ratios without any 

significant effect on the inflammatory response during the degradation process [70]. This is related to 

the transport properties of the scaffolds ascribable to the Hyaff gel-like behavior which mimic the 

native hyaluronan composing the extracellular matrix.  
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4. Composite Hydrogels with Mineral Phases for Hard Tissue Regeneration 

The capacity of a specific class of bone-substituting materials to induce calcification is often 

referred to as bioactivity, which implies that these materials possess the capacity to promote nucleation 

and subsequent proliferation of calcium phosphate crystals. Generally, most polymeric materials do 

not possess this capacity, but the addition of a ceramic phase can still render the resulting composites 

bioactive by providing nucleation sites for the promotion of hydroxyapatite (HAp) precipitation. The 

idea of combining an inorganic phase into hydrogels matrices was inspired by the composite nature of 

bone itself. One of the many advantages of adding an inorganic phase is that the dispersed mineral 

provides nucleation sites for HAp formation as well as cell adhesion sites that enable integration with 

surrounding bone tissue [71]. Further, degradation of the temporary hydrogel implant will permit 

replacement by new bone formation, thus increasing mechanical stability. Degradation times and 

mechanical properties of organic–inorganic composite materials can be controlled to a large extent by 

the addition of inorganic phases [72,73]. Moreover, the handling characteristics of such composite 

materials can be greatly improved, since brittle ceramic particles can be delivered in moldable or even 

injectable formulations using the elasticity of the hydrogels. Finally [74], the addition of carbonated 

apatites in polymers can have a neutralizing effect on the acidic pH caused by the degradation  

by-products, thus minimizing excessive inflammation around the implantation site. The most 

commonly used inorganic phases are calcium phosphates and bioglasses. Many calcium phosphate 

ceramics can be found in the literature with the most representative being β-tricalcium phosphate  

(β-TCP), amorphous calcium phosphate, and HA. This group of ceramics shows strong resemblance to 

the mineral phase of bone and it is found in many normal or pathological calcified sites in the human  

body [75,76]. Among them, HAp, an important bioceramic found in living vertebrates, was chosen not 

only for its inertness of chemical reaction but also for its excellent tissue compatibility and 

osteoconduction. Hydroxyapatite nanoparticles are found to be non-immunogenic and interact with the 

natural tissue without eliciting significant inflammatory responses [77].  

A variety of nanocomposites have been fabricated from polymers and HAp [78,79]. In particular, 

bioactive inorganic materials may promote a strong bond with the scaffold surface by precipitation of 

an intermediate layer of HAp, so mineralizing the polymer matrix [75]. In recent years, many studies 

have been performed on HAp/polymer composite materials prepared from collagen/hydroxyapatite 

mixtures which are the more interesting candidates to mimic the native composition of bone in repair 

and tissue engineering strategies. In particular, HAp entrapped in PEGDMA matrices was expected to 

produce a successful biomaterial for tissue engineering by taking advantage of the PEG’s 

biocompatibility, in situ crosslinking capacity due to the presence of methacrylated groups and the 

HAp’s bioaffinity. In order to achieve a fine dispersion of nanoparticles throughout the polymer 

preventing nanoparticle aggregation, sol–gel approaches have attracted much attention recently 

because of their well known advantages, which include homogeneous molecular mixing, low 

processing temperature and the ability to generate nano-sized inorganic particles dispersed in the 

polymeric matrix [80]. The development of high-performance nanocomposite hydrogels as synthetic 

mimics for tissue engineering requires the control of interactions between nanoparticles and the 

polymer molecules. By combining the polymer characteristics of PEG hydrogels with those of 

hydroxyapatite nanoparticles (nHAp), elastomeric hydrogels can be synthesized that have unique 
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mechanical properties with regard to elongation, compressibility, and toughness. The flexible and 

elastomeric nature of the nanocomposite networks can be partially attributed to the sufficiently long 

and flexible PEG chains between cross-linking points and also to some of the physical interactions 

between polymer and nanoparticles. These nanoparticles also influence cell motility, as evident by the 

formation of elongated lamellipodia and pseudopodia. Similar results were observed by  

Chang et al. [81] who studied PEG-silicate nanocomposites and by Gaharwar et al. [82] who showed 

that the addition of silicate nanoparticles resulted in enhanced cell spreading and proliferation of 

preosteoblast cells. Several other studies showed that hydroxyapatite promotes adhesion of osteoblast 

cells. For example, Song et al. [83] fabricated elastomeric nanocomposites composed of  

poly(2-hydroxyethyl methacrylate) and high amounts of nHAp. The osteoblastic differentiation of the 

bone marrow stromal cells on these materials was observed to be significantly influenced by the 

addition of nHAp. 

Hydrogels can be also mineralized by biomimetic treatments taking inspiration from the 

biomineralization process by which native apatite nanocrystals are formed in vivo. Several features of 

this biomineralization process have been studied for their potential as use in hydrogel mineralization, 

including alternative soaking treatments in fluids that are saturated with respect to apatite deposition. 

To produce the apatite coating, scaffold substrates are submitted to a bio-inspired procedure, namely 

biomimetic treatment, influenced by the method described by Kokubo and co-workers [84,85].  

In particular, the treatment combines the preliminary use of a supersaturated SBF solution  

(1.5× SBF) to stimulate the nuclei formation, while a fresh chemically-modified solution (1× SBF) is 

further used, in order to promote the growing of apatite nuclei, once formed.Biomimetic treatment 

consists of two steps in a pH-controlled environment: during the first step, samples with pre-ordered 

size were soaked in 1.5× SBF where the volume is calculated with respect to the total scaffold material 

surface by using an exposed surface to SBF volume ratio equal to 10 mm2/mL, as reported in the 

literature [86]. The solution temperature was fixed at 37 °C during the treatment. After the sequential 

immersion in 1.5× SBF (7 days) and in 1× SBF (14 and 21 days), all scaffolds were gently rinsed in 

distilled water to remove excess ions and, then, dried overnight under a laminar hood. The presence of 

hydroxyapatite on the material surface has the advantage of being able to bind directly to natural bone 

because of its chemical structure similarity [87,88].  

Meanwhile, HA promotes the adsorption of many proteins and other macromolecules and leads to a 

biological layer that favors cell attachment and osteogenic differentiation [89].  

5. Intervertebral Disc: From Repair to Regeneration 

The intervertebral disc plays a crucial role in the biomechanics of the spine since it mechanically 

functions as a shock absorber and distributes loads. The intervertebral disc provides flexibility to the 

spine also enabling the body to twist and bend into a wide range of postures [90]. The natural IVD 

consists of three different tissues: annulus fibrosus, nucleus pulposus, and endplates. The nucleus is a 

semi-fluid mass that mainly consists of water and proteoglycans forming a gel-like matrix [91]. It is 

enclosed within the annulus and the two endplates.  

The annulus presents a multi-layered structure consisting of layers characterized by well organized 

collagen fibers embedded in a proteoglycan-water gel. In adjacent layers the collagen fibers run in 
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opposite directions and their orientation varies from 62° to 45° with respect to the spine axis, from the 

edge of the disc inwards to the nucleus [92,93]. The cartilage endplates provide minimal contributions 

to the overall mechanical behavior of the disc, however, their micropores play an important role in 

transporting nutrients into the disc [94]. IVD degeneration represents a spinal disease. Even though 

discectomy and fusion are the two most common surgical approaches for treating a degenerated disc, 

they are far from ideal treatments since they alter the biomechanics of the spine [90,94–99]. For this 

reason, the ideal solution to a degenerated disc would involve an artificial disc [90,91,94,97–100].  

However, because of the complex structure and function of IVD there have been many difficulties 

in designing total IVD prostheses able to reproduce the properties of the natural structure, while 

providing the required durability. It has been well reported that the intervertebral disc prostheses 

currently available on the market undergo failure mainly because of wear or mismatch between the 

mechanical proprieties of the implanted device and the natural tissue [99,101]. In addition, current disc 

prostheses basically consist of a polymeric core interposed between two metallic plates (i.e., LINK SB 

Charite and ProDisc) possessing standard sizes [99–103].  

Soft biological tissues show high strength, flexibility and toughness, and materials with a single 

structural arrangement do not allow combination of all these features [90,99,100]. Accordingly, a 

biomimetic approach has been adopted to reproduce the structure of the natural disc involving the use 

of hydrogels, in order to overcome the drawbacks related to the use of current prostheses.  

Initially, poly(2-hydroxyethylmethacrylate) (PHEMA) hydrogels were considered in designing 

innovative disc prostheses because of their biocompatibility, high permeability and high  

hydrophilicity [7,99,104,105]. However, it is well documented that in the swollen state the  

mechanical performances of these materials are not appropriate for load-bearing biomedical 

applications [99,104,106,107]. Accordingly, their mechanical properties have been enhanced by 

incorporating a hydrophobic component, such as poly(caprolactone) (PCL), and polymeric  

fibers [106–109].  

For this reason, fiber-reinforced hydrogels able to match the performances of the natural disc and 

those of the surrounding tissues were manufactured by filament winding and molding technologies, 

and their mechanical behavior was properly analyzed [7,90,101,107].  

For example, an annulus/nucleus substitute made up of a PHEMA/poly(methylmethacrylate) 

(PMMA) semi-interpenetrating polymer network (s-IPN) composite hydrogel reinforced with 

poly(ethylene-terephthalate) (PET) fibers has been designed (Figure 2) [90,98–100]. In the swollen 

state the manufactured nucleus/annulus substitute presented a softer and more hydrophilic inner part 

and a stiffer and less hydrophilic outer fiber-reinforced ring [90,91,98–100,109,110]. Two artificial 

endplates made of hydroxyapatite-reinforced polyethylene composite (HAPEXTM) were also taken into 

consideration to anchor the device to the vertebral bodies. The mechanical behavior of this  

multi-component fiber-reinforced PHEMA-based hydrogel/HAPEXTM device was further analyzed 

with static and dynamic mechanical tests [100].  

Swollen PHEMA-based composite hydrogels reinforced with PET fibers have displayed 

compressive J-shaped stress-strain curves that are typical of natural discs. The toe region of the  

stress-strain curve (i.e., the portion of the curve where concavity is upward) evidences a relatively high 

flexibility of the structure [90,98–100]. In addition, suitable viscoelastic properties, high dimension 

stability and endurance have been demonstrated through dynamic tests [90,98–100]. In any case, it is 



Polymers 2012, 4                    

 

 

1600

possible to tailor the hydrophilicity, the static and dynamic mechanical properties of the  

hydrogel-based composite device by varying the composition of the matrix, the winding angle and the 

amount of PET fibers. All of this clearly suggests the possibility to optimize the characteristics of the 

fiber-reinforced hydrogel-based device at several locations along the spinal column. The ability to 

design customized hydrogel-based composite disc prostheses by integrating image capture techniques 

and analyses, computer numeric control machining, filament winding, and molding technologies, was 

also demonstrated [99].  

Figure 2. A multicomponent fiber-reinforced, poly(2-hydroxyethylmethacrylate) 

(PHEMA)-based Hydrogel/hydroxyapatite-reinforced polyethylene composite (HAPEXTM) 

device for customized intervertebral disc substitution. 

 

On the other hand, in order to reduce surgical invasiveness the nucleus replacement technique may 

allow for the restoration of disc height and spine mobility. This approach can be performed if annulus 

and endplates are still functional and relatively healthy, using a synthetic material or a tissue 

engineered structure [94,104,111].  

In this field, great efforts have been made to design a biocompatible, sterile and safe material as 

nucleus substitute, especially focusing attention on injectable systems. Different injectable materials 

based on synthetic in situ curing polymers have been widely studied for the nucleus replacement or 

augmentation [94,98,111]. Although these materials are able to restore disc height and motion, they do 

not allow the restoration of physiological biomechanics of the spine, also presenting limited 

biocompatibility and surgical technique limitations [99,111]. However, exothermic reaction, long 

setting time and surgical approach strongly limit their employment. With the aim of overcoming the 

above reported limitations, injectable hydrogels have been proposed and studied for nucleus 

replacement, while also considering their ability to swell and maintain hydrostatic pressure.  

In this context, natural and synthetic chemically or physically crosslinked hydrogel-based materials 

have been taken into account [111–113]. With regard to synthetic hydrogels, physically crosslinked 

hydrogel based on polyvinyl alcohol (PVA) and polyvinylpyrrolidone (PVP) [114], and on 

NVP/HEMA (N-vinyl-2-pyrrolidone and 2-hydroxyethylmathacrylate) based hydrogel [115] have been 
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studied. In any case, none of the above mentioned materials presented the desired biological cues and 

the required behavior [111,116].  

However, it seems that current clinical practices are unable to properly restore the function of the 

intervertebral disc. Consequently, in recent years attention has been driven toward disc tissue 

engineering. Disc tissue engineering represents a quite new field of research and interesting strategies 

have been proposed in several studies taking into consideration different biomaterials and cell  

sources [117–119].  

In this context, many works have reported progress in the field of disc tissue engineering, 

highlighting the biomaterial aspect and cellular features [120–123]. The importance of evaluating the 

mechanical properties of the engineered constructs has been properly evaluated. Even though 

interesting results have been reported in terms of viable disc-like production, mechanical performances 

still have to be assessed properly and functional benchmarks have not yet been found [124]. 

In the field of disc tissue engineering, an initial study was basically focused on defining culture 

systems in which the phenotypes of nucleus and annulus cells could be preserved. In particular, 

annulus and nucleus cells were seeded in scaffolds consisting of a crosslinked type I 

collagen/hyaluronan and the influence of different combinations of growth factors was studied [124]. 

Following this approach, nucleus and annulus cells have been cultured on a substrate of natural and 

synthetic polymers, obtaining interesting results [119,123–132]. 

As for annulus tissue engineering, an interesting approach has been to mimic the peculiar  

multi-scale structure of the annulus. Trying to reproduce the collagen orientation within a single 

lamella of the annulus, Shao and Hunter designed a scaffold with aligned alginate/chitosan hybrid 

fibers that was seeded with annulus cells from a canine intervertebral disc. The obtained results 

evidenced that cells adhered to the hybrid fibers of the scaffold producing fibrocartilaginous  

ECM [131].  

Some research groups have considered electrospinning as a powerful technique to manufacture 

scaffolds for annulus tissue engineering [124,133–135]. The basic idea was that the electrospun fibers 

can closely reproduce the scale of collagen fibers present in most soft tissues, whilst the collection onto 

a rotating mandrel may provide an aligned mesh consisting of nanofibers. Scaffolds made of aligned 

electrospun nanofibers and seeded with MSCs were developed and analyzed by Nerurkar et al. (2007, 

2008, 2009) and Gruber et al. (2009) [125,127,133,134]. Taking into account the specific organization, 

the macroscopic mechanical properties of these nanofibrous meshes were suitably evaluated and it was 

demonstrated that the annulus cells seeded onto aligned nanofibrous scaffolds showing an elongated 

morphology [134,136,137]. 

Nerurkar et al. (2009) proposed oriented electrospun PCL scaffolds seeded with MSCs to produce 

bi-lamellar constructs characterized by opposing collagen orientations [127]. These structures were 

able to direct the deposition of an organized collagen-rich ECM, thus reproducing the angle-ply 

multilayered structure of the annulus. Furthermore, uniaxial tensile tests also evidenced that after 10 

weeks of in vitro culture these nanofibrous constructs provided a tensile modulus (14.5 MPa) close to 

the circumferential tensile modulus of the annulus (18.0 MPa). This study demonstrated the possibility 

of replicating the form and function of the annulus, as well as the role of the opposing fiber 

orientations in enhancing the tensile performance. 
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With regard to nucleus tissue engineering, natural hydrogels have been considered in order to 

overcome the lack of bioactivity of synthetic hydrogels. In particular, in the field of natural polymers, 

hyaluronic acid (HA) has attracted researchers’ attention, as it has been identified among the 

glycosaminoglycans present in the nucleus [116]. It is already employed in several biomedical 

applications (i.e., ophtalmological surgery, orthopaedic fields) as a consequence of its physical, 

chemical and biological properties [138,139]. However, the fast degradation process of HA and, hence, 

its short residence time, together with its poor mechanical properties strongly limit its biomedical 

applications [111,139].  

For this reason, different chemical modifications of native hyaluronan have been carried out to 

obtain chemically and mechanically robust materials, expanding its range of application [139,140]. 

Revell et al. (2007) [141] previously demonstrated that two hyaluronic acid derivatives HYADD3® 

and HYAFF120®, display properties that could be interesting for tissue engineering applications. 

HYADD3® is a dodecylamide derived from HA that can form physically crosslinked gels in  

water [111,142], whilst HYAFF120® is a photo-linkable ester obtained by linking the HA molecule 

with a compound that initiates the polymerization process upon exposure to UV light, consequently 

forming chemically crosslinked hydrogels. Previous studies showed HYADD3® was not toxic in cell 

culture [141] and when loaded with homologous bone marrow stem cells, the cell-loaded HYADD3® 

systems provided interesting results in the field of disc tissue engineering [142]. Accordingly, after six 

weeks from injection into porcine discs, evidence of nucleus regeneration was found.  

In contrast to cell-loaded HYADD3® systems, HYAFF120® provided successful repair of discs 

when employed as an injectable acellular material. As demonstrated by histological analyses, a large 

amount of cellular tissue with chondrocytes able to produce matrix resulted evidently in the center of 

the disc. Rheological analyses were also performed on HYADD3® and HYAFF120® solutions in order 

to support the above mentioned positive biological results. As for the viscoelastic properties, storage 

modulus and loss modulus were evaluated over a wide range of frequencies, evidencing the ability of 

these materials to reproduce the gel-like behavior of the nucleus. Furthermore, the injection through 

clinical catheters did not affect their rheological behavior [111,139]. 

Although some strategies have been proposed for the annulus and the nucleus, many efforts have 

been made to engineer the entire intervertebral disc. Considering the different structure and 

composition of the annulus and nucleus, it is easy to understand how disc tissue engineering represents 

a great challenge that involves a suitable combination of biomaterials and cell sources, as well as 

chemical and mechanical features. 

For example, Mizuno et al. (2004) tried to replicate the anatomic shape of the disc and to engineer 

both the annulus and nucleus tissues, considering a cell-loaded annulus/nucleus scaffold. It consisted 

of a mesh of polyglycolic acid coated with polylactic acid as annulus scaffold, seeded with cells from 

sheep annulus, and of an inner core made of a hydrogel, based on sodium alginate mixed with calcium 

sulphate seeded with cells from sheep nucleus [143]. Biochemical and biomechanical analyses 

performed on these tissue-engineered intervertebral discs have provided interesting results [128].  
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6. Conclusions and Future Perspectives  

Novel approaches in hydrogel and composite design have been proposed for revitalizing the 

research on new functional biomaterials with the basic idea to jointly improve functional properties 

and morphological features. The high number of research groups working in the field of hydrogel 

development and characterization clearly illustrates that hydrogels are ideal candidate materials to be 

applied in the field of tissue engineering. In the future, materials that better mimic the natural 

extracellular matrix in terms of composition, structural characteristics, and mechanical properties will 

be developed. We anticipate that the ideal tissue engineering scaffold will combine the mechanical 

tailoring possibilities of synthetic polymers with the biomimetic properties of natural materials. In 

order to mimic the extracellular matrix to a great extent, various solutions exist including natural i.e., 

glycosaminoglycans, collagen and elastin, semisynthetic, i.e., haluronan derivates, or synthetic 

polymers such as PEGs, PVA or PVP. In this context, the use of crosslinking gels, semi-interpenetrating 

polymer networks, and micro or nano-composite hydrogels represent some powerful solutions to 

improve the biological response of hydrogels. The adaptation of process technologies, traditionally 

used in scaffold design and composite technologies, to hydrogel science, also enables peculiar 

transport properties, typical of swollen materials, to be imparted to macroporous scaffolds, thus 

providing the development of porous matrices with tailored pore morphology and controlled delivery 

of molecular signals and drugs. However, an optimal scaffold architecture undoubtedly requires further 

improvements, i.e., by combining the microstructure with the control of surface roughness at the sub 

micrometric scale. At present, a large number of devices already exist in realizing only one of the 

above-mentioned prerequisites. Many emerging process techniques such as stereolithography or 

electrospinning are currently demonstrating their ability to satisfy this major, even essential, challenge 

by the development of multifunctional devices with a fine tuning of all morphological parameters both 

on the macroscale as well as on a micro- and nanolevel. Meanwhile, naturally derived polymers (i.e., 

hyaluronan derivates) have confirmed their potential use in disc regeneration when used in the form of 

injectable systems with or without cell encapsulation by reproducing the gel-like behavior of the 

natural nucleus of the intervertebral disc. However, lack of reproducibility and certain risks related to 

the use of materials from a natural source will impose on scientists the need to investigate new material 

solutions, i.e., synthesis of macromolecules inspired by nature, such as recombinant proteins, in order 

to open new routes in medicine and clinical surgery  
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