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Low back pain (LBP) is an ailment that affects a considerable proportion of the population 

in western industrialized countries. About 60–80% of all people suffer back pain at some 

time in their life. It has become one of the leading causes of disability imposing a 

substantial burden on society [1-3]. While 90% of the population recovers within three 

months, in some patients, chronic back or leg pain leads to long-term physical disability 

and a reduced quality of life.   

Disorders of the intervertebral disc (IVD) are strongly associated with LBP. These small 

discs consisting of a gelatin-like central part named the nucleus pulposus (NP) and a 

fibrous annular ring to hold it in place, called the annulus fibrosus (AF) are responsible for 

the movement and stability of the trunk. During aging and degenerative disease, IVD 

undergoes several changes including disturbance in normal extracellular matrix turnover 

and alterations in cell characteristics such as density, proliferation, or phenotype [4]. 

These changes result in herniation which in combination with nerve root ischemia and 

inflammatory processes are the main cause of low back pain [5]. 

Current treatments for LBP are conservative therapy, nerve decompression techniques, 

spinal fusion and use of permanent biomaterial implants such as disc prostheses [6, 7]. 

Despite their frequent application, these therapies are complicated, not functional and 

merely alleviation of symptoms. As they do not address the underlaying cause of low back 

pain, patients frequently suffer from recurrent low back pain and re-herniation after 

treatments. Therefore, the need for new alternative therapies that helps the IVD to 

regenerate itself or to slow down the degeneration process is obvious. 

New therapeutic strategies for LBP are based on regenerative medicine or repair of the 

IVD using resorbable biomaterials [8]. In regenerative approaches, the aim is to heal the 

disc by reversing the etiology of disc degeneration and promote regeneration of disc 

tissues. Injection of autologous IVD cells or stem cells into the disc to repopulate it are 

examples. Alternatively, the injection of biological molecules such as growth factors to 

promote matrix formation or proteolytic enzyme inhibitors to retard IVD matrix 

degradation has been widely investigated [9]. Although preliminary experiments using 

cells or biological molecules are promising, no lasting positive results have been reported 

up now. Due to the short half-life of biological molecules, the harsh disc environment and 

also the inconsistency of the IVD resulting from tears or fissures in the annulus fibrosus, 

the effect of implanted cells or that of injected stimulatory factors disappear before the 

regenerative processes are completed [10]. To overcome these problems, the use of 

biomaterials offers potential solutions. These biomaterials can facilitate the controlled 

release of biological stimulating factors and prevent leakage of cells and molecules from 

the IVD. Furthermore, they can provide immediate disc augmentation or sealing, and 
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easily be designed to meet mechanobiological criteria required for optimal cell 

differentiation. 

So far, the majority of these researches has focused on the repair and regeneration of the 

NP. Yet the AF with its key determinant roles in determining the outcome of these 

therapies and the development of LBP, has received less attention. 

Compared to the NP, the repair or regeneration of the AF is a much greater challenge. Its 

multi-layered anisotropic fibrillar collagenous structure, its load bearing nature and its 

requirement to contain the NP, adds additional complexity. Although administration of 

biological molecules and cells for AF regeneration hold great promise, especially as 

therapies for symptomatic disc degeneration [11, 12], these therapies are valuable in early 

stages of disc degeneration where the AF still maintains its consistency. When the AF is 

torn or has lost its structural integrity, replacing all or part of the AF with tissue 

engineered AF will provide the required structural mechanical function. Despite the 

numerous studies on the effect of scaffolding materials, scaffolding shapes and cell 

culturing conditions on the in vitro behavior AF cells, to date no studies have 

demonstrated the ability of these strategies to restore integrity of the AF and prevent the 

NP from extruding from the intervertebral cavity. Since tissue regeneration take a long 

time, immediate spinal stability is important. This corroborates the need for approaches, 

which consider sealing the annulus fibrosus and regeneration AF tissue at the same time. 

 

Scope of the studies 
This thesis aims at developing biomaterial-based annular repair concepts for the treatment 

of damaged or diseased AF tissue. In this respect, four different classes of resorbable 

biomaterials, namely, shape memory polymers, injectable and photo-crosslinkable 

macromers, reinforced nanocomposite hydrogels and polymeric tissue adhesives have 

been developed and characterized. In parallel, the potential of these biomaterials for 

closure of annulus fibrosus has been investigated. 

 
Outline of the thesis 
In Chapter 2 the structure of the IVD and role of the AF in development of LBP is 

described. Current and new therapeutic approaches for the treatment of LBP focused on 

AF therapy are explained. In this context, the application of biomaterials in repair, 

replacement, or regeneration of AF in combination with nucleus pulposus therapy is 

reviewed. 

Chapter 3 describes the preparation of a series of shape memory networks based on 

photo-crosslinked poly(D,L-lactide-co-trimethylene carbonate). Network characteristics, 

including physical properties, mechanical properties and shape memory properties are 
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evaluated. Several examples of possible applications of these shape memory materials in 

medicine are illustrated.    

In Chapter 4 the preparation of random-pore biodegradable structures with shape 

memory properties using poly(D,L-lactide-co-trimethylene carbonate) networks is 

described. The characteristic shape memory properties of the structures, such as their 

fixity at a low temperature of 0 oC and their full shape recovery upon heating to 

physiological temperatures, are evaluated. 

In Chapter 5 attention is paid to the preparation of well-defined porous microstructures 

with shape memory properties. These structures are prepared from poly(D,L-lactide-co-

trimethylene carbonate) macromers by stereolithography. Their structural properties in 

their temporary- and permanent shapes were characterized by µCT, their shape fixity and 

recovery has been investigated as well. 

Chapter 6 demonstrates the potential application of biodegradable shape memory 

poly(D,L-lactide-co-trimethylene carbonate) networks as bi-functional AF tissue 

engineering scaffold and AF closure device that can be implanted minimally invasively. 

In the first step, the developed systems were characterized in terms of their shape memory 

properties and their mechanical properties. The ability of these materials to support human 

AF cell in presence and absence of fibronectin is evaluated. The potential of this system as 

an AF closure or restoration device is illustrated in ex vivo experiments with canine 

cadaveric spines. 

Chapter 7 describes the synthesis and application of an injectable and photo-

crosslinkable biomaterial as an annulus fibrosus sealant and scaffolding structure. 

Injectable materials were prepared from triblock copolymers of hydrophilic polyethylene 

glycol with oligomeric trimethylene carbonate segments functionalized with methacrylate 

end-groups that allow (photo)crosslinking. The developed systems were characterized in 

terms of their injectability, curing and solidification time, and their physical- and 

mechanical properties. The potential of this injectable system was evaluated in ex vivo 

experiments using canine cadaveric spines. 

In Chapter 8 the development of soft and tough biodegradable nanocomposite hydrogels 

prepared from polyethylene glycol and poly(trimethylene carbonate) triblock copolymeric 

macromers and nanoclay dispersions is reported. These hydrogels are potentially suitable 

as an AF sealant, a dressing that isolates inflammatory cells or as a NP replacement. The 

physical-, mechanical- and enzymatic degradation properties of these hydrogels are 

discussed. Their biocompatibility, cell attachment together with the in vitro erosion 

behavior using macrophage cells has been described. The feasibility of making well-

defined porous microstructures from these materials by stereolithography is shown. 

Chapter 9 reports on the design of a biodegradable AF closure system comprising a tissue 

engineering scaffold, a supporting patch and an adhesive material. This system not only 

facilitates the attachment of the construct to native AF tissue and restores the function of 

the herniated disc, but also promotes tissue regeneration. The poly(trimethylene 
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carbonate) (PTMC)-based porous scaffolds with precisely defined architectures were built 

by stereolithography. A porous photo-crosslinked PTMC patch was developed that can be 

used to keep the scaffold in place in the AF tissue. The patch and scaffold are glued 

together and to the AF tissue using a diisocyanate glue based on PTMC-PEG-PTMC 

triblockcopolymers. The performance of this system in terms of its adhesion strength was 

evaluated.  
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Introduction 
Low back pain is a disorder that affects a considerable proportion of the population. 

About 60 to 80% of all people suffer from back pain at some time during their life [1]. 

Degeneration of the intervertebral disc (IVD) and disc herniation are two distinct but 

related causes of low back pain. According to imaging- and discographic studies, at least 

40% of patients with chronic low back pain showed characteristics of intervertebral disc 

degeneration (IVDD) [2-4]. IVDD is an aberrant, cell-mediated response to progressive 

structural failure. The etiology of this disorder is unknown [5] but tissue weakening, 

which primarily occurs due to inherited genetic factors, aging, nutritional compromise 

and loading history, is the basic factor causing disc degeneration [6].  

Current treatments of IVDD and low back pain are based on alleviating the symptoms 

and comprises administration of painkillers or surgical methods like spinal fusion, with 

or without discectomy, replacement of the degenerated disc by an IVD- or nucleus 

pulposus (NP) prosthesis, and annuloplasty. None of these methods is completely 

successful. 

The problem of IVDD has been analyzed from many sides, and the scientific literature 

on this subject is particularly diverse. Worldwide, groups dealing with IVDD have 

acknowledged the need for therapeutic alternatives that do not remove or replace the 

IVD but allow it to regenerate [3, 7-12]. So far, the majority of this research has focused 

on the repair and regeneration of the nucleus pulposus, yet limited attention has been 

paid to the annulus fibrosus (AF) although it is a key determinant in the outcome of these 

therapies. The purpose of this review is to highlight the importance of restoring the 

function of the annulus fibrosus by describing its structure and its role in low back pain 

development. Research focused on the repair, replacement or regeneration of the annulus 

fibrosus in combination with restoration of the function of the nucleus pulposus to treat 

low back pain is discussed.  

 

Structure of the intervertebral disc (IVD) 
Intervertebral discs are fibro-cartilaginous tissues that allow motion between the 

vertebral bodies. They transmit load and absorb the shocks that are experienced by the 

spine [13]. Each IVD is composed of three distinct but connected structures: the 

vertebral endplates, the NP and the AF [14, 15] (see Figure 1).  

The vertebral endplates consist of hyaline cartilage (which resembles articular cartilage) 

and occupy the inferior- and superior interfaces between the intervertebral disc and the 

adjacent vertebral bodies. Like in articular cartilage, the parts of the endplates that are 

closest to the vertebral bone are calcified. At the periphery the collagen content is 

greatest, while its center  contains most of the proteoglycans and water. The inner third 

of the annulus fibrosus is directly attached to this cartilage. The endplates are essential to 



 Chapter 2: Closure, repair and regeneration of the degenerated annulus fibrosus 

15 
 

disc function, as for a large part nutrition of the IVD is provided for by diffusion of small 

molecules like oxygen and glucose through the endplates.  

The nucleus pulposus is the gelatinous structure of the disc that is surrounded by the 

annulus fibrosus. It is a highly hydrated aggrecan gel structure composed of randomly 

distributed collagen type II fibrils. It also includes minor quantities of collagen types V, 

VI, IX, and XII. The hydrated aggrecans of the NP provide the disc with the ability to 

absorb and transmit compressive loads acting on the spine. The density of cells in the NP 

is low compared to most other tissues: only 4 × 106 cells/cm3. The function of these cells 

is to maintain the disc structure by predominantly producing type II collagen and 

aggrecan. A healthy NP is not vascularized and not innervated. 

The annulus fibrosus is the tough annular exterior of the IVD, which encases the NP 

and prevents the NP from herniating (leaking out of the disc). The medial and lateral 

borders of the AF taper to a thin, free edge [16]. Water is the main component of the 

annulus fibrosus, accounting for 65-90% of its weight. About 60% of the dry weight of 

the annulus is composed of collagen types I and II, and about 10-20% of its dry weight is 

composed of proteoglycans and other proteins [17, 18]. AF has a cell density of 

9×106/cm3. In contrast to the NP, which has randomly distributed collagen, the AF is 

composed of 15-25 loosely connected concentric rings of highly organized collagen 

fibers (lamellae). These lamellae are thicker towards the center of the disc [19]. In every 

lamella, the collagen fibers lie parallel to each other and are oriented at approximately 

±28 to 43 degrees to the transverse axis. In adjacent lamella they alternate to the left and 

to the right of this axis [19-21]. This alternating orientation in the AF leads to the non-

linear, mechanically anisotropic and viscoelastic characteristics of the disc, which are 

key to its function [22]. Depending on the location, the tensile- and compressive 

modulus of the AF varies between 0.5-29 MPa and 0.5-1.5 MPa respectively [13]. The 

spaces between lamellae are filled with a proteoglycan gel, which binds the collagen 

fibers together. 

The AF is divided into two regions: the outer region, which is a highly organized 

collagenous area, and the inner region, which is a wide transitional area adjacent to the 

NP [15, 16, 19, 23]. The inner lamellae of the annulus attach to the vertebral endplates. 

The outer lamellae blend with the posterior longitudinal ligament, they also insert into 

the vertebral bodies via Sharpe’s fibers [24, 25]. 

IVDs are the largest avascular tissues in the body and, except for the very outer layer of 

the AF, there is no direct blood supply. Nutrition of the disc is based on diffusion of 

nutrients through the subchondral bone and through the endplates of the vertebrae. The 

outer AF cells receive nutrients from blood vessels of the surrounding vascular plexus 

[26]. Nutrients are transported to the disc in different ways [27]. 
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At the same time degeneration of the endplates occurs. As the endplates calcify, 

transport of nutrients, specifically of oxygen and glucose, into the disc is inhibited and 

accumulation of waste products such as lactic acid, which reduces the pH, occurs [33, 

34]. These deficiencies in metabolite transport reduce the number of cells and their 

metabolic activity, resulting in a reduction of extracellular matrix (ECM) synthesis and a 

decrease of the water adsorption capacity of the NP [35]. Dehydration of the NP leads to 

a smaller NP, resulting in a reduced shock absorbance capacity. As a consequence of this, 

loads which would ordinarily be taken up by the NP will be transferred to the AF. This 

altered environment negatively affects AF cell metabolism and structure. The lamellae of 

the AF become irregular and disorganized. The layers become thicker, and increase in 

number in the radial direction [19]. Due to reduced turnover of the matrix, the collagen 

becomes more densely cross-linked and denatured [36]. Degeneration thus leads to 

increased stresses on the AF which cause delamination, ruptures or cracks in the annulus 

fibrosus. Annulus tears are the most common disorders seen by surgeons. These can 

already start to be formed in the second decade of life. Since the outer part of annulus is 

innervated, annular tears (even acute ones) can be painful. In the repair process, 

neovascularization with concomitant ingrowth of nerve endings and granulation tissue 

occurs which leads to discogenic low back pain. Also migration of the nucleus pulposus 

and herniation of the disc as a result of a weakened AF may occur, allowing the NP to 

bulge or leak posteriorly towards the spinal cord and nerve roots. This results in pain 

radiating along a compressed nerve. It should be noted that the pressure that is induced 

by a herniated or bulging disc is not the sole cause of back pain, since a herniated disc 

impinging the nerve root is painless in more than 70% of patients. It is likely that the 

secretion of products that are involved in the inflammation cascade in a torn AF sensitize 

the nerve root or increase the number of innervations, thereby causing pain [30, 37, 38]. 

 
Current treatments to alleviate low back pain in degenerated intervertebral 
discs  
Alleviating low back pain without the use of implants 
 
Treatment of low back pain usually begins with conservative therapies [39] to restore 

motion and relive the pain. Conservative therapies start with rest followed by physical 

therapy [40]. If these methods are not effective in alleviating the pain, pharmacologic 

pain control may be considered. In these cases, where the pain is due to chemical 

radiculitis, a series of analgesics, steroids, non-steroid anti-inflammatory drugs and 

tranquilizers have been used to relive the pain.  

When conservative treatments are not successful in managing pain, such as when there is 

discogenic pain due to an annular defect and innervation, annuloplasty is performed. In 

this minimally invasive method, heat produced by electricity or radio frequency radiation 
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(RF) can strengthen the collagen fibers and seal fissures in a process similar to tissue 

soldering [41]. Furthermore, the applied heat can denature inflammatory exudates, 

coagulate nociceptors and denervate the annulus fibrosus, and thereby reduce pain [42, 

43]. Although annuloplasty offers a therapeutic alternative between conservative therapy 

and invasive surgery, there is no strong evidence regarding its efficiency [44].  

In case herniation or a bulging disc impinges on a nerve root and leads to progressive 

radiculopathy or myelopathy, minimally invasive decompression techniques are 

preferably employed. In case of a contained disc herniation impinging on a nerve, 

nucleoplasty in which radio waves break up nucleus material can be successful [45]. 

This will release pressure on the outer annulus fibrosus allowing the disc to return to 

normal size, thereby decompressing the nerve. Laminectomy or laminotomy procedures 

aim to remove the pressure on the spinal nerve by excision of ligaments and bone, while 

in discectomy procedures (part of) the nucleus pulposus is removed.  

In a discectomy procedure the annulus fibrosus is perforated and damaged. No new AF 

tissue is formed, and the opening remains open or closes with the formation of scar 

tissue. This not only makes the disc prone to reherniation, but can also promote 

degeneration and irritation of nerve endings in the outer annulus fibrosus. Suturing is 

currently the most often used method to close the annulus fibrosus, but the method is far 

from ideal: access to the AF is restricted and suturing is difficult and therefore often not 

as effective as could be wished for. The punctures and small tears  resulting from the 

suturing make the disc susceptible to re-tearing, and even after decompression of the 

nerve the small fissures in the AF may continue to cause pain. The normal biomechanics 

of the disc and vertebra are not restored and the degeneration process can be accelerated 

in ensuing years.  Furthermore, sutures do not hold in degenerated AF tissue.  It is clear 

that there is great need to not only close and seal the annulus fibrosus, but also to 

promote healing by formation of new AF tissue. 

A last measure for patients suffering from low back pain due to breakdown of the 

annulus fibrosus and spinal instability is spinal fusion. Here motion between the 

vertebrae is prevented by use of a bone graft to fuse the vertebrae [46]. Although it is 

effective in relieving low back pain, with a success rate of 32 to 98%, the method has 

several shortcomings: changes in the biomechanics of the disc and accelerated 

degeneration of neighboring disks, donor site morbidity and spinal stenosis [47].  

 

Alleviating low back pain and restoring function using permanent structural 

implants 
The described decompression and fusion techniques yield relatively good short-term 

clinical results with regard to alleviating pain, but do not restore the biomechanics of the 

spine. This can lead to further degeneration of the surrounding tissues and neighboring 

discs. Artificial discs have been developed that not only relieve the pain but also 
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maintain the function of the spine. Although their implantation is an invasive surgical 

procedure, total disc replacement may be necessary in case of severe disc degeneration 

[48]. The entire diseased disc is removed and replaced with a prosthesis prepared from a 

variety of biomaterials (metals and polymers). Examples of such permanent implant 

devices are the Prodisk, SB Charité disc, Maverick, Flexicore, Cadisc™-L and Acroflex 

artificial discs. Although preliminary results using these artificial discs are promising, it 

may take several years to evaluate whether the long-term benefits of total disc 

replacement justify the additional risks inherent to their implantation. 

For patients with an early diagnosis of intervertebral disc disease, where the annulus 

fibrosus has not significantly degenerated, replacement of the NP can be a very effective 

and much less invasive method to alleviate symptoms related to the disease [49]. In fact, 

removal of the disc material and filling of the disk cavity with synthetic nucleus 

pulposus material could restore the function of the disc. Restoration of disc 

biomechanics can be achieved either by insertion of a load bearing material with high 

compressive resistance or filling of the disc with a larger volume of softer material [50]. 

This pressurizes the intervertebral disc, restores the natural length of the AF, and 

decompresses the painful nerve. Furthermore, restoring the disc height reduces the 

compressive forces on the facet joints of the vertebra and most of the load can be 

transferred through the disc to the spine again [51].  

Regarding the uptake of water and the expulsion of fluids in response to load, hydrogels 

have similar properties as the nucleus pulposus. They have therefore been widely studied 

as materials with which to replace the NP. Hydrogels can be implanted into the disc 

space either as preformed structures or as in situ curing hydrogels [52]. Other materials 

besides hydrogels, such as injectable fluids, ceramics and polyurethane elastomers, have 

been investigated for use as NP prostheses as well. Although NP replacement is 

potentially very effective in reducing lower back pain and restoration of disc function, 

there remain many challenges. Some of the encountered complications arise from the 

need for precise matching of the final size and shape of the implant within the disc cavity, 

and migration, failure and dislocation of the device.  

The closure of annulus fibrosus tears is of significant importance, as pathological 

observations and experimental studies have shown that annular tears occurring in the 

early stages of disc degeneration are associated with more rapid degenerative changes of 

the other components of the intervertebral disc [53, 54]. Additionally, successful 

performance of a nucleus pulposus implant very much depends on its confinement by the 

annulus fibrosus. If the AF cannot secure the NP prosthesis, it will be expulsed and no 

biomechanical benefit can be expected. As mentioned before, tears and fissures in the 

AF can be the cause of pain even in the absence of a herniation.   

Current permanent annulus fibrosus closure methods consist of mechanical solutions to 

reinforce the annulus and simultaneously seal it (Table 1). At present, commercially 



 Chapter 2: Closure, repair and regeneration of the degenerated annulus fibrosus 

20 
 

available implants for closing a torn AF include Inclose© and Xclose©. These permanent 

implants make use of tension bands that are held in place with tissue T-anchors. All 

components of these systems are made from polyethylene terephthalate (PET) meshes. 

Barricaid© is another commercially available implant used in conjunction with 

discectomies that forms a strong and flexible mechanical barrier that closes the defect. 

This product is also made from PET and a titanium bone anchor [55]. Recently Bron et 

al. investigated the use of barbed plugs made of polyethylene as annulus closure devices. 

However, the efficacy of these systems to contain a collagen NP replacement was 

compromised due to a mismatch of the mechanical properties of the device and the AF 

tissue [56]. 

Despite that the above-mentioned approaches show promising results regarding closure 

of the annulus fibrosus, recurrent disc herniation frequently occurs. This is one of the 

most common causes of repeated back pain, with the majority of events occurring at the 

same site and level as the previous herniation [57-59]. Furthermore, there are concerns 

regarding the long-term consequences of implanting artificial materials within the 

intervertebral disc as it is subjected to temporal biological and biomechanical changes. 

 
Alleviating low back pain by intervention in the inflammation process using 
biomaterials  
In many patients, low back pain originates from the chemical sensitization of sensory 

nerve fibers of the disc which is induced by the inflammation caused by annulus tears, 

nucleus pulposus herniation and later by the trauma of the surgical procedure for 

removal of a herniated NP [60]. A mechanical barrier that separates the annulus fibrosus 

from adjacent structures in the epidural space can protect sensory fibers from cellular 

and biochemical pain mediators, thereby alleviating low back pain [61]. In particular, 

hydrogels seem to be of interest for this application. They can be easily formulated into a 

liquid and applied in a minimally invasive manner to cover the tissue and isolate the 

nerves roots from pain mediators. Hydrogels based on carboxymethylcellulose (CMC), 

polyethylene oxide (PEO) and hyaluronan have been used for this application [62, 63]. 

Especially interesting are the intrinsic anti-inflammatory properties of hyaluronan that 

prevent the migration of inflammatory cells into the disc [64]. A clinical feasibility study 

showed that after discectomy surgery patients had significantly reduced symptoms 

compared with controls when treated with these hydrogels [62]. 
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be classified as: cell-based therapies, therapies based on the use of biological molecules, 

therapies based on the use of biodegradable scaffolds together with cells and/or 

biological molecules or gene therapy [3, 7, 8, 66-68]. The choice of each therapy as a 

regenerative approach for IVD repair depends on the grade of degeneration of the IVD. 

These strategies and their suitability for treating discs with different extents of 

degeneration are discussed below. 

 

Use of biologically active molecules to regenerate degenerated IVD tissue 
Annulus fibrosus and nucleus pulposus cells are involved in the turnover of extracellular 

matrix components such as collagen and proteoglycans. Biologically active molecules, 

such as cytokines, enzymes, enzyme inhibitors and growth factors, play an active role in 

IVD homeostasis and maintain a balance between anabolic- and catabolic process in the 

disc [69-72].  

For example, enzymes such as cathepsins, metalloproteinases (MMP), disintegrin-like 

and metalloproteinase with thrombospondin motifs (ADAMTS) and aggrecanases, are 

able to break down the different molecules in the extracellular matrix while cytokines 

and growth factors have a regulatory effect on the function and production of MMP and 

ADAMTS [71]. A misbalance between the catabolic and anabolic processes will result 

in disc degeneration. The rationale behind the administration of biological molecules is 

to alter the balance between the synthesis of extracellular matrix and its degradation in 

favor of tissue synthesis. Fortunately, the avascular, aneural and alymphatic structure of 

the intervertebral disc makes it an ideal structure for the delivery of therapeutic 

compounds and growth factors to reverse the changes in the ECM of the diseased IVD 

[73]. 

The first use of biological molecules for IVD repair was reported by Thompson and 

Oegema et al. who exposed Insulin-like growth factor-I (IGF-1), Epithelial growth factor 

(EGF), fibroblast growth factor (FGF) and transforming growth factor-beta (TGFβ) to 

canine AF and NP cells [73]. It was seen that EGF and TGFβ can enhance cell 

proliferation and (glycosaminoglycan) GAG production in annular cells. Since that time, 

many researchers have investigated the effect of biological molecules to prevent or 

reverse the changes in the disc ECM [74-76]. Miyamoto showed that intra-discal 

injection of osteogenic protein-1 (OP-1) significantly increased the proteoglycan (PG) 

content in the NP and AF and even resulted in disc biomechanics restoration [77]. 

Biological molecules has been used for alleviation discogenic low back pain as well. 

Ohtori et al. reported that injection substance P-saporin into the innervated murine disc 

decrease the extent of disc innervation [78]. In Table 2, candidate molecules which can 

be used to balance the synthesis of extracellular matrix and its degradation are shown. 

There is compelling evidence for the feasibility of using these molecules to manipulate 

the degenerative process in intervertebral disc disease [79].  
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Table 2. Biologically active molecules involved in anabolic- and catabolic processes of the 

extracellular matrix of the intervertebral disc (IVD) 

 

 

TIMP: Tissue inhibitor of metallo-proteinases ; TNF: tumor necrosis factor ; MMP: 

matrix metallo-proteinase; IGF: insulin-like growth factor; PDGF: platelet-derived 

growth factor; EGF: epithelial growth factor; FGF: fibroblast growth factor; NGF: nerve 

growth factor; TGF: transforming growth factor ; BMP: bone morphogenetic protein ; 

OP: osteogenic protein; GDF: growth differentiation factor; Sox: Sex determining region 

Y-box  ; LMP: LIM mineralization protein. 
 

The delivery of the mentioned biological factors will only be effective when healthy or 

metabolically impaired cells exhibiting early degenerative changes are present in the disc 

[82]. In the absence of functional cells, no therapeutic effect will be obtained. 

Furthermore, these peptides have a short half-life in the body, and continuous 

administration may be required for maximum benefits. 

 

Cell-based therapies to regenerate degenerated IVD tissue 
In the degenerated disc, where existing cells do not respond to any biological stimuli, or 

intrinsic repair capacity has been hampered by inflammatory and catabolic processes, 

transplantation of healthy or genetically manipulated cells into a degenerated IVD 

should partially or fully restore the function of the degenerated disc. 

Biologically active 

molecules 
Examples Role 

Catabolic enzyme 

inhibitors 

TIMP-1, -2, -3, anti-

TNF-alpha antibodies 

and anti-MMP 

antibodies [80] 

 

Inhibitory effect on degradative enzymes or 

factors initiating disc degeneration like 

MMPs, IL-6 or TNF-alpha 

Mitogens IGF-1, PDGF, EGF, 

FGF and NGF 

Stimulate the proliferation, differentiation 

and migration of cells and the production of 

ECM 

 

Morphogens TGF-beta, BMP-2, 

BMP-7 (OP-1), BMP-

13, GDF-5 

Major role in differentiation of cells, do not 

necessarily increase their proliferation rate 

 

Intracellular regulators Link N, the SMADs, 

Sox9 and LMP-1 

Function downstream of the 

abovementioned  molecules and also control 

cellular differentiation [81] 
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The newly transplanted cells should produce proteoglycans, collagen and other matrix 

components in abundant quantities. At the same time, their transplantation can slow 

down the disc degeneration process and even lead to regeneration of the disc. The 

anatomical and molecular structure of the IVD may favor cell transplantation. As the NP 

is enclosed by the AF and the endplates, cell migration upon transplantation is 

minimized. Additionally, this contained structure and its avascularity is thought to limit 

the immune response following cell transplantation. For this reason, even allogeneic or 

cells from different area can be used for transplantation. 

The surviving implanted cells in the NP should produce large amounts of proteoglycans 

to increase the water-binding capacity of the gel. It has been estimated that the period of 

time required for one million cells to produce sufficient proteoglycans for a NP was 3 to 

5 years [83]. Therefore, cell therapy will not be effective for patients with a mild to 

moderate degree of intervertebral disc degeneration. 

Therapeutic approaches to repopulate the intervertebral disc with cells, have focused on 

using autologous or allogeneic NP cells, bone marrow- or adipose tissue derived stem 

cells, or other cells similar to IVD cells such as chondrocytes. In Table 3 an overview of 

the different cell types that have been transplanted into the disc and the advantages and 

disadvantages of their use is given. Although in animal models the feasibility and the 

effectiveness of cell transplantation of NP cells is well documented, [84-88] an in vivo 

study on cell delivery to the degenerated AF cannot be found in the scientific literature. 

Among the different potential cell sources available for cell therapy, mesenchymal 

stromal cells (MSC) are a very attractive cell source to use in restoring the normal 

cellular constitution of the degenerated disc. In contrast to the needed differentiated 

autologous- or allogeneic cells which are not usually available in sufficient amounts or 

in a healthy state, MSCs are readily available. These cells can be differentiated into the 

required AF or NP cells. Several factors, such as the administration of cytokines, the 

application of external (e.g. mechanical) forces and the co-culturing with differentiated 

cells can determine the fate of the stem cells [9, 89, 90]. Numerous research reports 

aimed at increasing the cell population in discs using stem cells have been published [91-

94]. Ho et al. showed that injection of MSCs into a punctured annulus fibrosus 

significantly reduced the degeneration process [89, 95, 96].  

The major difficulty in these cell therapies is the fact that most MSCs do not survive 

transplantation. In contrast to autologous NP or AF cells which are accustomed to 

hypoxic conditions and low exchange rates of nutrients and metabolites, mesenchymal 

stem cells cannot stand these harsh conditions for long times. Of the transplanted MSCs, 

80-90% will die within 5 days. At best, their transplantation will lead to a trophic effect: 

when dying the cells will excrete a large number of chemokines, cytokines, growth 

factors, etc. which will stimulate endogenous cells to infiltrate the tissue. These 

infiltrating cells will either promote the regeneration of IVD tissue or the production of 
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scar tissue [102-105]. The current lack of unique molecular markers with which to 

characterize the different IVD cells and the uncertainty regarding the final phenotype of 

the cells, as well as the individual variation of the quality of the MSCs and the 

characteristics of the MSC in the harsh conditions of the IVD, bring additional 

complexity. 

 

Table 3. Different cell types and -sources used for direct transplantation into the degenerated IVD. 

 

For these reasons, combining cell transplantation methods with the delivery of drugs, 

cytokines or growth factors, or tissue engineering approaches using biodegradable 

scaffolding materials and annulus fibrosus closure devices may offer advantages when 

compared to the transplantation of cells alone. 

An approach to circumvent the existing limitations associated with protein delivery is 

gene therapy. Gene therapy strategies offer the opportunity for the sustained expression 

Cell type Advantages Disadvantages 

Autologous 

NP or AF 

cells 

 

No immune response 

 

Not available in sufficient amounts and healthy 

state  

esp. for NP [34, 97-99]. 

Phenotype change upon expansion in monolayer 

culture [74, 100]. 

Additional surgery required to obtain NP or AF 

cells 

Risk of disc degeneration upon harvesting  NP or 

AF cells [101] 

Allogeneic 

NP or AF 

cells 

No or minimal 

immune response 

Healthy cells available 

Limited availability of allogeneic human NP or 

AF cells  

Risk of disc degeneration upon harvesting NP or 

AF cells  

Autologous 

stem cells 

Available in sufficient 

amounts 

No immune response 

Lack of definitive phenotype markers for NP or 

AF cells 

Allogeneic 

stem cells 

Off the shelf 

availability 

No or minimal 

immune response 

Lack of definitive phenotype markers for NP or 

AF cells 

Chondrocytes 
Available in sufficient 

amounts 

Difference in phenotype compared to NP or AF 

cells 
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of synthetic proteins in the disc in order to augment the anabolic functions or decrease 

the catabolic processes. 

Gene therapy can restore the production of a protein that is absent or deficient by 

introducing a functional gene into the target cell [106, 107]. The unique biology of the 

intervertebral disc may favor gene therapy. The isolated disc environment and its relative 

avascularity not only may prevent leakage of the contents of the disc but also protect the 

contents from the immune response that can affect most transgenic expression in other 

tissues [108]. Gene therapy can be done in vitro by transient or permanent transfection 

followed by implantation of the transfected cells into the IVD (ex vivo approach) or by in 

vivo injection of vectors for transfection of preferably healthy cells [24, 109]. Genes that 

have been used in in vitro and in in vivo studies, include those coding for TGFβ1, for 

bone morphogenetic proteins (BMP) -2, -7 and -12, for LIM mineralization protein-1 

(LMP1), for the transcription factor for Type II collagen, Sex determining region Y-box-

9 (SOX9) and for the tissue inhibitor of metalloproteinase-1 (TIMP1)[10]. The 

effectiveness of gene therapy for AF defects repair has been shown in literature. For 

example Zhang et al. Showed that bovine AF cells AF cells were transduced with 

different BMPs and SOX9 can stimulate proteoglycan and/or collagen accumulation in 

AF cells [110]. 

Despite the recent advances in molecular biology that have facilitated the clinical 

application of gene therapy for IVD repair, significant work remains to be done to clarify 

the optimal doses and methods of delivery, and the safety of gene therapy in vivo [111]. 

 

Tissue engineering of the intervertebral disc (IVD) 
Use of biodegradable polymeric biomaterials in regenerating degenerated IVD 

tissue  

An alternative approach to overcome the problems associated with biological molecule- 

and cell delivery strategies is applying these strategies in combination with 

biodegradable (polymeric) biomaterials. Such materials can be used for controlled 

release of cells and biologically active compounds, and also as three-dimensional tissue 

engineering scaffolds or matrices that lead to new tissue formation and restore disc 

function. In NP- and AF tissue engineering the final goal is to achieve biomechanical 

stability of the disc in the short term and the formation of new tissue in the long term 

utilizing scaffolding materials in combination with cells, signaling molecules, or both. 

The scaffolds do not only play a significant role as a functional template to guide the 

cellular remodeling process, supporting the delivery of biological molecules and cells, 

they also can ensure closure of a defect and immediate restoration of biomechanical 

function. In the following paragraphs, tissue engineering of the IVD with special focus 

on the annulus fibrosus will be elaborated upon.   
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Nucleus pulposus tissue engineering 

In tissue engineering of the IVD, nucleus pulposus tissue engineering has received most 

attention in literature. This is probably due to the key role of NP in the cascade of the 

IVD degeneration and in the development pain. It has often been postulated that 

regenerative treatment of the NP in early stages of disc degeneration, where the NP is 

dehydrated but the AF is still relatively unaffected, may limit further degeneration of the 

annulus fibrosus or prevent it altogether. 

Implantation of biomaterial structures containing cells or biological molecules is an 

effective way to restore the disc volume, while simultaneously promoting NP 

regeneration. Due to the close resemblance of hydrogels with the nucleus pulposus, a 

wide range of (mostly natural) hydrogels has been used for the engineering of the 

nucleus pulposus. These hydrogel materials include alginate, chitosan, gelatin, collagen 

or collagen combined with glycosaminoglycans or hyaluronic acid and poly(L-lactic acid) 

[112]. Hydrogels stimulate the synthesis of ECM in the NP by providing a 3D 

environment that mimics the natural ECM. Alginate hydrogels have been shown to be 

useful 3D matrices for in vitro NP tissue engineering [113]. The success of NP tissue 

engineering strategies is very much dependent the presence of functional AF tissue that 

can withstand the swelling pressure of a restored NP. However, in a torn or degenerated 

annulus fibrosus containing fissures, the high disc pressures and the soft consistency of 

the hydrogel-cell suspensions usually result in their extrusion through the AF [114]. This 

emphasizes the need for a functional annulus fibrosus closure device or a mechanically 

stable tissue engineered AF tissue when tissue engineering the nucleus pulposus.  

 

Annulus fibrosus tissue engineering 
In the absence of a supporting scaffold, repair is limited to the outer layer of the annulus 

fibrosus. Hereby AF tissue is replaced with connective tissue that has inferior 

mechanical properties compare to the native AF tissue [115]. Replacement of defected or 

degenerated AF tissue with engineered AF tissue restores the biomechanics of the disc 

by confining the NP. Compared to NP tissue engineering, AF tissue engineering is more 

sophisticated and demanding. Its load bearing nature and the highly organized structure 

of the AF, which is essential to be able to perform its biomechanical function, make this 

tissue engineering strategy challenging.  

 

Biodegradable polymeric biomaterials used in annulus fibrosus tissue engineering 

Several common polymeric biomaterials including synthetic and natural polymers have 

been used in AF tissue engineering (see Table 4). The choice of scaffolding materials 

used in AF tissue engineering is determined by the physico-mechanical properties of the 

AF. While hydrogels are much used as scaffolding structures in nucleus pulposus tissue 
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engineering, the biomaterials used to fabricate annulus tissue engineering scaffolds are 

much tougher and stronger. 

Polyglycolic acid, polylactic acid, and glycolide and lactide copolymers have been often 

used in AF tissue engineering applications as these polymers degrade by hydrolysis of 

the ester bonds. Mizuno et al. seeded polyglycolic acid and polylactic acid scaffolds with 

ovine annulus fibrosus cells [116, 117]. After 12 weeks subcutaneous implantation in 

athymic mice, the gross morphology and histology of the engineered discs strongly 

resembled that of native intervertebral discs. However, due to the avascular nature of the 

AF, the removal of the acidic degradation products of these polymers is not facilitated. 

An acidic environment is not only favorable for disc proteinase-like aspartate- or 

cysteine proteinase, which both contribute to matrix degradation, but is also detrimental 

for AF cells [17]. To control acidity, Helen et al. prepared composite scaffolds from 

poly(D,L-lactic acid) (PDLLA) and Bioglass [118]. In this manner the acidic PDLLA 

degradation products were buffered by the ionic dissolution products of the Bioglass. In 

addition it was found that bioactivity of the scaffolds was enhanced when compared to 

controls without Bioglass. 

Human AF cells cultured on composite PDLLA/bioglass scaffolds had a greater ability 

to deposit collagen and proteoglycan  after 4 weeks of culture. 

Another biodegradable polymer that has been used to prepare AF tissue engineering 

scaffolds is poly (-caprolactone) (PCL). PCL also degrades by hydrolysis of ester 

linkages, in this case very slowly. It combines good mechanical properties with facile 

thermoplastic processing. In AF tissue engineering, PCL has been often used to prepare 

scaffolds that mimic the morphological and mechanical features of the annulus fibrosus 

by electrospinning methods [22, 119, 120]. Nerurkar, et al. reported the ability of 

electrospun PCL scaffolds that mimicked the multi-lamellar architecture of the native 

AF tissue to direct the deposition of an organized, collagen-rich extracellular matrix by 

seeded MSCs after 10 weeks of in vitro culture. 

Although most of the synthetic polymers used in AF tissue engineering have good 

mechanical properties, they often lack the flexibility and elastic properties that are 

required for the movement of the disc and the protection of the NP. In their search for 

suitable AF scaffolding materials, Wan et al. developed biodegradable poly(1,8-

octanediol malate) and poly(-caprolactone triol malate) polymer networks. The 

deformability of the materials, which is essential for restoration of the biomechanical 

properties of the spine, could be adjusted by controlling the post-polymerization time 

[121, 122]. 

The interest in the use of biodegradable polyurethanes as tissue engineering scaffolds has 

much increased. By appropriate selection of intermediates, it is possible to synthesize 

polyurethanes with a broad range of mechanical, biological, and physical properties. 

Whatley reported on the properties of 3D printed AF tissue engineering scaffolds 
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prepared from biodegradable lysine diisocyanate and poly(-caprolactone) polyurethanes. 

The viability of chondrocytes on these materials was very good [123]. Yang et al. has 

investigated the effect of surface energy on AF cell attachment and proliferation. They 

incorporated various amounts of an anionic dihydroxyl oligomer (ADO) containing two 

terminal hydroxyls and pendant carboxylic acid groups into polycarbonate urethane. 

Scaffolds containing higher amount of ADO showed more collagen accumulated on 

scaffolds suggesting that surface energy influences AF cell attachment and collagen 

production [124]. 

While most synthetic polymeric biomaterials used in AF tissue engineering are 

biologically inert,  natural polymers show good cell compatibility and promote cell 

adhesion. Therefore, many AF tissue engineering structures have been prepared from 

natural polymers. These include collagen, chitosan, hyaluronic acid, fibrin, alginate and 

silk. As the annulus fibrosus mainly contains collagen, it can be expected that an ideal 

scaffold should be based on collagen. Neat collagen or chemically modified collagen 

alone or combined with glycosaminoglycans or hyaluronan have been used in AF tissue 

engineering [125-130]. In these studies collagen has been shown to support AF cell 

adhesion and proliferation and enhance proteoglycan synthesis. Also its ability to self-

assemble into fibrillar hydrogels make collagen type I an attractive material for AF 

tissue engineering. Bowl et al. used these collagen gels prepared by physical 

fibrillogenesis to culture sheep AF cells. They observed that the AF cells could be 

elongated between and in parallel to the collagen fibrils. Their alignment and spindle-

shaped morphology was similar to that observed in the IVD. [130]. 

Several other natural biopolymers such as chitosan and alginate have been used to 

prepare AF tissue engineering scaffolds [116, 131]. However, these materials are usually 

not strong enough to sustain the high circumferential, longitudinal and torsional stresses 

occurring in the IVD. Moreover, AF cells were found to lose their phenotype and 

become like NP cells when cultured in soft hydrogels such as alginate, agarose or 

chitosan [127, 132]. 

Of the natural biopolymers, the use of silk may be advantageous as it is the strongest 

known natural fiber. Chang et al. seeded bovine annulus fibrosus cells on porous silk 

tissue  engineering scaffolds. They observed attachment and proliferation of AF cells on 

the scaffolds and the synthesis of extracellular matrix [133]. 

Currently no polymer has established itself as the material of choice for preparing 

annulus fibrosus tissue engineering scaffolds. Morever, the choice for a scaffolding 

material will likely depend on the extent of degeneration of the AF and the persued 

tissue regeneration strategy.  
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Table 4. Synthetic and natural polymeric biomaterials, matrices and scaffolds used in the 

engineering of annulus fibrosus tissue 

 

Material 
Processing 

technique 
Origin 

Inject

able 

(y/n) 

Mechanical 

characteristic

s 

Tissue 

integr

ation 

Cell 

adhesion 

Refer

ence 

Alginate 

Hydrogel 

crosslinked 

with Ca2+ ions 

 

Natural 

 

No 
Poor 

 

No 

 

No 

[134, 

135] 

Collagen 
Freeze-drying 

Crosslinking 

 

Natural 

 

No 

Dependent on 

degree of 

crosslinking 

 

Yes 

 

Yes 
[136] 

Small 

intestine 
 Natural No  Yes Yes [137] 

Poly(glyc

olic acid) 

Non-woven 

mesh 
Synthetic No 

High 

modulus, 

5-6 GPa 

No No [117] 

Chitosan 
Thermo-

gelling 
Natural Yes  No No [132] 

Poly(- 

caprolacto

ne) 

Electro-

spinning 
Synthetic No 

Modulus 

300 MPa 
No No [120] 

Poly(D,L-

lactic 

acid) 

Thermally 

induced phase 

separation 

Synthetic No 

High 

modulus, 

2 GPa 

No No [118] 

Poly(octa

ne diol 

malate) 

Crosslinking 

Salt-leaching 
Synthetic 

 

No 

Low modulus, 

15 MPa 
No 

 

No 

 

[121] 

 

Silk Salt leaching Natural No High modulus No Yes [138] 

Polycarbo

nate 

urethane 

Electro-

spinning 
Synthetic No Tunable No No [124] 

Fibrin 

Solvent 

casting 

Gelation 

Natural Yes Poor Yes Yes [139] 

Polyamide 
Electro-

spinning 
Synthetic No Tunable No No [140] 
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Annulus fibrosus tissue engineering matrices and scaffolds 

In early stages of intervertebral disc degeneration, where loss of extracellular matrix 

material is minor and the annulus fibrosus is relatively unaffected, injectable matrices 

that gelate and solidify after injection can be used to fill the disc cavity and to deliver 

biological molecules or cells. The intervertebral disc and articular cartilage share several 

features, and lessons can be learnt from the more established field of cartilage tissue 

engineering [141]. A critical issue in AF tissue regeneration is the ability to be able to 

reconstruct the highly oriented laminar structure with alternating orientation of the AF. 

Unlike the large number of studies that have investigated the delivery of proteins and 

cells for AF treatment, the number of studies on the feasibility of using injectable 

matrices to deliver relevant cells to the annulus fibrosus is limited. Contracting collagen 

gels have been partly successful in mimicking the layered structure of the AF.  Bowles et 

al. reported on injectable collagen gels seeded with ovine annulus fibrosus. Although 

their preliminary results were successful in aligning the collagen in the circumferential 

direction, it was not possible to mimic the alternating angles of orientation of the fibers 

in adjacent lamellae [130]. At more advanced stages of degeneration of the IVD when 

structural changes are more significant, the implantation of fabricated scaffolds seeded 

with cells and/or loaded with biologically active molecules should be considered. 

Scaffolds with well-defined pore structure, pore distribution and texture for promoting 

cell adhesion can be designed and prepared. In AF tissue engineering, a variety of 

techniques that include freeze-drying and salt leaching have been employed for the 

preparation of scaffolding structures with random pore network characteristics [87, 121, 

122, 142]. In vitro culturing studies of AF cells seeded on these polymer scaffolds have 

been much investigated. Such studies report on the optimization of scaffold pore 

properties for maximum cell attachment and proliferation. Chang et al., for example 

demonstrated that in silk scaffolds an average pore size of 600 µm resulted in the most 

uniform AF tissue distribution with the greatest amount of type I collagen formation 

[138]. 

Although the AF has a complex anisotropic structure that is key to its functional 

performance, few studies have investigated the effect of the anisotropy of the scaffold 

pore network in AF tissue engineering [22, 119, 120]. Wan et al. combined ring-shaped 

demineralized bone matrix gelatin (BMG) with a concentrically oriented sheet made 

from poly(-caprolactone triol malate) to replicate the laminar structure of the AF. This 

scaffold supported the growth of rabbit chondrocytes, as well as the production of 

collagen type II [122]. Nerurkar and colleagues reported on the performance of 

electrospun nano-fibrous scaffolds that mimicked the layered and angled structure of the 

annulus fibrosus. Although the mechanical properties were similar to that of the AF, 

tissue integration and supply of nutrients to the cells are yet to be considered [119]. 

Nonetheless, these scaffolds continue to be optimized [143-145]. 
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Despite the large interest in AF tissue engineering using scaffolds, strategies for their 

incorporation and fixation to the IVD tissue, and thus for true clinical application, are not 

yet well developed.  

 

Challenges in tissue engineering the annulus fibrosus 
There are many challenges still remaining in tissue engineering of the intervertebral disc 

and annulus fibrosus tissue  [83] (see Table 5). The AF is isolated from the systemic 

circulation, transport of nutrients is limited, it has abundant extracellular matrix and a 

low cell density. Although its complex and anisotropic structure allow it to withstand 

high dynamic loading, this structure is difficult to mimic.  

The low number of cells in the AF and their advanced stage of senescence exclude AF 

cells as a suitable source of cells for seeding scaffolds. Mesenchymal stromal cells 

require nutrients and oxygen, and will most likely die within a few days after 

implantation. These cells themselves will not contribute to the development of new 

tissue, but will at best have a trophic effect. Furthermore, the healing potential of the AF 

is low. Most of the intrinsic healing of the AF occurs in its outermost borders[115, 154-

156]. A thin fibrous tissue is then formed that is not as strong as the uninjured disc and 

does not have the regular angle-ply, laminate structure. In the absence of the proper, AF-

like structure to provide the critical mechanical properties to the tissue [153], this new 

tissue is not expected to last very long [157]. Unfortunately, it is not yet possible to give 

the newly formed tissue the opportunity to mature with only limited loading and 

regenerate the AF, a therapy that appears very promising for other osteoarthritic joints 

[158]. Finally, the poor healing potential also negatively affects the repair of tears caused 

by sutures or a surgical incision, making the disc highly susceptible for re-tearing. 

 

Non cell-seeded scaffolding- and support structures allowing immediate 
closure of the AF 
Although tissue engineering using resorbable biomaterial scaffolds in combination with 

cells and/or bioactive factors has allowed the generation of annulus fibrosus tissue, no 

studies have yet demonstrated the ability to restore AF integrity which could prevent the 

extrusion of the nucleus pulposus (or NP prosthesis) from extruding from the 

intervertebral disc cavity. As spinal stability is important in the clinical setting, 

approaches that allow immediate closing of the annulus defect and at the same time 

allow the generation of a functional annular tissue are much needed. 
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Table 5. Difficulties and challenges in tissue engineering the annulus fibrosus. 

 
Porous scaffolding- and support structures  
Porous resorbable patches or barriers, used in combination with sutures or adhesives, 

have been employed to prevent migration of the nucleus pulposus of the disc through an 

annulus fibrosus tear. These cell-free implants will recruit relevant differentiated cells or 

progenitor cells residing in the surrounding environment leading to the formation of a 

repair tissue. The feasibility of such an approach in restoring intervertebral disc function 

was shown by Abbushi et al. [159]. Hegewald et al. introduced a cell-free annulus 

fibrosus sealing barrier based on poly(glycolic acid) patch and hyaluronan, which was 

Difficulties and challenges 

Sources of cells  

Limited sources of  human cells due to the unavailability of healthy tissue [146, 147] 

Biopsies taken from healthy AF do not contain sufficient cells [17] 

Risk of damage to AF during biopsy [148] 

Difficulty distinguishing inner- and outer AF cells [8] 

Difficulties in cell culturing. Loss of cell phenotype in 2D cell culture, and the requirement for 

specific media and culturing conditions like pressure or tension [89, 149-151]. 

Lack of suitable cell markers for AF cells [152] 

Poor survival of transplanted cells [102, 105] 

Tissue engineering scaffolds 

Requirement of antistrophic physical and mechanical characteristics mimicking the healthy AF 

[153] 

Requirements change with extent of disc degeneration  

Limited integration with native AF tissue 

Conformation to the site of implantation, which hinders implantation and restricts implant 

geometry  

Providing an aqueous media for cell survival, while simultaneously maintaining mechanical 

properties 

Need to promote cell attachment and provide signals for normal cellular activity in the AF ECM 

Wish for radio-opacity to allow medical follow-up 

Method of surgical implantation or injection 

Anatomy and physiology 

Avascularity of the tissue 

Limited nutrient transport and waste disposal 

Low healing potential 

Low cell numbers 

Lack of an animal model of the human degenerated IVD 
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sutured in a microsurgical procedure to the inner wall of the annulus fibrosus defect 

using an inside-out technique. It was reported in these preliminary studies, that this 

approach could restore the biomechanical behavior in flexion and extension [160]. 

We have reported on a biodegradable annulus closure device with shape memory 

properties prepared from lactide and trimethylene carbonate networks. The implant is 

introduced into the disc through the annulus defect in a compressed form, upon heating 

to body temperature the shape of the implant changes to seal the defect from the inside 

of the AF and prevent extrusion of the nucleus pulposus (prosthesis). Excellent 

compatibility of these implants with human annulus fibrosus cells was observed. Ex vivo 

studies using canine IVDs, however, showed that optimization of the implant geometry 

was necessary for optimal performance [161].  

 
Adhesive materials and glues 
In closing the annulus fibrosus after a discectomy or herniation, sutures are often 

employed. It would be of great importance to the clinician if a resorbable glue could be 

used for this to prevent early re-herniation, and in the longer term to reduce disc 

instability by keeping the nucleus pulposus contained. This glue could also be used for 

the fixation and later integration of AF scaffolding- and support structures with native 

tissue. Heuer et al. reported on the use of biodegradable fibrin- and cyanoacrylate glues 

in combination with sutures to close the opening in the annulus fibrosus after insertion of 

collagen NP prostheses into bovine lumbar discs [162]. According to their observations 

in fatigue testing, closing the annulus incision with sutures only or with sutures and 

fibrin glue was not successful. The performance of the cyanaoacrylate glue and sutures 

was significantly better. 

At early stages of degeneration, the small fissures and defects in the still relatively 

unaffected annulus fibrosus can contribute to discogenic pain. As these defects can make 

the disc prone to further degeneration and biomechanical instability, fissure growth 

should be suppressed for example by occluding with a sealant. An injectable fibrin-based 

sealant has been developed for this that also serves a tissue repair matrix [163]. The 

feasibility of using fibrin-based biomaterials for AF repair has been studied by other 

groups as well. Iatridis et al. showed that genipin-crosslinked fibrin gels, with elasticity 

modulus values in the range of native annular tissue, show promise as a gap-filling 

adhesives for annular fissures [164]. 

At later stages of degeneration of the disc and for closing larger defects of the annulus 

fibrosus, obtaining biomechanically stable solutions is much more difficult. Strong 

resorbable glues would then be required to seal the AF. In the liquid state these materials 

wet the irregular surface of the annular tissue tears, and upon curing form an interwoven 

mechanically interlocking structure with the AF tissue. Although there is an obvious 

need, also to be able to fix a temporary patch or barrier, the scientific literature on the 
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use of glues to close the annulus fibrosus is scarce.  However, the well-known chemistry 

of tissue adhesives can be instructive in designing a strong resorbable glue for AF tissue 

repair. 

Wang et al. used methacrylate- and aldehyde-functionalized chondroitin sulphate as an 

injectable tissue adhesive for cartilage repair. The aldehyde moieties formed covalent 

bonds with the amine groups of the collagen molecules in the tissue, while 

polymerization of the methacrylate groups lead to solidification of the material. Both in a 

goat- and in a rabbit model, the repair of the cartilage tissue was significant. The binding 

to cartilage was strong, and no cell damage was observed [165]. Using similar chemistry 

Murakami et al. synthesized a tissue adhesive hydrogel that comprised an aldehyde-

terminated poly(ethylene glycol)-poly(D,L-lactide) block polymer. The hydrogel rapidly 

formed when applied in vivo to the peritoneum of mice, and adhered well to the tissue 

surface [166]. Aldehyde-functionalized gelatin and polysaccharides have been reported 

as well [167-169]. 

Sharifi et al. developed an injectable, biodegradable and photo-crosslinkable system 

based on methacrylate-functionalized polyethylene glycol- poly(trimethylene carbonate) 

block copolymers which could seal the disc through a minimally invasive surgical 

procedure [170]. The elastic modulus and water content could easily be varied to match 

those of the native annulus fibrosus. Ex vivo results using canine cadaveric spines 

showed the potential of the materials to seal an opening in the annulus fibrosus, although 

the adhesion of the photocrosslinked material to the annulus fibrosus tissue still needs to 

be improved. 

Self-curing acrylate formulations also display potential in this regard. Larraz et al. 

developed a system based on a methacrylic acid derivative of Triton X, a nonionic 

surfactant, and polymers prepared from acrylic acid, methacrylic acid and hydroxyethyl 

methacrylate which was loaded with a biological compound chondroitin sulfate. These 

polymers absorbed water, were elastic and demonstrated shape memory properties 

making them strong candidates for IVD repair [171, 172].  

Sharifi et al. prepared a biodegradable glue based on isocyanate-terminated low 

molecular weight poly(trimethylene carbonate)-polyethylene glycol-poly(trimethylene 

carbonate) triblock copolymers. They used this glue in combination with porous PTMC 

membranes for the fixation of AF tissue engineering scaffolds to the surrounding AF 

tissue. The bond strength to the tissue was of the same order of magnitude as that when 

using Dermabond® cyanoacrylate glue [173].  

Carbodiimide chemistry has also been used in the synthesis of tissue adhesives. Amine- 

and carboxylic acid groups can be coupled using 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) to form amide 

bonds in aqueous solutions under physiological conditions. Aqueous solutions of 

polymers containing amine- and carboxylic acid groups can be crosslinked in this way. 
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Tissue adhering-gels with different setting times and bond strengths could be formed by 

varying the NHS concentration  [174-176]. 

 Polysaccharides have inherent bioadhesive properties, functionalized polysaccharides 

are therefore of great interest for the preparation of tissue adhesives. A photo-

crosslinkable chitosan containing azo- and lactose moieties produced an insoluble 

hydrogel in less than a minute that firmly adhered to meat tissue upon UV radiation 

[177]. 

Glues from biological sources (fish, holothurians, insects, spiders, mussels and other 

sources) may also prove to be useful in annular fibrosus repair strategies. Frog glue for 

example, which is flexible, porous and non-toxic in nature, has been used in treating 

cartilage defects and can also be of great value in the non-surgical sealing of annular 

defects [178]. Also mussel-mimetic tissue adhesives have potential in sealing AF defects. 

Dopamine-functionalized poly(ethylene glycol) based hydrogels were used to seal 3 mm 

fetal  membrane tissue defects [179]. 

 
Conclusions 
Regeneration of the intervertebral disc (IVD) may be the future treatment for patients 

with a degenerated IVD suffering from low back pain. To date, most research has 

focused on regeneration of the nucleus pulposus (NP). Many questions and challenges 

will have to be dealt with to develop strategies that lead to regeneration of the damaged 

annulus fibrosus (AF).  

Such strategies should focus on the development of scaffolding structures that enhance 

cell survival upon transplantation, their growth and their proper differentiation. 

Reproducing the complex and anisotropic structure of the native AF is a prerequisite for 

an effective treatment. So far, no studies have described support structures with 

mechanical properties and structural features matching those of the AF.    

For the short term, novel approaches to close annulus fibrosus tears with a minimum 

chance of relapse may already be very beneficial to the patient. It should be realized, 

however, that sealing of the herniated disc will not always reduce low back pain as the 

secretion of inflammatory cytokines may sensitize the nerve root or increase 

innervations [30, 37, 38].  
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Abstract 
Biodegradable elastomeric networks have been proposed for the preparation of biomedical 

devices and tissue engineering scaffolds. In this paper, it is shown that resilient networks 

can be obtained by photo-crosslinking high molecular weight D,L-lactide and 

trimethylene carbonate macromers with methacrylate end-groups. These amorphous 

networks exhibit tunable thermal- and mechanical properties and have excellent shape 

memory features. Variation of the D,L-lactide to trimethylene carbonate ratio, allows the 

adjustment of the glass transition temperature between approximately -13 oC and 51 °C 

for networks with respectively the highest and the lowest amounts of trimethylene 

carbonate. Mechanical analyses showed that the corresponding elastic moduli of the 

networks at room temperature can be varied between approximately 4.5 MPa and 2730 

MPa. The covalent crosslinks account for the ability of the networks to return to their 

original shape after being deformed, while the difference in temperature between the glass 

transition of the network and the temperature at which this recovery takes place 

determines the rate at which this occurs. 

Networks with D,L-lactide to trimethylene carbonate molar ratios of approximately 60:40 

have glass transition temperatures between room temperature and physiological 

temperature, with mechanical properties at body temperature in the range of those of soft 

tissues. Several medical devices and tissue engineering scaffolds have been prepared from 

networks with this composition, and their potential to be implanted in a minimally 

invasive manner is illustrated.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3: Resilient amorphous P(DLLA-co-TMC) shape memory networks  

53 

 

Introduction  
Biodegradable elastomers represent a useful class of biomaterials for application in 

medicine [1]. As these materials possess interesting properties such as flexibility, 

elasticity and resistance to deformation along with excellent biocompatibility, they have 

been used in many medical applications such as barrier membranes, cardiac patches [2, 3], 

nerve- and tendon guides [4, 5], skin grafts [6], tubes and catheters [7], volume-filling 

applications [8] and drug delivery [9]. Also in the soft tissue engineering field, the use of 

(crosslinked) elastomeric scaffolds with mechanical properties close to those of soft 

tissues will be advantageous. These materials can withstand repeated dynamic loading, 

and provide a suitable surface for cell attachment and growth of relevant cells [10]. 

Most often the implantation of medical devices and tissue engineering scaffolds requires 

extensive surgery [11]. In medicine, there is a growing interest for using minimally 

invasive surgical procedures. This kind of surgery results in less trauma for the patient, 

limits the risk of infection, and significantly reduces costs. Biodegradable networks with 

shape memory properties can create new opportunities when used to prepare medical 

devices or scaffolds that can be implanted in a minimally invasive manner [12, 13]. This 

is specifically of interest when a bulky scaffold or medical device is required for 

implantation. To avoid any extensive surgery, such materials could be implanted in a 

compressed temporary shape in a minimally invasive way, which after implantation 

expand to their permanent shape to perform their specific function. 

Although a large number of degradable shape memory polymer networks have been 

developed, most elastomeric ones are semi-crystalline. This crystalline phase acts as the 

fixation phase of the structure. The transition of the specimen from a temporary deformed 

state to its permanent shape is then the result of melting of the crystalline fixation (or 

switching) phase [14, 15]. In such shape memory polymers, biodegradation is 

heterogeneous and preferentially occurs in the amorphous phase. Therefore, long after the 

implant has lost its usability, highly crystalline material which can invoke a foreign body 

reaction remains present [16]. Amorphous non-crystallizable shape memory polymer 

networks do not have this important shortcoming. Biodegradable networks based on 

lactide and glycolide in which the shape transition temperature is determined by the glass 

transition temperature have been prepared using radical polymerization or polyurethane 

chemistry [17, 18]. For these relatively rigid materials, the glass transition values 

exceeded approximately 50 oC. An ideal shape memory implant would have a switching 

temperature that is closer to body temperature (37°C), as this would prevent the need of 

applying excessive heat that may be harmful to cells and tissues [19, 20]. In addition, 

flexible biodegradable materials with modulus values similar to those of soft tissues 

would be preferable in soft tissue engineering [21, 22]. 

In this study we developed biodegradable copolymer network systems based on D,L-

lactide (DLLA) and trimethylene carbonate (TMC), as the thermal- and mechanical 

properties of these amorphous materials can be adjusted within wide ranges by variation 
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of the monomer composition. Poly(D,L-lactide is amorphous and has a glass transition 

temperature (Tg) of  54o C, poly(trimethylene carbonate) is an amorphous elastomer with a 

Tg close to -15 oC that has been used before in soft tissue engineering applications [23]. 

We found previously that for non-crosslinked high molecular weight DLLA and TMC 

(co)polymers, materials with very good tensile properties and intermediate glass transition 

temperatures between -17 °C and 53 °C could be obtained [24]. Li et al. have recently 

reported on the shape memory properties of these linear copolymers [25]. 

Disappointingly, they experienced poor form stability of the anticipated permanent shape 

due to irreversible viscous flow. Covalently crosslinked DLLA and TMC networks should 

not have these drawbacks, as the dimensional stability and resistance to permanent creep 

of polymer networks (also above the glass transition temperature) is excellent.  

In early work by Storey et al., networks were prepared by radical polymerization of low 

molecular weight DLLA and TMC (copolymeric) oligomers functionalized with 

methacrylate end-groups. The high crosslink density of the formed networks unfortunately 

led to brittle materials with poor mechanical properties. Shape memory behavior was not 

investigated [26]. 

To be able to apply these networks as flexible shape memory materials in medical 

practice, their toughness and resilience needs to be significantly improved. This can be 

achieved by decreasing the crosslink density in the amorphous flexible networks [27]. In 

this contribution we report on the properties of a series of tough and resilient amorphous 

elastomeric networks prepared by photo-crosslinking relatively high molecular weight 

macromers based on D,L lactide and trimethylene carbonate. Examples of use of these 

materials as self-deployable medical implants are given. 

 

Experimental Section  

Materials 
Trimethylene carbonate (1,3-dioxan-2-one, TMC) was obtained from Boehringer 

Ingelheim, Germany and used without further purification. Stannous octoate (tin 2-

ethylhexanoate, SnOct2) was obtained from Sigma-Aldrich, USA. D,L-lactide (DLLA) 

was obtained from Purac Biochem, The Netherlands, and was used without further 

purification. 1,6-Hexanediol (99%) was purchased from Sigma-Aldrich, The Netherlands. 

Triethyl amine (TEA) and methacrylic anhydride (MAA) were purchased from Sigma-

Aldrich, The Netherlands and used as received. The photoinitiator used was Irgacure 2959 

(2-hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone), and was a gift from Ciba 

Specialty Chemicals (Basel, Switzerland). Anhydrous dichloromethane (DCM) was 

obtained from Sigma-Aldrich, The Netherlands. Other reagents and solvents were of 

analytical grade and used as received. 

 

 

 



Chapter 3: Resilient amorphous P(DLLA-co-TMC) shape memory networks  

55 

 

Synthesis of macromers 
A series of poly(D,L-lactide-co-trimethylene carbonate) diols and their corresponding 

homopolymers, i.e. oligomeric poly(DLLA) and poly(TMC) diols, were synthesized by 

ring opening polymerization of DLLA and TMC using 1,6-hexanediol as an initiator and 

SnOct2 as a catalyst. In a typical reaction, the required amounts of TMC, DLLA or their 

mixtures along with the initiator, were charged into a 250 mL three necked round bottom 

flask equipped with magnetic stirrer under the flow of nitrogen. The molecular weight of 

the oligomers could be tuned by adjusting the monomer to initiator molar ratio. The flask 

was evacuated and purged several times with nitrogen, and then heated to 130 °C under a 

nitrogen atmosphere. To the homogenous mixture, SnOct2 (2×10-4 mol per mol of 

monomer) was then added and the reaction was continued for 3 d at this temperature. 

Upon completion of the polymerization reaction, the mixture was cooled to room 

temperature, dissolved in chloroform and precipitated in an excess of cold ethanol to 

remove unreacted TMC and/or DLLA. The purified oligomers were then dried in a 

vacuum oven for 2 d at room temperature. In this way, hydroxyl-group terminated 

(co)polymeric oligomers, with targeted molecular weights of 30000 g/mol were prepared.  

The synthesized diols were subsequently methacrylate end-capped using MAA in the 

presence of triethyl amine. The oligomers, MAA, and TEA were measured out in 1:4:4 

molar ratios. An amount of approximately 20 g of the dried oligomer was charged into a 

three-necked round bottom flask under nitrogen atmosphere that contained 100 mL of 

anhydrous DCM. After dissolution of the oligomer, MAA (0.4 g) and TEA (0.27 g) were 

charged into the flask. The reaction was allowed to proceed for 7d  at room temperature. 

Purification was done by precipitation in cold excess ethanol. The precipitated macromer 

was then vacuum dried for 2 days at room temperature and stored at -20 °C before use. 

 

Preparation of networks 
The photo-crosslinking process was carried out in a UV cabinet (Spectroline, USA at 365 

nm and 3-5 mW/cm2) using Irgacure 2959 as a photoinitiator. The photoinitiator (2 wt% 

with respect to the macromer) was dissolved in chloroform (1 mL/g macromer) and 

homogeneously mixed into the macromers. The solvent was then evaporated by applying 

vacuum. The mixtures were shaped into films by compression molding in a stainless steel 

mold (100×25×0.5 mm3 ) at temperatures of 80-100 oC. The sheets were heated to 75 °C 

and irradiated in the UV cabinet for 500 s under a blanket of nitrogen gas. The distance 

between the films and the UV lamps was 10 cm. From these crosslinked films, specimens 

of desired dimensions for further analysis and testing were then punched or cut out.  

 

Characterization of oligomers, macromers and networks 
The monomer conversion, composition, molecular weight of the synthesized oligomers 

and degree of functionalization of the macromers were determined by proton nuclear 

magnetic resonance spectroscopy (1H-NMR). The spectra were recorded at ambient 



Chapter 3: Resilient amorphous P(DLLA-co-TMC) shape memory networks  

56 

 

temperature using a 300 MHz (Varian Inova USA) apparatus and CDCl3 (Merck, 

Germany) as the solvent.  

The thermal properties of the macromers and those of their corresponding extracted and 

non-extracted networks were evaluated by differential scanning calorimetry (DSC) using a 

PerkinElmer Pyris DSC apparatus. Samples weighing 5-10 mg were heated to 100 °C at a 

rate of 10 °C/min, and then cooled to -50 °C at rate of 5 °C/min. After 5 min at this 

temperature, a second scan was recorded from -50 °C to 100 °C at 10 oC/min. The glass 

transition temperature of the specimens, Tg, was determined as the midpoint of the change 

in the heat capacity.  

The network characteristics of the photo-crosslinked specimens were assessed in swelling 

experiments at room temperature using chloroform as the solvent and swelling agent. Cut-

out rectangular specimens, measuring 10×5×0.5 mm3, were immersed in excess 

chloroform for 48h, and after blotting their surface their wet mass was determined (ms). 

The specimens were then carefully de-swollen without damaging them by gradually 

adding small amounts of methanol to the chloroform. The specimens were then dried in a 

vacuum oven for 36 h at 40 °C and their mass was determined (md).  

The equilibrium amount of solvent taken up by the networks and their sol fractions were 

determined in triplicate. The following equations, where mi is the initial mass of the 

photo-crosslinked specimens before extraction, were used: 

dm
dmsm

  uptake  Solvent


                 (1) 

 

dm
dmim

fraction Sol


                               (2) 

 

Compatibility of the macromers and networks with cells 

The compatibility of the macromers and photo-crosslinked networks with cells was 

evaluated using an MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltertrazolium bromide) 

assay (Sigma, USA).   

The macromers and the corresponding networks (both non-extracted networks and 

networks extracted with chloroform and subsequently dried) were extracted for 48 h with 

RPMI medium at concentrations of 0.2 g/ml. Mouse fibroblast cells (L929 cell line) were 

cultured in flasks using RPMI medium supplemented with 10% FBS. After reaching 95% 

confluency, the cells were trypsinized and seeded at a density of 1×104 cells/well in 96-

wells TCPS plates. The plates were then incubated overnight at 37°C in a humidified 

atmosphere of 5% CO2 in air. After this, cell media were removed completely and the 

media containing the extracts (100 µL) passed through 0.2µL filter and were added to the 

cells which were then further incubated for 24 h. Then, the extraction media were 

removed, the cells were washed with PBS and 1 ml of MTT (5 mg/ml) was added to each 
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well. The plates were incubated for another 5 h.  The MTT solution was then removed, 

and an appropriate amount of a mixture of DMSO and iso-propanol 1:1 (v/v) was added to 

the wells to dissolve the formed formazan crystals. The formazan concentration was 

determined at a wavelength of 570 nm with background. Six replicates were determined 

for each sample, the results are presented as mean values ± standard deviation of the 

mean. The cell viability was normalized to that of cells cultured in the culture media 

without any extracts. Latex and tissue culture polystyrene were used as positive 

(cytotoxic) and negative (non-cytotoxic) controls, respectively. 

 

Mechanical properties of networks 
Tensile testing was done in triplicate according to ASTM D882-91. Narrow strips 

(100×5×0.5 mm3) punched out from extracted and non-extracted photo-crosslinked 

specimens were tested using a Zwick Z020 tensile tester at room temperature (20 or 23 
oC). The films were extracted and de-swollen as described before. The crosshead speed 

was 50 mm/min and the grip to grip separation was 50 mm. The Young’s modulus values, 

elongations at break and the maximal tensile strengths of the networks were determined 

from the resulting stress-strain curves. 

The dynamic mechanical thermal properties of extracted photo-crosslinked networks 

measuring 20×5×0.5 mm3, were determined using a PerkinElmer DMA 7 apparatus 

operating in the tensile mode. Storage modulus values and loss tangent values (tan δ) were 

determined between -50 °C and 100 °C at a heating rate of 2 °C/min. To a static force of 

2000 mN a cyclic dynamic force of 1000 mN was applied at a frequency of 1 Hz. Typical 

errors in the determined values are ± 5%. 

 

Shape memory properties of networks 
The shape memory properties of selected photo-crosslinked networks were evaluated as 

previously described [28, 29]. Important characteristics are the shape fixity (the form 

stability of the device in its temporary form at low temperatures, and the shape recovery 

behavior of the device from its fixed temporary form to its permanent shape upon heating. 

The extracted networks with the different compositions were cut into rectangular strips 

measuring 20×5×0.5 mm3, and after heating to temperatures around 30 to 50 oC above 

their glass transition temperature were folded. These temporary shapes were then fixed by 

quenching the specimens in ice water.  

The shape recovery characteristics of the networks were determined upon immersion of 

the specimens in water baths of different temperatures. With use of a digital video camera, 

the opening angle of the initially folded specimens could be determined in real time. The 

shape recovery of the networks as a function of time (Rt) could be quantified using: 

 

    o180

tθ
tR                        (3) 
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Here θt is the opening angle of the initially folded specimen at time t. The shape recovery 

rates were calculated from the slope of the linear part of the shape recovery versus time 

curves. 

 

Preparation of implant devices showing shape memory behavior  
By carrying out the photo-crosslinking reaction in molds, implantable devices with shape 

memory properties having different geometries were prepared. With a macromer of 

DLLA:TMC 60:40 composition devices with a permanent spiral shape were prepared by 

injecting the macromer (heated to 70 oC to reduce its viscosity) into a tubular Teflon tube 

with a 0.5 mm internal diameter using a syringe. The filled tube was then wound around a 

metal rod with a diameter of 8 mm. The spiral-shaped network was then obtained by UV 

irradiation at 70 oC through the tube wall for 500 s as previously described. 

Using metal molds of which the mold cavity was machined to specific forms, several 

other specimens were prepared. Plugging-, sealing- and other closure devices were 

prepared by hot pressing the macromer into the different molds at 70 oC. After removing 

the mold from the press, crosslinking was done by irradiation of the macromer in the 

opened mold under the previously described conditions.  

This method also allows the preparation of porous structures with shape memory 

properties. The DLLA:TMC 60:40 macromer was heated to 70 oC, and NaCl salt particles 

(sieved to 250-106 μm) were added at a 1:2.25 macromer to salt weight ratio. This 

composite mixture was hot pressed into metal molds with cylindrical cavities (diameter=6 

mm, height=10 mm) and photo-crosslinked as described before. The specimens were post-

cured by heating to 120 °C  for 2 h. The salt was leached out with water during a period of 

5 d, and then dried for 2 d in a vacuum oven at room temperature.  
 

Results and Discussion 
Synthesis of oligomers and macromers  

Networks based on D,L-lactide (DLLA) and trimethylene carbonate (TMC) were prepared 

by photo-initiated radical polymerization of D,L-lactide and TMC macromers as outlined 

in Scheme 1. First a series of hydroxyl-group terminated oligomers were prepared by ring 

opening polymerization of TMC, DLLA and mixtures of the cyclic monomers in the melt 

with SnOct2 as  catalyst and 1,6 hexanediol as initiator. The TMC:DLLA molar ratios were 

varied between 1:0 and 0:1, and the initiator concentration was adjusted to yield oligomers 

with a molecular weight of 30000 g.mol-1. The conversion of the monomers in the ring 

opening oligomerization reactions was determined by 1H-NMR analysis of the obtained 

oligomers. The conversion of DLLA was determined from the ratios of the integrals of 

peaks corresponding to the DLLA monomer (CHCOO, 5.05 ppm) and those of the related 

protons in the oligomer at 5.15 ppm. 
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The TMC conversion was determined in a similar manner using the integrals of peaks 

corresponding to the monomer (CH2, 4.3 ppm) and the oligomer (CH2, 4.24 ppm) [30]. 

Monomer conversion was above 97 % in all cases. 

The composition of the oligomers obtained after purification by precipitation were 

determined from the ratios of the integrals of the peaks at 4 ppm (which correspond to 

CH2 of the TMC component) and at 5 ppm (CH of the DLLA component). An overview 

of these results is presented in Table 1, where it can be seen that the TMC:DLLA molar 

ratios in the copolymers are close to those in the feed. Minor deviations can be the result 

of lactide sublimation during the oligomerization reactions. In the second step, the 

hydroxyl-group terminated TMC and DLLA oligomers were end- functionalized with 

methacrylate groups. To this end, the oligomers were reacted with excess MAA. The use 

of this anhydride for the functionalization of the oligomers is preferred over the use of 

methacryloyl chloride as it does not lead to colored products. These undesired products 

can form due to side reactions of the acyl chloride with the basic proton scavenger [31, 

32]. 

The precipitated macromers were also analyzed by 1H-NMR to determine their 

composition, molecular weights and their degrees of functionalization with methacrylic 

end-groups. In Table 2 an overview is given of the peak assignments of the protons in the 

different macromers. 

The degree of functionalization of the oligomers with methacrylate end-groups was 

determined from the integral values of the 1H-NMR signals of the methylene groups of the 

1,6-hexanediol part of the chains (at 1.4 and 4.1 ppm) with the integral values of the 

methylene of the methacrylate end-groups at 6.09-6.23 ppm. 

 

Table 1. Characterization of the synthesized TMC and DLLA (co)oligomers and macromers by 1H-

NMR. 

 

Oligomer or 

macromer 

DLLA:TMC 

mol ratio 

Degree of 

functionalization (%) 

Mn 

(kg/mol) 

DLLA 100:0 100 28.1 

DLLA(80):TMC(20) 79.2:20.8 76 26.9 

DLLA(60):TMC(40) 58.2:41.8 70 27.1 

DLLA(40):TMC(60) 39.3:60.7 84 29.3 

DLLA(20):TMC(80) 19.2:80.7 97 28.4 

TMC 0:100 85 27.3 
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Table 2. Peak assignments in the 1H-NMR spectra of methacrylate-functionalized PDLLA 

macromers, PTMC macromers, and P(TMC-co-DLLA) macromers. 

Macromer Structure   (ppm) 

PDLLA- 

methacrylate 
 

A: 5.60-5.67 

B: 6.18-6.23 

C: 1.94-2.00 

D: 1.43-1.70 

E:  5.02-5.29 

PTMC- 

methacrylate 
 

A: 5.56-5.61 

B: 6.09-6.13 

C: 1.93-1.97 

D: 4.09-4.36 

E: 1.97-2.17 

 

P(TMC-co-

DLLA)- 

methacrylate 

 

 

A: 5.60-5.67 

B: 6.18-6.23 

C: 1.94-2.00 

D: 4.09-4.38 

E: 1.97-2.13 

  F:  1.44-1.72 

 
The NMR spectra also allowed determination of the molecular weights of the macromers, 

by comparing the integral values of the D,L-lactide CH protons in the chains at 5.02-5.29 

ppm and the TMC CH2 protons in the chains at 4.09-4.38 ppm with the integral values of 

the methylene of the methacrylate end-groups at 6.09-6.23 ppm. The results of these 

analyses are also given in Table 1.  It can be seen that the molar ratios of the monomers in 

the macromers did not significantly differ from those of the non-functionalized oligomers. 

Furthermore, the molecular weights of the macromers determined in this way closely 

matched the intended values.  As calculated from the NMR spectra, the degrees of 

functionalization of the oligomers with methacrylate groups varied between 70 and 100%. 

It should be noted that in the NMR spectra no unreacted terminal hydroxyl groups could 

be discerned, this implies that our experimental conditions were suitable to conduct the 

functionalization reactions of the different oligomers. 

 

Photo-crosslinking and network properties  

By irradiating the poly(DLLA), poly(TMC) and poly(DLLA-co-TMC) macromers in the 

presence of Irgacure 2959 as a photo-initiator with UV light of wavelength 365 nm, 

radical polymerization of the methacrylate end groups takes place and covalently 

crosslinked biodegradable networks are formed. We conducted all photo-crosslinking 
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reactions at a temperature of 70°C. This decreases the viscosity of the macromers, 

increases chain mobility and minimizes the limiting effect of vitrification on the maximal 

double bond conversion that can be reached [33].  

Preliminary studies in which the conversion of double bonds and the swelling behavior of 

the formed networks were followed as a function of photo-initiator concentration and 

time, showed that upon irradiation of macromers containing 2 wt % photo-initiator for 

1000 s networks with essentially complete double bond conversion were formed within 

500 s. Higher initiator concentrations or longer irradiation times did not significantly 

change the final conversions reached.  

The characteristics of the networks formed by photo-crosslinking the different macromers 

for 500 s were assessed in swelling experiments using chloroform. As the networks 

swollen in chloroform are fragile and (rapid) solvent removal by evaporation could lead to 

fractures and developments of cracks and fissures in the specimens, the specimens were 

first de-swollen by gradually adding methanol as an anti-solvent before drying the 

specimens. This procedure allowed us to obtain defect-free specimens for further study. 

The results of the swelling studies are presented in Table 3.  

 

Table 3. Characteristics of networks formed by photo-crosslinking of DLLA and TMC macromers 

as determined by swelling experiments in chloroform. Specifics of the macromers are given in Table 

1. 

 

Network  Sol fraction a  (%) Solvent uptake a 

DLLA 26.4 (2.4) 18.9 (0.4) 

DLLA(80):TMC(20) 23.5 (2.4) 15.6 (0.7) 

DLLA(60):TMC(40) 14.4 (0.9) 12.4 (0.2) 

DLLA(40):TMC(60) 10.2 (1.4) 9.9 (0.1) 

DLLA(20):TMC(80) 12.4 (2.2) 14.2 (0.3) 

TMC 22.5 (0.8) 17.3 (0.8) 
a Triplicate determinations; values between parentheses are the standard deviations of average 

values. 

 
It can be seen that networks with high gel fractions have been prepared, sol fractions 

typically being lower than approximately 25%. No clear relationship between the 

macromer composition and the sol fraction of the networks can be seen. It is also notable 

that there is no correlation between the values of the sol fraction of the networks and the 

degree of functionalization of the corresponding macromers as presented in Table 1. In 

copolymer networks, the solvent uptake is determined by the molar mass of the repeating 

units in the network chains and by differences in the solubility parameters and affinity of 

these units with the solvent. From this a continuous variation in the solvent uptake with 
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The results from tensile testing are summarized in Table 4. Networks prepared from 

macromers with 80 mol% or more D,L-lactide had high values of the Young’s modulus, 

their properties were comparable to those of linear high molecular weight poly(D,L-

lactide) [24].  

 

Table 5 illustrates the dynamic mechanical behavior of the DLLA and TMC networks of 

different DLLA:TMC molar ratios. The temperature at which the modulus decreases 

sharply and tan  reaches a maximal value corresponds to the glass transition temperature 

of the different extracted networks. These values are frequency dependent and slightly 

higher than those determined by DSC. It can be seen that the glass transition temperatures 

strongly depend on the monomer composition of the network. The networks exhibited 

typical behavior of crosslinked polymers, and have high elasticity modulus values in the 

glassy state at low temperatures and low E′ values, which correspond to a rubbery 

material, at temperatures above the glass transition temperature. 

At all temperatures, networks prepared from DLLA had the highest modulus values, while 

TMC-based networks had the lowest. Copolymer networks with DLLA contents of 80 to 

20 mol% had intermediate modulus values.  

The glass transition temperature of networks with D,L-lactide contents of 60 to 80%  

varied between 29 and 42 oC (26 and 39 oC when determined by DSC, see Figure 1).  
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Table 5 shows that these networks had a high value of E′ at a low temperature of 0 oC and 

a low value of  E′ at temperatures somewhat higher than body temperature (at 37 oC and at 

Tg +10 oC). This means that these materials can be deformed above the glass transition 

temperature, after which the temporary shape can be fixed by cooling to for example 0 oC.  

At this temperature, a device prepared from these materials can then be implanted in a 

rigid state. After heating to body temperature, the modulus will decrease and the implant 

will revert to its original shape. 

 

Table 5. Glass transition temperatures and storage modulus (E′) values of the different networks as 

determined by dynamic mechanical analysis after extraction and drying. 

 

Network 
Tg

 a) 

(oC) 

Tg
 b) 

(oC) 

E′ 

at 0 oC 

(MPa) 

E′ 

at 23 oC 

(MPa) 

E′ 

at 37 oC 

(MPa) 

E′ 

at 10 oC 

above Tg
 a)  

(MPa) 

DLLA 51.0 41.6 1590 1510 1470 11.7 

DLLA(80):TMC(20) 42.0 33.1 1580 1450 850 10.9 

DLLA(60):TMC(40) 29.0 14.2 1490 515 6.0 6.8 

DLLA(40):TMC(60) 15.9 1.7 1200 9.5 3.3 10.7 

DLLA(20):TMC(80) 0.3 -13.2 22 9.7 2.9 8.4 

TMC -12.8 -19.9 8.3 8.4 3.1 8.1 
 

a value of Tg when defined as the temperature where tan  reaches a maximum value 
b value of Tg when determined from the onset of the decrease of the E modulus 

 

Compatibility of the macromers and networks with cells 

The results of the compatibility experiments of the macromers and networks with L929 

fibroblast cells are presented in Figure 3. The figure clearly indicates that all networks 

prepared from macromers with varying DLLA and TMC contents and molar masses of 

approximately 30000 g/mol are non-toxic to the cells, with cell viability values similar to 

those of tissue culture polystyrene. Interestingly, this is both the case for the solvent 

extracted networks as well as for the non-extracted networks. Indeed, the figure also 

indicates that in the non-crosslinked state the different macromers are very well 

compatible with the cells too. 
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its temporary shape at a low temperature of only 0 oC would be highly beneficial as this is 

a temperature that is not directly harmful to tissues and cells when implanted, and a 

temperature that can easily be reached with ice or by using a refrigerator.  

The glass transition temperatures of TMC and DLLA(20):TMC(80) networks are much 

lower than room temperature, devices prepared from these materials will therefore be less 

readily applicable in surgical practice. We investigated the shape recovery behavior of 

DLLA-, DLLA(80):TMC(20)-, DLLA(60):TMC(40)- and DLLA(40):TMC(60) networks. 

The glass transition temperatures of these networks are suitably high: when specimens of 

these materials were deformed at elevated temperatures (30 to 50 oC above Tg), cooled to  

0 oC in the deformed state and then stored at 0 oC for 24 h, the temporary shape remained 

unchanged. This indicates excellent fixity (form stability) of the temporary shapes at this 

temperature.  

The series of photographs in Figure 4 illustrates the recovery of a network specimen 

(which in its temporary shape is folded) to its permanent unfolded shape, upon heating it 

from 0 oC to a temperature above Tg. The shape memory behavior of the different 

networks can be quantified by measuring the opening angles obtained from video images. 

Although this bending test is quite simple, it gives similarly useful information regarding 

shape fixity, shape recovery and shape recovery rate as more sophisticated methods like 

cyclic thermo-mechanical testing [29]. 

The recovery curves in Figures 4a to 4d show that the shape recovery rate of specimens of 

which the temporary shaped was first fixed at 0 oC can be up to 87% per second and that 

return of the specimen to its original shape is essentially complete. Furthermore, the 

orientation of the specimens, freezing-in of their temporary shapes and their shape 

recovery to original dimensions could be repeated many times (data not shown). It can be 

seen that the rate at which the different specimens return to their original dimensions 

strongly depends on the glass transition of the respective network and the applied 

recovery temperature.   
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At 0 oC, the shape recovery rate is zero for all evaluated networks. With increasing 

temperature, the time required for full shape recovery decreases. The rate of shape 

recovery (Rt) at a certain temperature strongly depends on the composition of the network. 

The higher the amount of TMC in the network, the higher the rate of shape recovery is. 

The shape recovery behavior of the specimens at 37 oC (body temperature) is of special 

interest, as it gives an indication of the rate at which a device will return to its permanent 

shape upon implantation. The DLLA(60):TMC(40)- and DLLA(40):TMC(60) networks 

had relatively short recovery times at 27 oC as they returned to their original shapes after 

only 12 and 5 seconds, respectively. Furthermore, at room temperature, their form 

stability was excellent. The recovery rates of the DLLA(80):TMC(20)- and DLLA 

networks at 37 oC was negligibly low. 

From these results it follows that especially the DLLA(60):TMC(40) networks have the 

appropriate thermal, mechanical and shape recovery properties to allow medical devices 

prepared from them to be implanted in a minimally invasive manner, after which they 

rapidly become flexible and deploy into a desired permanent shape. The temporary shape 

can be maintained by simple storage at temperatures of 0 oC, while handling of the device 

at room temperate will not lead to premature deployment or change in shape. 

 

Applications of biodegradable shape memory materials  
Although in our resilient shape memory materials the recoverable strain can essentially be 

complete, their rapid deployment might be hindered by constraints of the surroundings. 

Due to their relatively low modulus above the glass transition temperature, the recovery 

stresses and forces will also be relatively low [34]. Therefore, for our devices to fully 

deploy upon implantation, the deployment should preferably take place in a non-

constrained environment such as in a tubular body cavity or tissue pocket. A number of 

applications can be envisaged in which advantage can be taken of the ability to prepare 

devices with complex shapes that show shape memory behavior by photo-crosslinking in 

molds.  

A shape memory polymer device that can be inserted minimally invasively is a stenting 

device that expands upon insertion in the lumen of a tubular tissue structure to maintain its 

patency. An example of such a device is a spiral-shaped implant shown in Figure 5 that 

can be used in vascular stenting. This DLLA/TMC implant was prepared by photo-

crosslinking in a spiral-shaped mold. The polymeric nature of the flexible implant is of 

great interest as its compliance is similar to that of the soft tissue, and loading of the 

implant with drugs can readily be done. In principle these shape memory stenting devices 

can be used in analogous applications such as in  biliary- , pancreatic- or urinary ducts 

ensuring the passage of secretions  [18, 26, 27, 31, 32, 35]. Figure 6 shows a complex 

deployable shape memory structure prepared from a DLLA(60):TMC(40) macromer that 

was photo-crosslinked in a metal mold. Such a device can be used as an occluder in the 

closing of soft tissue defects, for example in the closing of congenital ventricular septal 
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of 60:40 are of interest, as their glass transition temperature lies between room 

temperature and body temperature. Due to these characteristics, self-deployable implants 

could be prepared that are rigid during implantation but become flexible upon heating to 

body temperature. This allowed the preparation of flexible and elastic medical devices 

that can be implanted in a temporary shape in a minimally invasive manner. The good 

mechanical properties and shape memory behavior of these networks, along with their 

biocompatibility, make these materials very attractive for a variety of biomedical 

applications. 
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Abstract 
Preparing porous biodegradable structures from shape memory polymers can combine the 

structure-defining properties of porous structures with the minimally invasive implanting 

possibilities of shape memory polymers. In this study, porous biodegradable shape 

memory structures were prepared using photo-crosslinked networks based on poly(D,L-

lactide-co-trimethylene carbonate). The characteristic shape memory properties of the 

structures, such as their fixity at a low temperatures of 0 oC and their full shape recovery 

upon heating to physiological temperatures, were excellent. This makes these 

biodegradable and biocompatible structures very well-suited for use as self-deploying 

implants in medical applications like tissue engineering, drug delivery and the support of 

soft tissues. 
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Introduction 
Shape memory polymers (SMPs) are smart materials that respond to an external stimulus 

such as temperature or light [1, 2]. These materials return from a temporary fixed shape to 

their original permanent shape upon applying the stimulus. Biodegradable SMPs have 

high potential for application in medicine, especially regarding implantation of the device 

in a minimally-invasive manner [3, 4]. A device prepared from a polymer that displays 

shape memory properties can be implanted in a temporary compressed from. Upon 

exposure to physiological conditions the implant will deploy to its permanent shape to 

perform as intended. For a variety of applications, porosity of the shape memory implant 

is a prerequisite. For example when used in tissue engineering, the porosity of the scaffold 

is essential to allow cell adhesion and tissue ingrowth, and to facilitate the transport of 

oxygen, nutrients and waste products. Porous shape memory structures can combine the 

structure-defining properties of porous implantable materials with the possibility of 

minimally invasive implantation of SMPs [5]. The literature on porous biodegradable 

SMPs is very limited. 

Copolymers of D,L-lactide and trimethylene carbonate are well-known biocompatible and 

biodegradable polymers. By variation of their monomer composition, the glass transition 

temperatures, elastic moduli, tensile strengths and degradation rates of poly(D,L-lactide-

co-trimethylene carbonate) polymers can be varied within wide ranges. Networks 

prepared from macromers with a DLLA content of 0.4 to 0.6 have glass transition 

temperatures close to or below body temperature. These networks are especially 

interesting as at room temperature these materials are relatively rigid and can be 

implanted non-invasively in their temporary shape, while at body temperature they will 

return to their original permanent shape to perform a desired function. 

 
Experimental  
Materials 
Trimethylene carbonate (1,3-dioxane-2-one, TMC) was obtained from Boehringer 

Ingelheim, Germany. Stannous octoate (tin 2-ethylhexanoate, SnOct2), 1,6-hexanediol (99 

%), triethyl amine (TEA), (2-hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone, 

Irgacure 2959), anhydrous dichloromethane (DCM) and methacrylic anhydride (MA) 

were obtained from Sigma-Aldrich, USA. D,L-lactide (DLLA) was obtained from Purac 

Biochem, The Netherlands. Other reagents and solvents were of analytical grade and used 

as received. 

 

Synthesis of macromers 

Hydroxyl group-terminated poly(D,L-lactide-co-trimethylene carbonate) oligomers 

P(DLLA-co-TMC) with DLLA:TMC molar ratio of 0.6:0.4 were synthesized by ring 

opening polymerization of DLLA and TMC using 1,6-hexanediol as an initiator and 

SnOct2 as a catalyst. In a typical reaction, TMC, DLLA, initiator and SnOct2 (2×10-4 mole 
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per mole of monomer) mixtures were charged into a 250 ml three necked round bottom 

flask equipped with magnetic stirrer under the flow of nitrogen. The flask was evacuated, 

purged several times with N2 and then heated to 130 °C under a N2 atmosphere. The 

reaction was continued for 3 days at this temperature. Oligomers with targeted Mn value 

of 30 kDa were prepared by adjusting the monomer to initiator molar ratio. The 

synthesized telechelic diol was then end-capped with methacrylate groups using 

methacrylic anhydride in the presence of TEA. For this, the telechelic diol, methacrylic 

anhydride, and TEA were measured out in 1:4:4 molar ratios and the reaction was allowed 

to proceed for 7 days at room temperature. Purification was done by precipitation into a 

cold excess of ethanol. The monomer conversions, molecular weights (Mn) and degrees of 

functionalization were determined by 1H-NMR (Varian Innova 300 MHz, USA) using 

CDCl3 (Merck, Germany). 

 

Preparation of porous structures by photo-crosslinking and salt leaching 
Porous networks from the above mentioned macromers were prepared by photo-

crosslinking in a UV cabinet at 365 nm (Ultralum, USA) using Irgacure 2959 (2 wt % 

with respect to the  macromer) as a photoinitiator and NaCl salt particles (sieved to 106-

250 μm) as a porogen. The salt was mixed into the mixture at a 1:3.25 macromer to salt 

weight ratio (this corresponds to a salt vol % of 70 %). The composite mixture was hot 

pressed (70 oC) into metal molds with cylindrical cavities (diameter = 6 mm, height = 10 

mm) and photo-crosslinked for 10 min. The specimens were post-cured by heating at 120 

°C  for 2 h. The salt was leached out with water during a period of 5 days, and then dried 

for 2 days in a vacuum oven at room temperature.  

 

Characterization of prepared porous structures  
The thermal properties of the prepared structures were evaluated by differential scanning 

calorimetry using a Perkin Elmer Pyris DSC apparatus. The glass transition temperature 

of the specimens, Tg, was determined as the midpoint of the change in the heat capacity at 

a scanning rate of 10 oC per min.  The tensile properties of solid network films were 

determined at room temperature using a Zwick Z020 tensile tester operating at a rate of 15 

mm/min. The elastic modulus of porous structures were determined by compressive 

testing at 0 oC and at physiological temperatures (37 oC)  at a crosshead speed of 50 

mm/min. Micro-computed tomography (µCT) (GE eXplore Locus SP µCT scanner with a 

spatial resolution of 7 µm) was employed to visualize the porous structures prepared by 

salt leaching. Porosities, pore size distributions and average pore sizes of the structures 

were determined from the µCT data.  
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Results and Discussion  
In this work we chose to prepare networks prepared from P(DLLA-co-TMC) macromers 

with a DLLA:TMC molar ratio of 0.6:0.4. Polymers and networks with this composition 

are amorphous and have a glass transition temperature Tg close to room temperature. In 

preliminary experiments we found that copolymer networks prepared from macromers 

with a high Mn led to network materials with significantly improved mechanical 

properties. Therefore, a copolymeric macromer with Mn of 30 kDa was used here. The 

conversion of TMC and DLLA monomer in the ring opening copolymerization reactions 

were found to be 98 %. In the functionalization reaction, the degree of methacrylation of 

the oligomers with methacrylate end-groups was found to be 70 %. 

Upon crosslinking these macromers by photo-initiated radical polymerization under the 

applied conditions, network structures with high gel percentages and excellent mechanical 

properties are obtained (see Table 1). 

 

Table 1. Tensile properties at room temperature of solid photo-crosslinked DLLA:TMC 0.6:0.4 

network films. 

Elastic modulus 

(MPa) 

Tensile strength 

(MPa) 

Elongation at break 

(%) 

377 ± 64 11.8 ± 1.7 518 ± 79 

 

When the crosslinking is carried out in the presence of leachable salt particles, porous 

structures can readily be obtained as well. The properties of the pore network structure are 

determined by the characteristic features of the leachable particles used. These 

characteristics include their geometry, size, size distribution and concentration.  

In Figures 1a and 1b, images of such photo-crosslinked structures are depicted. Based on 

µCT imaging, the average pore size was calculated to be 141 m and the porosity was 66 

%. These values correspond well with the size of the used salt particles (106-250 m) and 

the amount of salt in the networks (70 vol %).  

The glass transition temperature of these specimens was 25 oC, as determined by DSC. At 

temperatures above Tg, such as at body temperature, the porous network structures are 

elastic and flexible with a compression modulus of 0.27 MPa. At 0 oC, below Tg, the 

porous structure is in the glassy state and has a much higher modulus of 15 MPa. These 

properties allow the porous structure to be deformed to a temporary state at temperatures 

above Tg, which can be fixed by simple cooling to below the glass transition temperature. 

When the specimen is then heated once again to a temperature above the glass transition 

temperature, it will return to its original permanent dimensions. In Figures 1c, 1d and 1e 

the shape memory behavior of these porous network structures is illustrated. In Figure 1c 

the temporary compressed shape at 0 oC (which is below Tg) is shown which upon 

exposure to a temperature of 37 oC (which is above Tg) returns to its permanent shape 
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(Figures 1d and 1e). At temperatures above Tg, the specimens can return to their original 

dimensions due to the entropy-driven recovery of the elastically active chains in the 

network to their original conformations. 

 

 
 

Figure 1. Porous structures with shape memory properties prepared from photo-crosslinked DLLA-

co-TMC 0.6:0.4 networks. a) Micro-computed image of prepared porous structure. b) Photograph 

of a prepared porous structure (the height of the specimen is 15.2 mm). Images c), d) and e) 

illustrate the shape memory behavior of these networks. c) Temporary compressed porous structure 

at 0 oC, the height of the compressed specimen is 5.7 mm. d) Transient behavior of porous structure 

upon heating to 37 oC. e) Porous structure that has returned to its original dimensions upon heating 

to 37 oC.   

 

In the (temporary fixed) compressed state, the porous photo-crosslinked DLLA-co-TMC 

0.6:0.4 structures prepared by salt leaching not only had smaller external dimensions (the 

initially 15.2 mm high specimens were compressed to 5.7 mm), also their pore size and 

overall porosity were significantly lower than in the permanent uncompressed state. 

Figure 2 shows the pore size distributions as determined by CT. In the compressed state, 

the average pore size had been reduced to 81 µm At 0 oC the shape fixity of this 

temporary shape was excellent, as the dimensions of the compressed specimens remained 

unchanged for at least 48 hrs. Upon heating to 37 oC, the specimens returned to their 

original dimensions and shape recovery was complete. Also µCT analysis showed that the 

size and size distribution of the pores had not significantly changed after shape recovery. 

These favorable shape memory characteristics allow these porous P(DLLA-co-TMC) 

structures to be implanted in a minimally invasive manner.  
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Figure 2. Pore size distributions of porous structures prepared from photo-crosslinked DLLA-co-

TMC 0.6:0.4 networks as determined by CT. Top: pore size distribution of the porous structures in 

their permanent shape. Bottom: pore size distribution of the porous structures in a compressed 

state, temporarily fixed at 0 oC. The specimens were compressed from an initial height of 15.2 mm 

to a height of 5.7 mm. 

 

Conclusions 
Porous network structures can be prepared by photo-crosslinking poly(D,L-lactide-co-

trimethylene carbonate) 0.6:0.4 macromers in the presence of leachable salt particles. 

These porous structures display shape memory properties, in which the shape transition 

temperature is determined by the glass transition temperature of the copolymer networks. 

The shape fixity and recovery of the structures was excellent. These structures may find 
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wide application in the preparation of medical devices or tissue engineering scaffolds that 

can be implanted in a minimally invasive manner.  
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Abstract 
Building designed microstructures from shape memory polymers could be advantageous 

for tissue engineering and other advanced biomedical applications. In this study, designed 

porous structures showing shape memory behaviour were accurately prepared by 

stereolithography using biodegradable poly(D,L-lactide-co-trimethylene carbonate) 

dimethacrylate macromers. Porous structures with a gyroid pore network architecture 

showing average pore sizes of 930 µm and complete pore interconnectivity  were 

prepared.  At 37 oC the flexible structures showed compression modulus values of 60 KPa 

and could be fully compressed. Thermal analysis showed that the built networks were 

amorphous with Tg values of 23 oC.  After compression to 40 and 70%, shape fixity and 

shape recovery of the structures at respectively 0 oC and 37 oC was almost quantitative. 

The well-defined pore network characteristics and the shape memory properties of these 

structures allows their use as deployable tissue engineering scaffolds. 
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Introduction 
Building designed microstructures from shape memory polymers could be advantageous 

for tissue engineering and other advanced biomedical applications. These porous materials 

display a unique blend of high surface area, high compressibility, and shape memory 

behaviour that give them a wide range of potential biomedical applications [1-3]. These 

structures can be implanted in a compact form via minimally invasive surgeries and 

deploy to reach complex final shapes. For example, collapsible shape memory tissue 

engineering scaffolds seeded with cells can potentially be implanted in a minimally 

invasive manner to initiate the repair or reconstruction of tissues or organs [4]. Deployable 

shape memory cellular structures can also be employed to allow cellular ingrowth or 

blood coagulation in an aneurysm sac to facilitate occlusion of the aneurysm [5]. 

Scientific literature on the preparation of microstructures from shape memory polymers is 

scarce. The microstructures that have been described are mainly cellular solids based on 

epoxies or urethanes that have been obtained by conventional foaming processes, such as 

processes involving chemical blowing agents, gas foaming or particulate leaching [1, 6-8]. 

Although making three-dimensional foams with good shape memory properties is possible 

using these techniques, there is poor control over the architecture of the pore network and 

the pore interconnectivity.  

Porosity, pore size and pore interconnectivity along with bioactivity and physical-

mechanical properties of matrix are the main design parameters when biomedical 

applications of these implants are considered. For example, as tissue engineering 

scaffolds, the porosity of scaffolds plays a main role in determining oxygen and nutrient 

transport to the cells. Besides that, cell differentiation, cell ingrowth and integration with 

neighbouring tissue is also strongly influenced by the porosity and micro-architecture of 

the scaffold [9]. 

Fabrication of microstructures by solid freeform fabrication techniques, such as 

stereolithography, allows the production of structures with well-defined pore network 

architectures [10, 11]. In this study, designed porous structures showing shape memory 

behaviour were precisely prepared by stereolithography using biocompatible and 

biodegradable poly(D,L-lactide-co-trimethylene carbonate) (P(DLLA-co-TMC)) 

dimethacrylate macromers. These copolymers and their networks have been used for a 

number of biomedical applications including tissue engineering [12-14]. The obtained 

structures were characterised by thermal-, mechanical- and structural analyses, their shape 

fixity and recoverability was evaluated as well. The biocompatibility of the prepared 

structures was evaluated by direct contact cell cultures using human adipose stem cells.  
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Materials and methods 
Materials 
Trimethylene carbonate (1,3-dioxan-2-one, TMC) was obtained from Boehringer 

Ingelheim, Germany. D,L-lactide (DLLA) was obtained from Purac Biochem, The 

Netherlands. Stannous octoate (tin 2-ethylhexanoate, SnOct2), 1,6-hexanediol (99%), 

triethyl amine (TEA), pentaerythritol triacrylate, anhydrous dichloromethane (DCM) and 

methacrylic anhydride (MA) were obtained from Sigma-Aldrich, USA. The reagents and 

solvents were of analytical grade and used as received. 

 

Synthesis and characterization of P(DLLA-co-TMC) oligomers and macromers 
P(DLLA-co-TMC) oligomer with a targeted Mn of 30 kg.mol-1 and a TMC:DLLA molar 

ratio of 0.4:0.6 was synthesised by ring opening polymerization of the corresponding 

monomers using 1,6-hexanediol as an initiator and SnOct2 as a catalyst. TMC, DLLA and 

SnOct2 (2×10-4 mole per mole of monomer) along with the initiator, were charged into a 

three necked round bottom flask and the reaction was continued for 3 days at 130 oC 

under nitrogen. Macromers were prepared by reacting the terminal hydroxyl groups of the 

hydroxyl group terminated P(DLLA-co-TMC) oligomers with MAA in presence of TEA. 

The required amounts of the oligomers, MAA, and TEA were measured out in 1:4:4 molar 

ratios and charged into a three-necked flask. The reaction was allowed to proceed for 7 

days at room temperature. The formed P(DLLA-co-TMC) dimethacrylate was then 

purified by precipitation in a cold excess of diethyl ether and stored at -20oC until used.  

The monomer conversions, molecular weights (number average molecular weights, Mn) 

and degrees of functionalization were determined by 1H-NMR (Varian Innova 300 MHz, 

USA) using CDCl3 as a solvent (Merck, Germany). 

The thermal properties of the oligomers and macromers were evaluated by differential 

scanning calorimetry (DSC) using a Perkin Elmer Pyris DSC apparatus. Samples 

weighing 5-10 mg were heated to 100 °C at a rate of 10 °C/min, and then cooled to -50 °C 

at rate of 5 °C/min. After 5 min at this temperature, a second scan was recorded from -50 

°C to 100 °C at 10 oC/min. The glass transition temperature of the specimens, Tg, was 

determined as the midpoint of the change in the heat capacity.  

 

Formulation of stereolithography resins and building of shape memory structures  
To prepare resin formulations for stereolithography, P(DLLA-co-TMC) macromers were 

mixed with  50 wt% propylene carbonate as a non-reactive diluent [15]. To this mixture, 5 

wt% Lucirin TPO-L, 0.15 wt% Orasol Orange G and 5 wt% pentaerythritol triacrylate 

was added as photo-initiator, dye and crosslinking agent, respectively. Cylindrical three-

dimensional porous structures with a gyroid pore network architecture with an average 

pore size of 1000 µm and a porosity of 70%, were designed using K3dSurf v0.6.2 

(freeware from http://k3dsurf.sourceforge.net) and Rhinoceros 3D (McNeel, Europe) 

computer software. These designed structures were then built from the abovementioned 
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resins by stereolithography (SLA) using an EnvisionTec Perfactory Mini Multilens 

(Germany) stereolithography apparatus.  

To precisely control the depth of cure in building the constructs, SLA working curves 

were first prepared to assess the curing behaviour of the resin. Designed three-

dimensional microstructures networks were then prepared in the SLA apparatus by photo-

crosslinking subsequent layers of resin with thicknesses of 25 µm, upon which a pixel 

pattern is projected. Each layer was illuminated at an intensity of approximately 1000 

mW/dm2 for 30 s. After building, the structures were extracted for 72 h with a 1:1 mixture 

of ethanol and water to leach out propylene carbonate. The final structures were obtained 

after 2 days drying at 40 oC. 

 

Characterization of the built porous structures 

The gel contents of the built porous structures were determined by conducting swelling 

studies using dichloromethane as a swelling agent. The extracted samples were weighed 

and immersed in excess dichloromethane for 48h. Then, the swollen specimens were dried 

in a vacuum oven at 40 °C until constant weight and weighed again. From these values the 

gel fraction was determined [16]. The thermal properties of the built structures were 

determined by DSC, using a similar method as used for the oligomers and macromers. 

Elastic moduli of the structures were determined by compressive testing using a Zwick 

Z020 (Germany) tensile tester. Compression tests were carried out at room temperature, 

physiological temperature (37 oC) and at 0 oC at a crosshead speed of 50 mm/min. 

Values of the onset strain of densification were determined by plotting the energy 

efficiency parameter as a function of the compressive strain [17]. The efficiency 

parameter is defined as the ratio of the absorbed energy up to strain (ɛ) divided by the 

stress itself:  

   
σ(ε)

)( σ(ε)
0




d    (1)                                             

The onset strain of densification was determined as the strain at which the energy 

efficiency reaches a maximum value. Micro-computed tomography (µ-CT) (GE eXplore 

Locus SP µCT scanner with a spatial resolution of 7 µm) was employed to visualize the 

porous structures built by SLA. Scanning was done applying an X-ray tube voltage of 80 

kV, a current of 80 μA and an exposure time of 3000 ms. No filter was applied. After 

reconstruction using the Feldkamp algorithm, thresholded isosurface images were 

obtained (GE MicroView software). Porosities, pore size distributions and average pore 

sizes of the structures prepared by SLA were assessed from the µCT data. 
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Shape memory properties 
Cylindrical scaffolds with gyroid pore network architectures (diameter 12 mm, height 14 

mm) were immersed in a basin of water of 37 oC and compressed into a temporary shape 

(40 % and 70 % compression) at 10 % per min. Fixing of the shape was done by 

decreasing the temperature to 0 oC while maintaining the compressive strain. To ensure 

uniform heating, the specimens were kept at the test temperature for ten minutes. To 

evaluate shape recovery, the sample with the fixed temporary shape was again immersed 

in water of 37 oC until the specimen returned to its permanent shape. Quantitative shape 

memory properties were evaluated using a CCD camera to record the changes in shape of 

the specimens. 

The shape fixity (Rf) and the shape recovery (Rr) were calculated using the following 

formulas:  

                        (2) 

            
    

                                                  (3)

 

     

In Equation 2, il  and ul  respectively represent the height of samples after compression 

(to 40% or 70%) and cooling, and the height of the cooled and compressed samples after 

unloading. In Equation 3, rl  represents the recovered height of the sample after warming 

up to 37 oC, while pl  represents the original height of sample at room temperature. These 

experiments were repeated using three samples. The porosities, pore size distributions and 

average pore sizes of the structures in their temporary shape (at 40 % and 70% 

compression) and after their shape recovery were evaluated by µCT as described in a 

previous section.  

 

Biocompatibility 

The biocompatibility of the built porous structures was assessed using adipose stem cell 

culturing in direct contact with the surface of the materials. First the scaffolds were 

sterilized by immersing in ethanol 70 % for 30 minutes, followed by several washing 

steps with sterile PBS.  Human adipose stem cells (passage 7) were seeded into and onto 

the built porous P(DLLA-co-TMC) structures in wells of cell-adherent polystyrene tissue 

culture plates at a concentration of 2.5×105 cells per scaffold. After 3h pre-incubation, the 

wells were filled with 3 ml medium and incubated for 2 weeks replenishing the medium 

every two days. Cell viability was evaluated using a methylene blue assay. Briefly, the 

medium was aspirated from the wells and the scaffolds were washed once in PBS. Then, 

the scaffolds were incubated in 10% paraformaldehyde fixative solution (Sigma Aldrich, 

USA) for 20 min and washed with PBS. An amount of 100 µL of methylene blue solution 
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was dropped onto the scaffolds, after 3 min they were washed several times with PBS 

until no blue staining came out of the scaffold. The stained cell-seeded cell-containing 

scaffolds were then visualised by optical microscopy. 

 
Results  
Synthesis and characterization of P(DLLA-co-TMC) oligomers and macromers 

Using hexanediol as a bifunctional initiator, a mixture of D,L-lactide and TMC was 

polymerised by ring opening polymerisation to yield telechelic oligomeric diols. The 

number average molecular weights of the oligomers determined by 1HNMR was 28×103 

g.mol-1. The TMC:DLLA molar ratio in the oligomers calculated from the ratio of the 

integral values of CH2OCOO of TMC at 4.08-4.39 ppm and of -CHCOO of lactide at 

1.42-1.85 ppm was found to be 58.3:41.7. End-functionalization of the oligomers to form 

P(DLLA-co-TMC) dimethacrylate was confirmed by the appearance of protons of vinyl 

groups at 5.6 and 6.2 ppm and of the methylene protons of the methacrylate groups at 1.95 

ppm in the 1H-NMR spectra. The degree of functionalization (DF) of macromers was 

determined from the peak areas corresponding to the methacrylate protons (5.6 and 6.2 

ppm) and the hexanediol -CH2O- protons (1.2 ppm). A DF of 70 % was obtained for the 

macromers. DSC analysis showed that the oligomers and the macromers were completely 

amorphous, they respectively showed Tg values of 13.0 and 13.2 oC.  

 

Preparation of designed porous structures and their characterization 

The porous structures with gyroid pore network architecture made from shape memory 

macromers by SLA were characterized by analysis of their microarchitecture,  mechanical 

testing and swelling studies. First μCT was employed to assess the porosity and the pore 

network characteristics of the built scaffolds. Figure 1 shows CAD-designs of the porous 

structures with gyroid pore network architectures and the corresponding μCT images of 

the built structures. As can be seen in the figure, the structure was accurately built as it 

very closely resembles the design. The porosity of the designed architecture was 70 % 

with an average pore size of 1000 μm. According to the μCT data, the built structures had 

a porosity of 70.9 % and an average pore size of 931 μm. The pore network is fully 

interconnected.  

Water ethanol mixtures which are used for the extraction of the propylene carbonate 

diluent are poor solvents for the unreacted macromers. The unreacted macromer was 

extracted from the built structures with DCM, which is a good solvent for the P(DLLA-

co-TMC) macromers. The built scaffolds were found to have high gel contents of 88 % as 

determined in swelling experiments. According to DSC, the built networks structures 

were amorphous with Tg values of 23 oC. These values are somewhat higher than those of 

the macromers and oligomers, as could be expected.  
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Figure 1. Designed porous structures with gyroid pore network architecture made by SLA using 

P(DLLA-co-TMC) dimethacrylate based resins. (A) CAD design of the porous structure. (B) μCT 

image of a built structure. (C) Photographic image of the built structure after extraction. 

 

Figure 2 shows the compression stress-strain curves of the built structures at 0 oC, at room 

temperature and at physiological temperatures of 37 oC.  

 
Figure 2.  Compression behaviour of designed 70 % porous structures with gyroid pore network 

architecture prepared from P(DLLA-co-TMC) macromers at different temperatures. The networks 

had a glass transition temperature of 23 oC. 
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As also is the case with foamed materials, the three stages of deformation: bending, 

buckling and densification are evident in this figure. Especially regarding the porous 

specimen compressed at room temperature. At this temperature, the calculated onset of 

densification is approximately at 46% compression, while at 37 oC the onset of 

densification is at approximately 55% compression. In agreement with the thermal 

analysis, the 70 % porous scaffolds exhibit typical rubbery behaviour at RT and at 37 oC 

with elastic modulus values of 2540 kPa and 60.4 kPa, respectively. These structures 

prepared from P(DLLA-co-TMC) dimethacrylate based resins were more rigid glassy 

materials at 0 oC and had an elasticity modulus of 20900 kPa. 

 

Shape memory properties 
In Table 1 the results of the shape fixity and shape recovery of the prepared designed 

porous structures after compression to 40 and 70 % at 37 oC are presented. Also the 

corresponding average pore sizes are given. Upon unloading after being compressed to 40 

and 70 %, the prepared porous structures did not show spontaneous shape recovery at 

 0 oC. This indicates excellent shape fixity of the materials. For both compression levels, a 

high value of recovery was observed at 37 oC, however the rates of shape recovery for 

specimens compressed to 40 % was lower than specimens compressed to 70 % (data not 

shown).   

Table 1. Shape fixity and shape recovery of prepared porous structures after 40 and 70 % 

compression at 37 oC. Shape fixity and shape recovery were determined at 0 and 37 oC respectively. 

Data is presented as mean ± standard deviation. The corresponding average pore sizes in the 

temporary state at 0 oC are presented as well. 

Compression (%) Rf (%) Rr (%) Average pore size a 

(µm) 

0 -- -- 931 

40 99 (1) 95 (1.3) 718 

70 99 (2) 98 (1.1) 577 

a) Single determinations. 

 

In Figure 3 images of the built porous structures with gyroid pore network are shown in 

their original (permanent) shape and in their temporary compressed state. Also indicated 

is the pore size distribution of the pores in the corresponding states as determined by μCT. 

Upon increasing the temperature from 0o C to 37 oC, the P(DLLA-co-TMC) structure 

deployed from its temporary shape to its original permanent dimensions and shape. In the 

uncompressed original state, pores in the porous structures ranging in size from 886 to 
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1172 μm made up more than 86 % of the pore volume. Upon being compressed to 40 and 

70 %, the (average) pore sizes of the structures can be seen to decrease significantly. The 

proliferation of adipose stem cells seeded into and onto the designed scaffolds is shown in 

Figure 4. The images correspond to cell culturing periods of one day and 7 days. 

 

 

Figure 3. Shape recovery of designed porous structures with gyroid pore network architecture upon 

heating and corresponding changes in pore size and pore size distribution. The P(DLLA-co-TMC) 

structures had a glass transition temperature of 23 oC. (A) Temporary shape of the structure (70% 

compressed)) at 0 oC. (B) Transient shape of the structure upon heating to 37 oC, at this point the 

compression is approximately 40 %. (C) Structure completely recovered to its original permanent 

shape. 
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Discussion 
Photo-crosslinkable P(DLLA-co-TMC) macromers could be conveniently prepared by 

ring opening polymerization of TMC and DL-lactide initiated by hexane diol and 

subsequent functionalization with reaction with methacrylic anhydride. Depending on the 

monomer composition, poly(DL lactide-co-trimethylene carbonate)s can have widely 

differing glass transition temperatures, elastic moduli, tensile strengths and degradation. 

This makes these tailorable materials suitable for a variety of biomedical applications 

[18]. In this work we employed P(DLLA-co-TMC) network materials with a  

 

 
Figure 4. Optical microscopy images of methylene blue-stained  adipose stem cells seeded into and 

onto the designed P(DLLA-co-TMC) scaffolds prepared by stereolithography. Images were taken 

after 1 day (A) and after 7 days (B) of the cell culturing (scale bar is equivalent to 1 mm). 

 

DLLA to TMC molar ratio of 0.6:0.4 as this polymer is amorphous with a glass transition 

(after photo-crosslinking of the macromers) close to room temperatures. In addition, the 

macromers we used for photo-crosslinking had relatively high molecular weights of a 

macromer with Mn of 30 kg.mol-1. We found in preliminary work (data not shown) that 

increasing the molecular weight of the macromers resulted in significant improvement of 

the mechanical properties (strength, resilience and toughness) of the formed networks. 

This makes these networks especially attractive for use in preparing minimally invasive 

surgically implantable medical devices and tissue engineering scaffolds. Such devices 

could be implanted in a temporary shape below Tg, that after implantation and warming 

up to body temperature expand to their permanent shape to perform a specific desired 

function.  

With stereolithography, it was possible to prepare complex designed structures from these 

P(DLLA-co-TMC) macromers that possess shape memory properties. As an example of a 

complex designed device, a cylindrical porous structure with a gyroid pore network 
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architecture was built. The gyroid pore network has an infinitely connected triply periodic 

minimal surface with a large specific surface area and high pore interconnectivity. These 

architectures could therefore be of great interest for tissue engineering scaffolds or other 

volume filling applications [19].  

As our results confirm, the stereolithography technique allowed for the precisely 

controlled preparation of structures with designed (and desired) pore characteristics. The 

results provide information regarding the shape fixity and shape recovery of the built 

structures. Excellent shape fixity and near complete recovery of the specimens can be 

expected from the large difference in elasticity modulus of the specimens below and 

above the glass transition temperature as illustrated in Figure 2.   

Porous polymeric shape memory materials are usually prepared by foaming techniques 

using supercritical carbon dioxide or gas blowing methods. These foams usually have 

very broad pore size distributions [1]. Since the gyroid pore network architecture is a 

designed structure that contains fully connected regular channels throughout the structure, 

the pore size distribution is quite low, see Figure 3 and Figure 4.  

In microporous structures prepared from shape memory polymers, the number, size and 

location of struts and walls between the pores play an important role in determining the 

compressibility and the shape recovery after deformation of the structures. During the 

deformation process, the porous structure deforms by bending of the cell walls (closed-

cell foams) or cell edges (open-cell foams) [20]. Figure 2 shows the strain-stress curves of 

the designed P(DLLA-co-TMC) structures. When the network is in the glassy state at 0oC, 

the structure deforms elastically in a uniform way. At room temperature, which is close to 

Tg of the network, the specimen first uniformly deforms elastically until a stress plateau 

reached. At this point, µCT results in Figure 3 show that there is a significant decrease in 

pore size. Figure 2 shows that at 37 oC after approximately 50-60 % compression 

densification can be observed. Here, the compressive stress increases significantly with 

the applied strain, due to contacting of the cell walls. This onset of densification is in 

correspondence with the previously calculated value of 55 % compression. Since the 

gyroid pore network consists of many regular struts with no clear boundaries between the 

pores, collapse of the pore network due to compression occurs elastically and complete 

shape recovery is still possible even after 70% compression, which is well above the onset 

of densification. The cell culture study using adipose stem cells clearly demonstrates the 

biocompatibility of the built structures. The very open architecture can be advantageous in 

tissue engineering, specifically when large tissues are to be engineered, as the diffusion of 

nutrients and oxygen to the cells will not be hampered. 
 
Conclusions 
Designed porous structures were prepared by stereolithography using P(DLLA-co-TMC) 

macromers containing 40 mol % TMC. Porous structures with high interconnectivity were 

obtained. These structures showed good shape memory properties in term of shape fixity 
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at low temperatures and excellent recovery upon heating to 40 oC. Structures did not show 

any adverse cytotoxicity when cultured with human adipose stem cells. The results here 

indicated the feasibility of making complex structures with shape memory properties to 

fulfil the several needs in biomedical field.   
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Abstract 
Injuries to the intervertebral disc caused by degeneration or trauma often lead to tearing of 

the annulus fibrosus (AF) and extrusion of the nucleus pulposus (NP). This can compress 

nerves and cause lower back pain. In this study, the characteristics of poly(D,L-lactide-co-

trimethylene carbonate) networks with shape memory properties have been evaluated in 

order to prepare biodegradable AF closure devices that can be implanted minimally 

invasively. Four different macromers with D,L-lactide to trimethylene carbonate 

(DLLA:TMC) molar ratios of 80:20, 70:30, 60:40 and 40:60 and molecular weights of 

approximately 30 kg/mol were used to prepare the networks by photo-crosslinking. The 

mechanical properties of the samples and their shape memory properties were determind 

at temperatures of 0 ° C and 40 °C by tensile- and cyclic thermo-mechanical testing. At 40 

°C all networks showed rubber-like behavior and were flexible with elastic modulus 

values of 1.7-2.5 MPa, which is in the range of the modulus values of human annulus 

fibrosus tissue. The shape memory characteristics of the networks were excellent; typical 

shape-fixity and strain-recovery ratio values were higher than 98 and 95%, respectively. 

In vitro culture and qualitative immunocytochemistry of human annulus fibrosus cells on 

shape memory films with DLLA:TMC molar ratios of 60:40 showed very good ability of 

the networks to support the adhesion and growth of human AF cells. When the network 

films were coated with adsorbed fibronectin, cell attachment, cell spreading and 

extracellular matrix production was further improved. Annulus fibrosus closure devices 

were prepared from these AF cell compatible materials by conducting the photo-

crosslinking reactions in a mold. Implantation in the disc of a cadaveric canine spine 

showed that these shape memory devices could be implanted through a small slit and to 

some extent deploy within the disc cavity.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 6: Development of a biodegradable shape memory annulus fibrosus closure device 

103 

Introduction 
Intervertebral disc (IVD) abnormalities resulting from metabolic disorders, aging 

processes, trauma, or degenerative discs diseases are common in the human population 

and can cause considerable pain, particularly if they affect adjacent nerves. When the 

results of conservative treatments are insufficient, and the neurological problems that lead 

to pain need to be resolved, surgical intervention is required [1]. Currently, a standard 

surgical procedure for the reduction of pressure on the surrounding (nerve) tissue is 

partial- or total nucleotomy followed by implantation of a nucleus pulposus prosthesis 

(NPP) to restore the biomechanical function of the disc [2].  

Among the several hundred thousand patients that undergo disc operations each year, 

recurrent disc herniation is a complication that often occurs [3]. The defect that remains in 

the outer layers of the disc can allow re-herniation of residual nuclear material to occur [4, 

5]. More importantly, correct performance of NP implants is very much dependent on 

proper confinement by the annulus fibrosus (AF). For example, Wilk et al. showed that 

when the intradiscal pressure was restored to physiological levels upon insertion of a NPP, 

the surrounding AF was generally too weak to prevent its extrusion [6]. Maintaining the 

NPP centrically in situ is one of the major challenges in nucleus prosthesis technologies 

[7-9]. 

 To seal the AF efficiently, the AF should ideally be closed from the inside, i.e. at the 

transition zone between the NP and AF, and not only at the outside of the annular ring as 

is the case when only suturing [10]. Inclose© and the Xclose© are two systems that have 

been developed to close a torn AF. In these examples permanent polyethylene 

terephthalate meshes are used in combination with sutures [11]. Despite an improved 

annulus fibrous sealing potential, their clinical efficacy has still to be addressed. As these 

methodologies are mechanical closure approaches that in the long-term cannot maintain 

the structure of the native AF or prevent the degeneration of the intervertebral disc, there 

is great need for an approach that not only seals the AF immediately, but in the longer 

term also allows regeneration of AF tissue to maintain its integrity.  

Existing annulus fibrosus tissue regenerating approaches have focused on tissue 

engineering using biodegradable polymeric scaffolds such as those based on synthetic 

poly(-caprolactone) (PCL) [12] or poly(1,8-octanediol malate) [13] or based on natural 

polymers such as collagen and hyaluronan [14], chitosan [15] or porous silk [16]. In many 

cases the use of biodegradable scaffolds is combined with (biological) signal molecules 

and cells. Despite the success in preparing scaffolds that mimic the native AF structure 

and support AF cells in vitro, several major hurdles need to be taken before these 

constructs can be used in vivo. The scaffolds are degradable, and adequate mechanical 

strength as well as long-term mechanical performance is required. Furthermore, the 

implants need to be fixed in or to the annular defect, for example by suturing or adhesive 

bonding [17-19]. The formed tissue should mimic the native annulus fibrosus tissue and 
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integrate with it. In addition, the implantation of these tissue grafts or patches requires 

invasive surgery. 

In this study we describe the development of a multifunctional annular closing device 

designed to seal a ruptured annulus fibrous from within and simultaneously allow tissue 

regeneration using biodegradable shape memory polymer networks. The shape memory 

properties let the implant be inserted minimal-invasively into the damaged intervertebral 

disk in a temporary shape, and subsequently deploy to its permanent shape (sealing the 

defect) due to exposure to physiological temperatures. As the implant degrades and 

resorbs in time, fibrous- or annulus fibrosus tissue can form upon cellular infiltration.   

An ideal shape memory material with which an implant can be manufactured that serves, 

as a tissue-forming closure device should have excellent shape recovery and fixity at 

physiological temperatures and conditions. In addition, the implants should have 

mechanical properties that are close to those of AF tissue, thereby restoring the 

biomechanical properties of the disc. Furthermore, the material should support AF cell 

adhesion and proliferation allowing extracellular matrix production. For this we prepared 

a series of biodegradable networks prepared from methacrylate-functionalized diblock 

copolymeric D,L-lactide and trimethylene carbonate oligomers with different monomer 

molar ratios. These networks were characterized in terms of their shape memory 

properties, mechanical properties and their ability to support AF cells. Annular closure 

devices were made by preparing these networks in a designed mold, and the suitability of 

our approach was assessed in ex vivo experiments conducted using canine cadaveric 

spines. 

 
Materials and methods 
Materials 
Trimethylene carbonate (1,3-dioxan-2-one, TMC) (Boehringer Ingelheim, Germany) and 

D,L-lactide (DLLA) obtained from Purac Biochem, The Netherlands were used as 

received. 1,6-Hexanediol (99%), stannous octoate, triethyl amine (TEA) and methacrylic 

anhydride (MAA) were purchased from Sigma-Aldrich, The Netherlands. The 

photoinitiator (2-hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959) 

was a gift from Ciba Specialty Chemicals (Basel, Switzerland). Other reagents and 

solvents were of analytical grade and used as received. Human annulus fibrosus cells, cell 

culturing media and buffers were obtained from (ScienCell, USA). Primary antibodies 

reactive towards fibronectin and collagen type I, and secondary antibodies (donkey anti 

rabbit, FITC labeled) were obtained from Sigma-Aldrich and Abcam, the Netherlands 

respectively. 
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Synthesis and characterization of shape memory networks  
A series of poly(D,L-lactide-co-trimethylene carbonate) diols with DLLA:TMC molar 

ratios of 80:20, 70:30, 60:40 and 40:60 was synthesized by ring opening polymerization 

of the corresponding monomers under nitrogen at 130 oC for 3 days using 1,6-hexanediol 

as initiator and stannous octoate (2×10-4  mol per mol of monomer) as catalyst. The 

monomer: initiator molar ratio was adjusted to yield oligomers with a targeted number 

average molecular weight of 30000 g/mol. The prepared oligomeric diols were dissolved 

in dry dichloromethane (Sigma-Aldrich, Netherlands) and end-capped using a 4 times 

excess of MAA in the presence of TEA to give the corresponding methacrylate end-

capped macromers. The reaction was allowed to proceed for 7 d at room temperature. 

Subsequent purification was done by precipitation in excess cold ethanol. The precipitated 

macromer was then vacuum-dried for 2 days at room temperature and stored at  -20 °C 

until use. 

Monomer conversion, copolymer composition and degree of methacrylation were 

determined by proton nuclear magnetic resonance (1H-NMR) spectroscopy (300 MHz, 

Varian Innova, USA) using CDCl3 as a solvent.  

To prepare photo-crosslinked films, the photoinitiator (2 wt% with respect to the 

macromer) was dissolved in chloroform (1 mL/g macromer) and homogeneously mixed 
into the macromers followed by evaporation of the solvent by applying vacuum. The 

macromer mixtures were then shaped into films measuring 100×25×0.5 mm3 by molding 

at 100 oC using a laboratory press (Fontijne THB008, The Netherlands). After cooling, the 

films were again heated to 75 °C and irradiated in a UV cabinet (Spectroline, USA at 365 

nm and 3-5 mW/cm2) for 500 s under a blanket of nitrogen gas. The distance between the 

films and the UV lamps was 10 cm.  

The equilibrium swelling ratios and gel contents of the obtained photo-crosslinked films 

were determined by conducting swelling experiments in dichloromethane.  

Glass transition temperatures (Tg) of the copolymeric networks were determined by 

differential scanning calorimetry (Pyris 1, PerkinElmer, USA). Samples weighing 5-10 

mg were heated to 100 °C at a rate of 10 °C/min, and then cooled to -50 °C at a rate of 5 

°C/min. After 5 min at this temperature, a second scan was recorded from -50 °C to 100 

°C at 10 oC/min. The data presented is the data obtained in the second scan. 

 

Investigation of tensile- and shape memory properties of networks 

Tensile tests and cyclic thermo-mechanical tests were conducted with standard samples 

(ISO 527–2/1BB) cut from films on a thermo-chamber (Climatic Systems LTD, model 

091250) equipped Z1.0 Zwick, Germany) controlled by a Eurotherm control 2408 unit 

(Eurotherm Regler, Germany) and a 200 N load cell. The deformation rate was 5 mm/min, 

the preload was 30 mN. Tensile tests results are averages of 10 measurements. Tensile 

tests were conducted at 0 oC and at 40 oC, unless mentioned otherwise. 



Chapter 6: Development of a biodegradable shape memory annulus fibrosus closure device 

106 

The cyclic thermo-mechanical tests were performed as follows: the sample was stretched 

at a temperature of 50 °C to an elongation of 100 % at an elongation rate of 5 mm/min 

(step 1). The stretched sample was kept at this elongation for 5 min, and cooled to 0 °C at 

a cooling rate of 5 °C/min (step 2). It was then kept at this low temperature for 10 min. 

The sample which is now in its temporary fixed state was unloaded to almost σ = 0 MPa 

(the offset zero force was 200 mN) (step 3) and the temperature was raised to 50 °C at a 

heating rate of 2 °C/min (step 4) and held there for 10 min. This program was repeated 

five times with the same sample (N = 5).  

The strain fixity ratio Rf and the strain recovery ratio Rr were calculated from Eq. (1) and 

(2), respectively.  
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where l (N) is the tensile strain of a loaded sample after cooling in a cyclic, thermo-

mechanical experiment in the Nth cycle, u(N) is the strain in the stress-free state after 

the retraction of the tensile stress in the Nth cycle, p(N-1) and p(N) are the strain of 

the sample in two successively passed cycles in the stress-free state.  

 

In vitro cell culture and qualitative immunocytochemistry of human annulus 

fibrosus cells on shape memory network films 
Cell behavior on the shape memory materials was evaluated using a direct adhesion assay 

with primary human annulus fibrosus cells (ScienCell, USA) and corresponding media 

(ScienCell). Human AF cells were first cultured using a fibronectin (human plasma)-

coated (2mg/ml) T75 flask according to protocol recommended by the provider. 

Chemically-defined bicarbonate-buffered growth media containing 1 v/v% fetal bovine 

serum (FBS) and other supplements were used as a cell culture medium as recommended 

by the manufacturer. The cells were incubated at 37 oC and 5% CO2 for 3 d to reach 90% 

confluence. The AF cells were then trypsinized, washed, and concentrated in basal 

medium. The shape memory polymer films (500 µm thickness) were cut into 15 mm 

diameter discs and sterilized by ethanol 70% for 30 min. The discs were then placed in 

24-well tissue culture plates, allowed to dry under the sterile laminar air flow, and then 

seeded at a cell density of 105 cells/well followed by incubation at 37 oC and 5% CO2. 

Culture medium was changed every other day. To investigate the effect of pre-adsorbed 

fibronectin on cell attachment, fibronectin was adsorbed on the sterile discs at a 

concentration of 5µg/ml for a period of 1.5 h at 37°C. After protein adsorption, samples 

were rinsed in PBS to remove non-adsorbed protein. These samples were cultured in a 

similar manner as the non-coated samples. 
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Fluorescent (immuno)cytochemistry was employed as a technique to qualitatively 

evaluate collagen and fibronectin production, cell viability and to relate this to cell 

morphology and the cytoskeleton. After incubations for 1 day  and 5 days, the samples 

were fixed with 3.7% para-formaldehyde in cytoskeletal stabilizing (CS) buffer (0.1 M 

piperazine-1,4-bis(2-ethanesulfonic acid) (PIPES) buffer, 1mM ethylene glycol tetraacetic 

acid (EGTA), pH= 6.9) for 15 min and  then transferred to phosphate buffered saline 

solution (PBS). Samples were stained with 40,6-diamidino-2-phenylindole (DAPI) to 

stain the cell nuclei blue, tetramethylrhodamine iso-thiocyanide–phalloidin (TRITC–

phalloidin) to stain the actin filaments of the cells red. To determine extracellular matrix 

components, fibronectin and collagen type I, the samples were incubated with antibodies 

reactive towards fibronectin or collagen type I. With use of fluorescent anti-antibodies, 

reactive for fibronectin and collagen type I could be visualized.  

Analyses were performed using confocal laser scanning microscopy (LEICA TCS SP2, 

with fully water-immersed 40X objective (NA 0.80)). The number of adhering AF cells 

per unit area was determined using Scion image analysis software by counting the number 

of DAPI-stained cell nuclei per unit area. The fraction of the area covered by cells was 

determined using Scion image analysis software. For this, a threshold was set for the actin 

filaments stained with TRITC-phalloidin. To determine the average area of a spread AF 

cell, the fractional area covered by the actin fibers of the cells was divided by the number 

of DAPI-stained nuclei per area. For each surface, three images (375 × 375µm2) were 

randomly taken and analyzed. Experiments were performed in quadruplicate with separate 

batches of cultured cells.  

 

Preparation of an annulus fibrosus closure device 

Figure 1 illustrates the working concept of an annulus fibrosus closure device that can be 

implanted in a minimally invasive manner to prevent the nucleus pulposus or a nucleus 

pulposus implant form extruding from the disc through an annulus fibrosus defect. The 

implant is prepared from a biodegradable poly(D,L-lactide-co-trimethylene carbonate) 

polymer network with shape memory properties, and consists of a defect-covering 

membrane and holding grip (Figure 1A).  The device is folded to its temporary shape, 

which is fixed by cooling to low temperatures (Figure 1B), and placed into the disc cavity 

through the annulus fibrosus defect (Figure 1C). Upon heating to body temperature, the 

membrane unfolds to cover the defect from within (Figure 1D). 

A two-part mold stainless steel mold was used to manufacture the implant, Figure 1E 

shows its  design. An amount of poly(D,L-lactide-co-trimethylene carbonate) macromer 

with a DLLA:TMC molar ratio of 60:40 containing 2 wt% photo-initiator was brought 

into the cavity of the assembled mold, to ensure that the cavity of the mold was 

completely filled, the macromer containing molds were heated to 70 oC, compressed for 1 

min at 10 kg/cm2 and quenched to room temperature using cold water. Annulus fibrosus 

closure devices measuring 10×5×0.5 mm3 were prepared by photo-crosslinking the 
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Ex vivo cadaveric evaluation of shape memory annulus fibrosus closure devices 
Beagle spines were used to evaluate the performance of the AF closure devices. Canine 

cadaveric spine segments (L5-Cd1) from beagle dogs (weight range 16.1-20.4 kg; age 

range 26-44 months), euthanized in an unrelated experiment, were immediately frozen at -

20 oC after euthanization and stored. Prior to use, the spines were left to thaw for 24 hours 

at room temperature. Excess muscle was removed, but ligamentous tissue was left intact. 

An incision was made in the transverse midline of the IVD to make a defect of 8 mm 

length, parallel to the fibers of the outer annular ring using a surgical blade nr 11. This 

approach is similar to the surgical procedure done in human and canine degenerative disc 

disease (DDD) patients. After nucleotomy, a NP prosthesis was inserted according to the 

method described elsewhere [20]. Annulus fibrosus closure devices in their un-deployed 

configuration were placed at L1–L2, L3–L4, L4–L5 and L2–L3 in the spine of each spine. 

After implantation at room temperature, the spines were placed in an incubator at 37 oC 

overnight. The IVDs were then carefully transected, and the efficiency of the device in 

closing the annular defects was evaluated.   

 
Results and discussion 
Synthesis and characterization of shape memory networks 

The characteristics of the synthesized macromers as determined by NMR are presented in 

Table 1. The molecular weights were in the range of 27 to 29 kg/mol, which is close to the 

intended values of 30 kg/mol. The DLLA to TMC molar ratios corresponded well with the 

composition of the monomer feed minor deviations are the result of lactide sublimation 

during polymerization. While the degrees of functionalization of the oligomers with 

methacrylate groups were 70 to 84 %, no unreacted terminal hydroxyl groups could be 

discerned in the NMR spectra. Networks with gel contents ranging from 77 to 90% were 

obtained, indicating efficient end-group functionalization and crosslinking. The thermal 

properties of the (extracted and dried) networks are shown to be much dependent on the 

composition of the macromers and networks, where the glass transition temperature (Tg) 

of the networks decreases with increasing TMC content. While Tg is 38 °C for networks 

containing 20 % TMC,  increasing the TMC content to 60 mol% TMC yields networks 

with Tg of 10.3 oC. All prepared networks were amorphous. 

The effect of co-monomer ratio on the mechanical tensile properties of the networks at 

temperatures below and above the glass transition is illustrated in Table 2. At 0 oC the 

elasticity moduli ranged from 1000 to 1700 MPa. The tensile strengths and elongation at 

breaks values ranged from, respectively, 30 to 44 MPa and 11 to 340 MPa. It is interesting 

to see that with increasing TMC content the elasticity modulus and breaking stress seem 

to increase and the elongation at break to decrease, although at this low temperature all 

networks are in the glassy state. At 40 oC all networks were very flexible with elastic 

moduli ranging between 1.7 and 2.5 MPa. These characteristics are of interest with regard 

to using these networks as devices showing shape memory behavior. A high elasticity 
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modulus at low temperature of 0 oC (which is easily reachable by using ice) and a low 

value of the modulus at physiological temperatures (40 oC) will allow good fixity at the 

low temperature and good recovery of the shape upon heating [21]. 

 

Table 1. Characteristics of synthesized DLLA and TMC macromers and their corresponding photo-

crosslinked networks as determined by 1H-NMR analyses, swelling experiments in chloroform and DSC. The 

table shows the monomer molar ratios, the molecular weight and the degrees of functionalization of 

the synthesized macromers, the gel contents and glass transition temperatures of the corresponding 

photo-crosslinked extracted networks. 

 

 

Table 2. Tensile properties of the prepared photo-crosslinked DLLA and TMC networks at 0 °C and 

at 40°C. 

 

a Tensile tests performed at 50 oC 

 
Shape memory properties of the prepared networks 
In our approach to develop an annulus closure implant that can be inserted in a minimally 

invasive manner, shape memory materials with a high elasticity modulus, good form 

stability during- and before implantation, as well as complete recoverability of the shape 

following implantation of the device are required. In addition, once in the body, the 

mechanical characteristics of the implant should match those of native annulus fibrosus 

tissue and be flexible and rubber-like under physiological conditions. Being able to store 

Macromer or 

network 

DLLA:TMC 

molar ratio 

Mn 

(kg/mol) 

Degree of 

functionalization 

(%)

Gel content 

(%) 

Tg 

(oC) 

DLLA(80):TMC(20)  79.2:20.8 26.9 76 76.5 ( 2.4)  37.0 

DLLA(70):TMC(30)  68.2:27.8 28.1 75 84.0 (1.3)  29.0 

DLLA(60):TMC(40)  58.2:41.8 27.1 70 85.6 (0.9)  21.1 

DLLA(40):TMC(60)  39.3:60.7 29.3 84 89.8 (1.4)  10.3 

Network 

Tensile properties at 0 °C    Tensile properties at 40 °C 

 E (MPa)    σb 

(MPa)

  εb (%)     E(MPa)  σb (MPa)  εb (%) 

DLLA(80):TMC(20)  1700 (200)  44 (5) 11 (3) 2.2a ( 0.1) 5.5 a ( 0.9)  675 a (75) 

DLLA(70):TMC(30)  1350 (150)  43(2) 260 (10) 1.7( 0.1) 4.0 (0.9)  680(110) 

DLLA(60):TMC(40)  1300 (300)  36 (10) 200 (80) 2.5(0.2) 6.8(0.8)  760 (60) 

DLLA(40):TMC(60)  1000 (100)  30 (13) 340 (110) 1.8(0.4) 4.5(0.8)  540( 70) 



Chapter 

the device in

this is a tem

temperature 

The shape-m

mechanical 

a typical the

shape mem

temporary s

above its sh

to a tempera

return to th

above Ttrans

temperature 

 

Figure 2. Th

shape memory

shown that up

at constant s

recover to its

shown in whi

temperature (

 

In Table 3, t

at a certain 

presented. T

during the i

higher temp

6: Developmen

n its temporar

mperature that 

that can easil

memory func

experiments b

ermo-mechan

ory effect of

shape of the p

ape transition

ature below T

heir original (

s. In our am

corresponds t

hermo-mechani

ry network mate

pon elongating 

strain (step 2), 

s original dimen

ch the specimen

(Tsw) and the sh

two important

elongation, i.

These values a

implantation 

erature upon 

nt of a biodegra

ry shape at a l

is not directly

ly be reached 

ctionality of 

between 0 oC 

ical cycle is s

f the network

polymer netw

n temperature 

Ttrans. As a resu

(un-deformed

morphous poly

to their glass t

ical cycle in w

erial is program

the network to

 followed by r

nsions by heatin

n elongation is 

hape transition 

t quantities de

.e. the strain 

are representa

at the lower 

its implantatio

dable shape me

111 

ow temperatu

y harmful to ti

with ice or a r

the networks

and 50 oC, un

shown. The p

ks is obtained

work can be fi

(Ttrans) and su

ult of the entr

) permanent 

y(DLLA-co-T

transition tem

which a DLLA

mmed, and its s

 100 % at 50 oC

release of the a

ng up to 50 oC

plotted as a fun

temperature ra

escribing the s

fixity ratio R

ative of the fo

temperature a

on. Since for t

emory annulus 

ure of only 0 o

issues and cel

refrigerator.  

s was quanti

nder controlle

process by wh

d can be sum

ixed by deform

ubsequent cool

ropy elasticity

state upon h

TMC) networ

mperature.  

A(80):TMC(20) 

shape is recover

C (step 1), and 

applied stress 

(step 4). In B) 

nction of tempe

ange (ΔTr) are in

shape-memory

Rf and the stra

orm stability o

and of its sha

the first cycle

fibrosus closure

C is highly be

ls when impla

ified by cycl

d conditions. 

hich a therma

mmarized as 

ming it at a t

ling in its defo

y, the network

heating to a t

rks the shape

poly(D,L-lacti

red upon heatin

d subsequent coo

(step 3) the sp

the correspond

erature. Here, t

ndicated. 

y properties o

ain recovery r

of the implant 

ape recoverab

 Rf  and Rr are

e device 

eneficial, as 

anted, and a 

lic thermo-

In Figure 2 

lly induced 

follows: A 

temperature 

formed state 

k specimens 

temperature 

e transition 

ide-co-TMC) 

ng. In A) it is 

oling to 0 oC 

pecimen can 

ding graph is 

the switching 

f a network 

ratio Rr, are 

before and 

bility at the 

e dependent 



Chapter 6: Development of a biodegradable shape memory annulus fibrosus closure device 

112 

on the thermo-mechanical history of the specimens, average values for cycles 2 to 5 are 

presented in the table. For all networks, except for the DLLA(40)-co-TMC(60) networks, 

the strain-fixity ratio was near 98 % under stress-free conditions, even after five thermo-

mechanical cycles. The DLLA(40):TMC(60) networks showed a shape fixity value of 84 

%. This (lower, but still adequate) shape fixity is the result of the close proximity of the 

fixing temperature of 0 oC with the glass transition temperature of the network of 10.3 oC. 

 

Table 3.  Shape memory properties of the synthesized poly(D,L-lactide-co-TMC) networks evaluated 

using cyclic thermo-mechanical analyses. During mechanical programming the deformation 

temperature was 50 oC, and the fixing temperature 0 oC. The fixity ratio (Rf) and the recovery ratio 

(Rr) were assessed at 0 oC and 50 oC, respectively. The switching temperature (Tsw) and the 

temperature range of the shape recovery transition (ΔTr) are as indicated in Figure 2. 

 

 

For all samples, high values of strain-recovery ratios of up to 99% were determined. This 

indicates that these networks reversibly can recover from mechanical deformation and 

return to their original shape upon heating. An ideal shape memory AF implant should 

show a shape switching temperature near body temperature (37 °C) to facilitate the 

activation of the shape change, this prevents the need for applying high temperatures 

which may be harmful to cells and tissues. A too low switching temperature can result in 

uncontrolled implant deployment during its implantation [22].  

In our networks, the ability to deform the network and to maintain the deformed networks 

in their deformed state is determined by the mobility of the amorphous phase. The 

significant difference in elasticity modulus values of the networks at 0 oC and at 40 oC 

shown in Table 2 indicates the functionality of the amorphous phase as a switching phase 

at temperatures close to body temperature. Upon reheating to a temperature above Tg, the 

chains in an oriented network return to their random coil conformations. This results 

macroscopically in recovery of shape.  The switching temperature (Tsw) can differ 

somewhat from the glass transition temperature (Tg) and defines the temperature at which 

macroscopically. As a result of the increased mobility of the oriented switching phase, the 

shape of a specimen in its temporary shape starts to change [23]. In this study Tsw was 

determined as the onset of the change in shape (elongation) in the shape recovery curve in 

the cyclic, thermo-mechanical experiments (step 4 in Figure 2). It is shown in Table 3 that 

Tsw was higher than Tg for all networks. This is due the fact that Tsw is determined by 

Network Rf  (%) Rr (%) Tsw  (
oC) ΔTr 

 (oC) 

DLLA(80):TMC(20) 98.7 ± 0.2 95.3 ± 2.5 38.7 11 

DLLA(70):TMC(30) 98.2 ± 0.2 95.1 ± 3.0 30.0 20 

DLLA(60):TMC(40) 97.8 ± 0.6 95.2 ± 4.7 29.0 21 

DLLA(40):TMC(60) 84.3 ± 1.0 98.8 ± 1.1 10.0 40 
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thermo-mechanical analysis using stretched samples, while Tg is determined by DSC 

using non-stretched specimens. 

The temperature interval of the shape transition, is an important characteristic of shape 

memory polymers. In step 4 of Figure 2B this temperature range can be observed. For our 

intended application, a narrow temperature range is desired in which the shape changes 

occurs at or very close to body temperature while at lower temperatures the fixity of the 

implant in its temporary shape is high enough to prevent premature activation of the shape 

change before the implantation during storage [24]. The table shows that network 

specimens with the highest D,L-lactide contents have the highest switching temperatures 

and the narrowest temperature intervals. While DLLA(40):TMC(60) networks showed a 

very wide recovery temperature interval (ΔTr, Table 3) and may not be the most suited 

one, the other networks have relatively narrow temperature intervals in which the shape 

recovery occurs. We chose networks prepared from DLLA(60):TMC(40) networks for our 

further experiments, as these had excellent shape fixity at low temperatures, excellent 

shape recovery at body temperature and still a relatively high switching temperature.   

 

In vitro cell culture, cell seeding and qualitative immunohistochemistry of human 

annulus fibrosus cells on shape memory network films 

To demonstrate the ability of degradable DLLA(60):TMC(40) networks to support the 

adhesion and proliferation of human AF cells and the production of extracellular matrix, 

cell culturing studies were performed. Cell attachment was evaluated on network 

specimens that were not coated and on specimens that were pre-coated with fibronectin. 

Fibronectin is an extracelluar matrix protein that can influence cellular behavior on a 

polymer surface.  

In Figure 3, the attachment of annulus fibrosus cells on the surfaces of non-coated and 

fibronectin-coated DLLA(60):TMC(40) network films is quantified after culturing for 1d 

and 5d. There was no significant difference (p>0.05) between the numbers of cells on the 

surface. In both cases the number of viable cells increased in time, indicating that both 

surfaces allow the growth and proliferation of human AF cells. However, after one day of 

culturing the extent of spreading of the cells on fibronectin-coated network films 

(1652±329 µm2 per cell) was significantly higher (p<0.05) than on non-coated films 

(917±133µm2 per cell). This is in agreement with the results of a study of Attia et al., and 

confirms the important role of fibronectin in the attachment and spreading of AF cells 

[25].  

Figure 4A, 4B, 4G and 4H show confocal laser scanning microscopy (CLSM) images of 

the actin cytoskeleton of AF cells after 1 and 5d culture on non-coated and on fibronectin-

coated DLLA(60):TMC(40) network surfaces. On both surfaces, the AF cells attached and 

proliferated well. After 1 day of culturing, arrays of parallel aligned actin stress fibers 

could be observed within the cytoplasm of an annulus fibrosus cell, especially on the 

fibroncetin-coated specimens. After 5 days, however, this difference is minimal. 
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produced by the AF cells follows the orientation and pattern of the actin filaments in the 

cells.  

After 1 day of culture, the presence of collagen type I could be also confirmed on both 

surfaces by confocal microscopy, as shown in Figure 4E and 4F. For un-coated network 

samples most of the collagen was intracellular, although some collagen fibrils could also 

be observed. For fibronectin-coated networks, however, extracellular deposition of 

oriented collagen type I bundles can be observed. This is in agreement with literature, 

signifying that assembly of collagen I into fibrillar networks is dependent on the presence 

of fibronectin fibrils [27, 28].  
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deployed state after deformation above its glass transition temperature and cooling in an 

ice water bath to 0 oC (Figure 6B). At this low temperature the device is in the glassy state 

and rigid, and has good shape fixity. It can therefore be implanted minimally invasively, 

while premature deployment during surgical insertion will not occur.   

Figures 6C, 6D and 6E illustrate the implantation procedure into the disc of the cadaveric 

spine. The implantation of the un-deployed implant into the disc through the 8 mm slit 

was straightforward. Upon its insertion into the disc, the device had begun to deploy as it 

was not easy to pull out the implant. According to the thermo-mechanical analysis data 

presented in Table 3 , the DLLA(60):TMC(40) network samples had a shape recovery rate 

of  9%/min when heated at a rate of 2 oC per minute. This is quite beneficial, as immediate 

fixation decreases the risk of implant migration or dislocation.   

After transection of the disc after overnight incubation at 37 oC, it was found that recovery 

of the implant to its permanent shape within the disc cavity was not complete. While 

inside the cavity, the annulus fibrosus closure device will only be able to fully deploy if 

the shape recovery force is larger than the force exerted by the surrounding annulus 

fibrosus tissue on the implant. From the thermo-mechanical data shown in Figure 2, we 

can see that the shape recovery stresses for our implants are of the magnitude of 1 MPa 

only. The corresponding forces might not be sufficiently high to allow complete shape 

recovery. Nevertheless, the partly deployed implants remained within the disc cavity. In 

the body, under normal conditions, the intervertebral disc undergoes complex mechanical 

loading patterns that include compressive forces, flexural moments, shear loading and 

torsion [29]. To simulate this, we manually applied flexion and extension forces as well as 

axial rotations to the cadaveric spines of which the discs were implanted with an annular 

closure device. Now, unfortunately, the implants were displaced from their original 

positions.  This indicates that it will be necessary to improve the design of the implant 

with regard to its dimensions (thickness) and shape, and likely also to increase the 

modulus of the network in order to increase the shape recovery force and ensure complete 

deployment of the device upon implantation [30, 31]. 
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Conclusions 
We have shown that biodegradable elastomeric network materials possessing shape 

memory properties can be useful in the preparation of an annulus fibrosus closure device 

that can be implanted minimally invasively. The developed photo-crosslinked networks 

prepared from poly(D,L-lactide-co-trimethylene carbonate) macromers had mechanical 

properties at 40 oC that were in the range of those of human AF tissue, with tensile 

strength values of  4.0 to 6.8 MPa , elastic modulus values between 4.5 and 6.8 MPa and 

elongation at break values of 540-760%. The networks exhibited excellent shape memory 

properties. Human AF cells cultured on networks with DLLA to TMC molar ratios of 

60:40 showed very good cell adhesion and proliferation, both in the presence and in the 

absence of an adsorbed fibronectin coating. The cells produced extracellular matrix 

proteins, mostly in a fibrillar distribution. An annulus fibrosus closure device that was 

prepared by photo-crosslinking in a mold showed to some extent deployed within the 

intervertebral cavity of a cadaveric canine spine after minimal invasive implantation in its 

temporary shape. These findings indicate that shape memory photo-crosslinked D,L-

lactide and trimethylene carbonate networks in principle can be used to close annular 

defects, although further optimization of the implant design will be required for clinical 

application.  
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Abstract 
In patients with low back pain, surgical removal of the partially herniated nucleus 

pulposus may lead to clinical improvement but ultimately leads to intervertebral disc 

degeneration and recurrence of back pain is frequent. As an alternative treatment, use of 

an injectable material which solidifies in situ, is proposed. Such materials can easily fill 

oddly-shaped defects in the annulus fibrosus and seal the disc through a minimally 

invasive surgical procedure, thereby protecting the disc from further degeneration. In this 

study, a series of injectable and photo-crosslinkable macromers based on poly 

trimethylene carbonate (PTMC) and polyethylene glycol (PEG) were prepared. It is 

shown that these materials are injectable and solidify within two minutes upon 

illumination with visible light. By varying the PTMC to PEG block ratios, material 

properties such as elastic modulus and water content could easily be tuned to match those 

of the native annulus fibrosus. Ex vivo results using canine cadaveric spines showed the 

potential of the materials to seal an opening in the annulus fibrosus, although the adhesion 

of the photo-crosslinked material to the disc tissue needs to be improved. 
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Introduction 
Low back pain (LBP) is a major medical problem of immense socio-economical concern 

[1-4]. One of the main causes of LBP is degenerative disc disease (DDD) characterized by 

partial herniation of the nucleus pulposus (NP) through a ruptured annulus fibrosus (AF). 

This will eventually lead to intervertebral disc degeneration (IVDD)[5]. Currently, 

removing the partially herniated NP and suturing the AF is the gold standard for treatment 

of DDD. Despite the fact that new emerging suturing techniques for annular closure are 

promising, disc reconstruction is usually not performed during these surgical procedures. 

Progressive IVDD may lead to structural failure of the IVD and AF prolapse at the 

original site of injury, i.e. where the annular structure has been disrupted, with recurrence 

of LBP [6]. Therefore, there is a great need for improved techniques and devices to repair 

annular defects at the moment of NP removal and prevent progressive IVDD and 

recurrent LBP. 

Recent efforts have focused on tissue engineering strategies. A number of scaffolds have 

been suggested for AF tissue engineering, including collagen and hyaluronan [7], chitosan 

[8], aligned electrospun poly(-caprolactone) (PCL) fibers [9], poly (1,8-octanediol 

malate) [10], polyglycolic acid meshes [11] and RGD-modified porous silk [12]. While 

many of these materials show promise, they need to be implanted as a replacement patch 

into the injured or diseased AF that requires invasive surgery. In addition, only few 

studies have addressed the need for fixing the implanted material within the annular defect 

[13]. Furthermore, tissue engineering attempts aim at regenerating AF tissue in the long 

term. Providing immediate mechanical strength after surgery is often neglected in these 

studies. 

In this study, we hypothesized that minimally invasive injection of a biodegradable 

material into the torn AF and subsequent curing, not only can restore IVD function in the 

short term through immediate securing of disc material, but can also promote disc 

regeneration in longer times through degradation of the material and subsequent cellular 

infiltration. An ideal in situ-forming AF material should be readily injectable, easily 

infiltrate in surrounding tissue, and cure rapidly. The formed implant should have physical 

and mechanical properties that are close to those of AF tissue, and thereby not interfere 

with the restoration of the biomechanical properties of the disc. To develop an injectable 

system which meets the above requirements, we first focused on the synthesis of liquid 

triblock copolymeric macromers with three structural moieties: hydrophilic PEG that 

provides hydrophilicity, flexibility and allows wetting of the tissue [14]; oligomeric 

trimethylene carbonate (TMC) blocks that provide the elasticity and (enzymatic) 

degradability of the material [15]; and photo-crosslinkable methacrylate end groups which 

allow (photo)crosslinking [16]. In the next step, the developed systems were characterized 

in terms of their injecctability, curing and solidification time, and their physical and 
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mechanical properties. To illustrate the potential of this injectable system as an AF sealant 

or restoration device, ex vivo experiments were conducted using canine cadaveric spines. 

 

Experimental 
Materials: Trimethylene carbonate (TMC) was purchased from Boehringer Ingelheim 

(Germany) and used without further purification. Stannous octoate (tin 2-ethylhexanoate, 

SnOct2), 1,6-hexanediol (99%) (HD), polyethylene glycol (PEG) (200, 600 and 1000 

g.mol-1), triethyl amine (TEA), methacrylic anhydride (MA), camphorquinone (CQ) 

photoinitiator, N,N-Dimethyl-p-Toluidine (DMPT) and hydroquinone were purchased 

from Sigma-Aldrich (U.S.A.) and used as received. Analytical grade dichloromethane 

(DCM) was obtained from Biosolve (The Netherlands). DCM and toluene were dried over 

CaH2 and distilled. The PEG were dried by azeotropic distillation with toluene. Other 

solvents (Biosolve, The Netherlands) were of technical grade and were used as received.  
 

Synthesis and characterization of macromers 

Poly(trimethylene carbonate) (block co) oligomers were first synthesized by ring opening 

polymerization of trimethylene carbonate in the presence of HD, PEG200, PEG600 or 

PEG1000 as initiator. A typical procedure for the preparation was as follows: TMC, 

initiator and Sn(Oct)2 (0.2 mmol/per mol monomer) as catalyst were reacted in the melt at 

130 °C for 72 h under argon atmosphere. Oligomers with a targeted molecular weight of 

approximately 2000 g.mol-1 were prepared by adjusting the initiator to monomer ratios. 

The synthesized oligomers were subsequently methacrylate-endcapped using methacrylic 

anhydride in the presence of triethyl amine. The (co) oligomers first were dissolved in 

DCM and MA and TEA (4 mol/mol oligomer) and charged into a three-necked round 

bottom flask under argon atmosphere. The reaction was allowed to proceed for 72 h at 

room temperature. Then, 200 ppm hydroquinone was added to the solutions and the 

macromers were purified by removal of the formed methacrylic acid and the excess 

methacrylic anhydride by vacuum distillation at 120 oC. The macromers were then 

dissolved in DCM and precipitated in excess cold hexane. The macromers were dried in a 

vacuum oven at 30 oC for 24 h and stored at -20 oC until use. The oligomer syntheses and 

the functionalization reactions are schematically shown in Figure 1. The macromers are 

labeled as MA-PTMC-initiator-PTMC-MA, in which initiator is HD or the corresponding 

PEG. For example, MA-PTMC-PEG200-PTMC-MA macromers are prepared using PEG 

of molecular weight of 200 g.mol-1 as the initiator.  

Macromer molecular weights and degrees of functionalization were determined by 1H-

NMR spectroscopy (Varian Innova 300 MHz, USA), using CDCl3 (Merck, Germany) as 

the solvent. The thermal properties of the macromers were assessed by differential 

scanning calorimetry (DSC) employing a Perkin Elmer Pyris 1 (USA). To erase the 

thermal history of the samples, 5-10 mg samples were heated from -100 °C to 100 °C at a 
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heating rate of 10 °C/min and quenched rapidly (300 °C/min) to -100 °C. After 5 min, a 

second scan was recorded. In second run The glass transition 

temperature, Tg, was taken as the midpoint of the heat capacity change, the melting point 

(Tm) was determined as the maximum of the endothermic peak. The viscosity of 

macromers was determined at room temperature using a US 200 rheometer (Anton Paar, 

Austria). The experimental settings were a flat plate geometry (25 mm diameter, 0.5 mm 

gap), a strain of 1% and a frequency of 1 Hz. 

 Figure 1. Schematic route employed to synthesize PTMC and PTMC-PEG-PTMC macromers. 

 

Photo-crosslinking kinetics by Fourier transform infrared (FTIR) spectroscopy 
Fourier Transform Infrared Spectroscopy (FTIR) experiments (4000–600 cm−1) using a 

Perkin-Elmer Spectrum 1000 FTIR spectrometer (USA) at 4 cm-1 resolution were 

performed at room temperature for investigation of the curing kinetics. An amount of 

macromer was dissolved in dry DCM, and CQ (2 wt% of the macromer) was added. 100 

µl of this solution was then cast on a KBr disc and left in the dark in a vacuum oven for 4 

h to evaporate the solvent. A spectrum of the non-crosslinked material was then collected. 

With use of a light probe (Optilux 501, USA, 10 mm diameter light probe, 470 nm blue 

light) the specimens were illuminated for 10 s with an intensity of 200 mW/cm²). 

Immediately after light exposure, a second spectrum was collected. This process was 

repeated until the samples were illuminated for a total time of 280 s. The C=C stretching 

vibrations at 1670–1600 cm−1 were used as characteristic infrared absorbance bands to 

monitor the conversion of the methacrylate double bonds during photo-crosslinking. The 

area of these peaks was integrated and normalized to the peak area of the carbonyl (C-O) 

peak at 1730 cm-1 to correct for polymerization shrinkage during the reaction. The 

conversion was calculated from the decrease of the peak area in time: 

 

                                                                                           (1)	

 

100(t) Conversion
0tA

At0tA








Chapter 7: Photo-crosslinkable poly(trimethylene carbonate)-based macromers for annulus closure 

128 

Here At=0 is the peak area of the C=C bonds at the beginning of the reaction (non-

irradiated specimens, t=0) and At is the peak area at illumination time t. To check if 

crosslinking continued in the dark, double bond conversions were also determined after 

different time periods after the illumination. The photo-crosslinking rates were determined 

by numerical differentiation from the double bond conversion versus time data. 

To investigate the effect of a tertiary amine on the photo-crosslinking kinetics, DMPT 

(0.08 wt% with respect to the macromer) was added to the macromer and CQ solutions in 

DCM. 

Preparation of PTMC-based networks by photo-crosslinking and characterization: 
PTMC-based networks were prepared by photo-crosslinking Optilux 501 apparatus with a 

blue light intensity of circa 200 mW.cm-2 using CQ/DMPT as photo-initiating system. 

Typically, CQ (2 wt% with respect to the macromer) was first dissolved in the macromer, 

after which DMPT (0.08 wt % with respect to macromer) was added. The mixtures were 

cast in metal molds and cured for 200 s to give discs with a diameter of 6 mm and a height 

of 3 mm.  

The gel content of the photo-crosslinked specimens were determined by swelling in DCM. 

The as-prepared samples were first weighed (wi) and then immersed in excess of DCM. 

After 72 h, the specimens were dried in a vacuum oven for 36 hrs (at 40 oC), and their dry  

                       

(2)
 

 

Water-uptake measurements were also conducted. As-prepared samples were immersed in 

excess distilled water until constant weight was reached (ww). Then the specimens were 

dried in a vacuum oven at 70 oC for 72 h and weighed (wd). Water-uptake was calculated 

using: 

                            

   (3) 

The thermal properties of the networks in the dry- as well as in the wet state after 

equilibration in water were evaluated by DSC as described before, by quenching to -50 oC 

and heating to 30 oC at 10 oC/min. In the wet specimens, the fraction of freezable and non-

freezable (bound) water could be determined as described by Wang et al. [17]. 
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The elastic modulus (E) of the photo-crosslinked PTMC-based networks in the dry and in 

the wet state were determined at room temperature in compression using a Zwick Z020 

tensile tester (Germany) equipped with a 500 N load cell. Photo-crosslinked discs (with a 

diameter of 6 mm and a height of 3 mm in the dry state) were compressed at a rate of 30% 

per min. The value of E was determined from the slope of the linear region in the 

compressive stress-strain curves. 

The depth of cure of the macromers was determined in a manner similar to that described 

in ISO 4049. The mixtures of macromer and initiating system were inserted into a 

cylindrical mold (10 mm length and 6 mm internal diameter), covered with glass slides 

and irradiated for 200 s with blue light as described above. Non-cured material was 

carefully removed with a plastic spatula, and the length of the cured cylinder was equated 

to the depth of cure. 

 

Cross-linking of PTMC-based macromers in cadaveric canine intervertebral discs 
The potential of using the macromers as an injectable AF closure device was evaluated 

using canine cadaveric discs. The lumbar spines of beagle dogs were immediately frozen 

at -20 °C after euthanization. Prior to use, the spines were left to thaw for 24 hours at 

room temperature. Excess muscle was removed, but ligamentous tissue was left intact. 

Before application of the macromers, a nuclectomy of the lumbar IVDs was performed 

after making a stab incision in the AF via a left lateral approach to the IVD. This is 

approach is similar to the surgical procedure done in human and canine DDD patients 

[18]. An incision was made in the transverse midline of the IVD, parallel to the fibers of 

the outer annular ring using a surgical blade nr 11. The NP was removed with ball-tipped 

probes and a grasping forceps.  

Then the macromers mixed with the CQ/DMPT initiating system (concentrations are as 

described before), were injected into and on the AF defect area using a syringe equipped 

with a gage 18 needle. The macromer mixtures were exposed to blue light for 200 s. The 

injections were done in IVDs at different locations of the spine, as is listed in Table 1. 

After closing of the annular defects upon injection and curing of the macromers, the 

spines were placed in an incubator overnight at 37 °C.  The IVDs were carefully 

transected, and the infiltration of the macromer in the disc tissue, the extent of cross-

linking and the efficiency of closing the annular defects was evaluated. 
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Table 1. Locations of the IVDs in the canine cadaveric spines into which the different macromers 

were injected and subsequently photo-crosslinked.   

 

 
a L and T stand for the lumbar and thoracic vertebrae, respectively. L5-L6 for example indicates the 

disc between the L5 and L6 vertebrae. 

 

Results and Discussion 
Synthesis and characterization of PTMC-based macromers: 

A series of TMC-based macromers, varying in chemical composition and physical 

characteristics, were prepared by ring opening (co)polymerization of TMC in the presence 

of low molecular weight PEGs (with Mn values of 200, 600 or 1000 g.mol-1) or hexanediol 

as initiating species. The hydroxyl group terminated oligomers were end-functionalized 

by reaction with methacrylic anhydride.  

The structure and the Mn values of the (triblock) macromers were determined by 1H-NMR 

(Table 2). The TMC block lengths and the total molecular weights of the macromers were 

close to the intended values (2000 g.mol-1), as could be determined from the TMC to PEG 

integral ratios in the NMR spectra. In the spectra, the TMC (-COOCH2CH2CH2O-) 

resonances are at 4.1-4.3 ppm, while the PEG resonances (-O-CH2-CH2-) occur at 3.5-3.7 

ppm. For the MA-PTMC-Hexanediol-PTMC-MA macromer, the Mn values were 

calculated from the peak integrals of the HD resonances (-CH2-, 1.35-1.44 ppm) and those 

of TMC (4.1-4.3 ppm). For all macromers, TMC conversion was more than 98%. 

The degree of functionalization of the macromers was calculated from the integral ratios 

of the methacrylate -CH=CH2 protons at 5.6–6.4 ppm to the PEG protons (-O-CH2-CH2-) 

at 3.5-3.7 ppm or to the HD protons at 1.34-1.44 ppm. As shown in Table 2, the degree of 

functionalization of the macromers was higher than 95%. It should be noted that terminal 

hydroxyl terminal groups could not be discerned in 1H-NMR spectra, also suggesting that 

the functionalization reaction was essentially complete. 

The thermal characteristics of the synthesized macromers as determined by DSC are 

shown in Table 2. All macromers had low (single) glass transition temperatures ranging 

from -43 to -53 oC. Only the MA-PTMC-PEG(1000)-PTMC-MA macromer was 

crystallizable with a melting point of the PEG component of 22 °C and a crystallinity of 8 

%. This latter value is determined from the heat of fusion ∆Hm= 205.8 J/g for fully 

crystalline PEG [19]. Before block copolymerization with TMC, the melting temperature of 

Macromer IVD in cadaveric canine spinea 

MA-PTMC-HD-PTMC-MA L5-L6, T13-L1 

MA-PTMC-PEG200-PTMC-MA L5-L6, T13-L1 

MA-PTMC-PEG600-PTMC-MA L3-L4, L2-L3 

MA-PTMC-PEG1000-PTMC-MA L1-L2, L4-L5 
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the PEG and its crystallinity were respectively 37 °C and 61 %. The attachment of TMC 

to the ends of PEG chains hinders the crystallization of PEG. This behavior is similar to 

that observed for other PEG triblock copolymers reported in the literature [20, 21]. 

 

While the glass transition temperatures of the macromers did not depend on composition, 

the viscosity of the macromers decreased with increasing PEG block molecular weight 

(and decreasing TMC content).  

 

Table 2. Characteristics of the different synthesized PTMC-based macromers. 

 

a TMC content in the macromer (in mol %)   
b Degree of functionalization with methacrylate end groups 

 

Photo-crosslinking kinetics by Fourier transform infrared (FTIR) spectroscopy 
As the objective of this study was to develop an in situ photo-crosslinkable annular 

closure device, whereby a solid network forms within minutes, the kinetics of the 

macromer double bond conversion upon illumination with blue light in the presence of 

CQ need to be investigated. Although CQ alone can be an effective initiator in some 

systems, the hydrogen abstraction reaction of triplet 3CQ* with amines such as DMPT to 

generate free radicals proceeds much more rapidly [22, 23]. 

In Figure 2, the photo-crosslinking kinetics of the macromers, as determined by following 

the double bond conversion by FTIR in time, are shown. Several steps in the photo-

polymerization are noticeable from the shape of the conversion curves, these are 

autoacceleration, autodeceleration and a limiting maximal conversion of the functional 

groups (81%) [24]. In the dark, in the absence of further radical initiation, photo-

polymerization is minimal as the rate of polymerization declines rapidly. 

 

 

 

 

 

 

Macromer 

Mn 

(g.mol-1) 

TMCa 

(mol%) 

DFb 

(%) 

Tg 

(oC) 

Viscosity  

(Pa.s) 

MA-PTMC-PEG(200)-PTMC-MA 1875 94 95 - 990 

MA-PTMC-PEG(600)-PTMC-MA 1820 92 98 - 13.2 

MA-PTMC-PEG(1000)-PTMC-MA 1900 89 98 - 6.16 

MA-PTMC-Hexanediol-PTMC-MA 2050 94 98 - 90.0 
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Figure 2. Photo-crosslinking kinetics of the different PTMC-based macromers as determined by 

FTIR, showing the effect of the initiating system. A) CQ photo-initiator; B) CQ with DMPT as the 

photo-initiating system  
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Photo-polymerization rates are highest at double bond conversions of 20 to 40%, in 

agreement with the literature [25]. Although the molecular weight of the different 

macromers was very similar, and consequently the concentration of double bonds as well, 

the polymerization rates varied with macromer structure and composition, see the data 

presented in Figure 2 and Table 3. It has been shown that monomer structure, composition 

of the macromer system, oxygen concentration and temperature can affect the kinetics of 

the polymerization [25].  

In our case, increasing the PEG content of the macromers decreased the maximal 

polymerization rates (Rpmax). The maximal reaction rate can be an indication of the 

magnitude of the gel effect. With decreasing PEG contents of the macromers, their  

viscosities increase (see Table 2). High viscosities result in increased polymerization rates 

due to a decrease in mobility of the macroradical chain ends and decreased termination 

rates [26]. In addition, it has been shown that at high concentration ether groups, hydrogen 

abstraction from these groups can compete with the addition of an initiator radical to the 

monomer , thereby slowing down the polymerization [27].  

With only CQ as photoinitiator (Figure 2a), maximal conversion and polymerization rates 

were relatively low. The lowest conversions were reached for MA-PTMC-PEG(1000)-

PTMC-MA, with only 50% conversion after 280 s illumination. The other macromers, 

with lower PEG contents, reached somewhat higher maximal conversions of 62 to 77%. 

These poor conversions are due to vitrification of the polymerizing systems, where 

especially at low conversion rates diffusion of the radicals is limited. The extent of double 

bond conversion is low even after long illumination times. The macromer double bond 

conversion curves shown in Figure 2b and the data presented in Table 3 indicate that in 

the presence of DMPT for all macromers polymerization rates and maximal conversions 

are significantly higher than in the absences of DMPT. After 280 s illumination, the 

macromers now reached maximal double bond conversion (DC) of 74 to 80%.  

 

Table 3. Maximal methacrylate double bond conversion rates and corresponding double bond 

conversions (DC) in the photo-crosslinking of PTMC-based macromers. Photo-initiation is done 

using CQ in the absence or presence of DMPT. 

 

 

                           Macromer 

RPmax (%/s) 

Initiator 

DC at Rpmax(%) 

Initiator 

     CQ         CQ/DMPT             CQ       CQ/DMPT          

MA-PTMC-PEG(200)-PTMC-MA 1.24 1.50 29 41 
MA-PTMC-PEG(600)-PTMC-MA 0.70 1.30 28 40 

MA-PTMC-PEG(1000)-PTMC-MA 0.49 0.88 27 37 

MA-PTMC-Hexanediol-PTMC-MA 0.74 0.73 4.6 21 
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It can be concluded that although the concentration of radicals produced by hydrogen 

abstraction from macromers using only CQ is sufficient to initiate radical polymerization, 

use of a CQ/DMPT initiating system is significantly more efficient. 

 

Preparation of PTMC-based networks by photo-crosslinking and characterization 

To obtain PTMC-based networks with physical properties that match those of AF tissue, 

networks were prepared by photo-crosslinking of PTMC-based macromers containing 

varying amounts of PEG using a CQ/DMPT photo-initiating system. In Table 4, the 

characteristics of the different (disc-shaped) networks prepared in molds are summarized.  

These include important network properties such as gel fraction, water uptake and thermal 

properties, as well as the depth of cure of the systems that can be reached in our 

experiments.   

The gel content of all networks was high (close to 90%) after 200 s of photo-

polymerization. After crosslinking, all networks were amorphous (also in the case of MA-

PTMC-PEG(1000)-PTMC-MA), where the presence of cross-linkages inhibits 

crystallization). Furthermore, it can be seen in the table that compared to the Tg of the 

starting materials, Tg of the networks had significantly increased upon crosslinking. This 

is due to the restricted the mobility of the chain segments.  

The uptake of water by the different networks strongly depends on composition. While 

MA-PTMC-Hexanediol-PTMC-MA networks were quite hydrophobic and did not absorb 

significant amounts of water, networks containing PEG were quite hydrophilic. In these 

cases water uptake by the networks increased with increasing amount of PEG. The water 

contents of these networks were comparable to that of the annulus fibrosus (60-70%), 

indicating their compatibility with AF tissue [28]. 

 

Table 4. Physical properties of PTMC-based networks prepared by photo-crosslinking with a 

CQ/DMPT initiating system in molds. 

 

 

 

Material 

Gel 

fraction 

(%) 

Tg 

(oC) 

Water  

uptake 

(%) 

Bound 

water (%) 

Cure 

depth 

(mm) 

MA-PTMC-PEG(200)-PTMC-MA 90±1.2 -9.4 6.3±0.8 4 8±0.3 

MA-PTMC-PEG(600)-PTMC-MA 87±1.8 -17.7 18.8±0.5 16 8±0.4 

MA-PTMC-PEG(1000)-PTMC- 90±0.5 -23.0 54.5±1.0 32 7.5±0.2 

MA-PTMC-Hexanediol-PTMC- 88±2.0 -9.7 1.0±0.2 0.002 9±0.5 



Chapter 7: Photo-crosslinkable poly(trimethylene carbonate)-based macromers for annulus closure 

135 

The table also shows that in the hydrated MA-PTMC-PEG(200)-PTMC-MA and MA-

PTMC-PEG(600)-PTMC-MA networks, most of the water is bound water. This water is 

likely oriented by hydrogen bonding to the ether groups of the PEG component in the 

network. For MA-PTMC-PEG(1000)-PTMC-MA networks the total uptake and content of 

water is much increased, the fraction of non-bonded (free or bulk) water is much higher. 

This can be important as the physical state of the absorbed water can determine the 

interaction between the hydrated network and proteins present in tissues, and thereby 

influencing reactivity and biocompatibility of the networks.  

For our intended application, where the materials are first injected and subsequently 

photo-polymerized in the tissue, the depth of cure of the macromers is of interest. For the 

different macromers the depth of cure with the CQ/DMPT initiating system was more 

than 7 mm in all cases, which is be quite sufficient. This high depth of cure achieved by 

visible light curing using CQ is due to its photobleaching characteristics and due to the 

fact that visible light is not absorbed by most organic compounds [29]. 

The values of the elastic modulus of the amorphous PTMC-based networks measured in 

compression are shown in Figure 3. In the dry state, the networks prepared from MA-

PTMC-PEG(200)-PTMC-MA had the highest modulus of 19.4 MPa. With increasing 

PEG content, the elastic modulus decreased and a value of 5.5 MPa was found for 

networks prepared from MA-PTMC-PEG(1000)-PTMC-MA.  

This reduction can be attributed to the presence of ether bonds in the polymer backbone 

which can lead to increased flexibility of the material. Furthermore, as previously 

discussed, the lower conversion of macromers containing the highest amounts of PEG 

could have resulted in a higher amount of non-elastically active chains and reduced 

crosslinking densities. Reduced crosslinking densities can result in lower elastic modulus 

values.   

After equilibration in water, the elastic modulus of the hydrated networks decreased 

significantly. PTMC-based networks with the highest amounts of PEG take up the most 

water, and concomitantly have the lowest modulus values in the wet state. 

Networks prepared using MA-PTMC-HD-PTMC-MA had relatively high E modulus 

values. As these networks take up only limited amounts of water, the rigidity did not 

change much upon equilibration in water. 
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Figure 3. Elastic modulus values determined in compression of PTMC-based networks in the dry 

sate and in the wet hydrated state. The different networks take up different amounts of water, see 

Table 4. 

 

Photo-crosslinkable PTMC-based macromers as annulus closure devices 

The wetting of canine cadaveric IVD tissue by the different liquid PTMC-based 

macromers was first evaluated qualitatively. All macromers were found to spread well on 

the surface of the tissue, showing good adherence. The contact angles of the PEG-

containing macromers on IVD surfaces were around 40o, as was roughly estimated from 

microscopy images after putting a drop of the macromers on the IVD tissue. The contact 

angle of the MA-PTMC-HD-PTMC-MA macromer had a slightly higher contact angle of 

around 45o, which correlates with the low hydrophilicity of the macromer. 

At room temperature, all macromers could readily be injected through an 18 gauge needle. 

Figure 4a shows the manner in which the macromers are injected into the nucletomized 

canine cadaveric intervertebral disc. By illumination of the macromers through the 

annular defect with blue light for 200s, shown in Figure 4b, a network is formed with the 

intervertebral disc.  In Figures 4c and 4d are photographic images of the dissected canine 
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cadaveric intervertebral discs in which the photocrosslinked PTMC-based network is 

present. 

The depths of cure determined in cylindrical molds was 7 mm or more, as described 

before, and it was to be expected that this would be to be more than sufficient to allow 

photo-crosslinking in situ. Upon examination of the discs after dissection, it was indeed 

found that the macromers could be cured to form a flexible and elastic network within the 

intervertebral disc cavity. In some cases, however, the nucletomized intervertebral discs 

were not completely filled; it is likely that the internal pressure within the intervertebral 

disc had made it difficult to completely fill the cavity with resin. It was also found that 

crosslinking was less efficient in the IVD cavity than in the cylindrical molds used to 

determine the depth of cure. With exception of the resins based on the MA-PTMC-

PEG(200)-PTMC-MA macromer, the extent of double bond conversion and network 

formation, as could quantitatively be assessed from the stickiness of the networks, seemed 

to be lower. This reduced rate of curing can be due to blockage of the pathway of the 

light, or due to dilution of macromer resin compositions in the aqueous environment of 

the intervertebral disc.   

Of the resins that were fully cured in situ, the strength of adhesion to the intervertebral 

disc tissue was qualitatively assessed. It was found that while the non-crosslinked 

macromer resins showed excellent spreading and adhesion to the tissue, the attachment of 

the cured PTMC-based networks to the tissue was not very strong. Although there was 

attachment to some extent, it is not sure if adhesion would be strong enough to prevent 

detachment to or expulsion from the IVD in clinical use.  
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Figure 4. Injection of a curable (MA-PTMC-PEG(200)-PTMC-MA) resin formulation into a 

nucletomized canine cadaveric intervertebral disc (A). In situ photocuring of the macromer with 

blue light (B). Dissected intervertebral disc after photocuring of the PTMC-based macromer (C).  

Photocrosslinked PTMC-based network in the nucletomized intervertebral disc (D).  

 
Conclusions 
The results presented in this study show that PTMC-based macromer formulations can be 

injected and photo-crosslinked in situ in a nucletomized intervertebral disc. By preparing 

blockcopolymeric macromers with different contents of PEG and TMC, biodegradable 

network materials with varying properties can be prepared. Important physical properties 

such as elastic modulus and hydrophilicity can be optimized to match those of native AF 

tissue. Studies in canine cadaveric spines showed that, while the depth of cure in the 

intervertebral disc cavity is sufficient to achieve adequate network formation, the adhesion 

of the photo-crosslinked materials to the disc tissue might need to be enhanced. 
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Abstract 
Soft hydrogels with elasticity modulus values lower than 100 kPa that are tough and 

biodegradable are of great interest in medicine and in tissue engineering applications. We 

have developed a series of soft hydrogel structures from different methacrylate-

functionalized triblock copolymers of poly(ethylene glycol) (PEG) with poly(trimethylene 

carbonate) (PTMC) by photo-crosslinking aqueous solutions of the macromonomers in 

2.5 and 5 wt% colloidal dispersions of clay nanoparticles (Laponite XLG). The length of 

the PTMC blocks of the macromonomers and the clay content determined the physico-

mechanical properties of the obtained hydrogels. While an increase in the PTMC block 

length in the macromonomers from 0.2 kg/mol to 5 kg/mol resulted in a decrease of the 

gel content, the addition of 5 wt% Laponite nanoclay to the crosslinking solution lead to 

very high gel contents of the hydrogels of more than 95%. The effect of PTMC block 

length on the mechanical properties of the hydrogels was not as pronounced and soft gels 

with a compressive modulus of less than 15 kPa and -toughness values of 25 kJ/m3 were 

obtained. However, the addition of 5 wt% Laponite nanoclay to the formulations very 

much increased the compressive modulus and resilience of the hydrogels. Now swollen 

nanocomposite networks with compressive modulus and toughness values of up to 67 kPa 

and 200 kJ/m3, respectively, were obtained. The prepared hydrogels were shown to be 

enzymatically degradable by cholesterol esterase and by the action of macrophages. With 

an increase in PTMC block length in the hydrogels, the rates of mass loss increased, while 

the incorporated Laponite nanoclay suppressed degradation. Nanocomposite hydrogel 

structures with a designed gyroid pore network architecture were prepared by 

stereolithography. Also in the swollen state the porous gyroid structures were 

mechanically stable and the pore network remained fully open and interconnected.  
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Introduction 

Hydrogels are hydrophilic networks that can take up very large amounts of water. Their 

biocompatibility and their consistency (which resembles the extracellular matrix (ECM)) 

make these materials very interesting for numerous applications in medicine and 

biomedical engineering [1]. Especially biodegradable hydrogels are interesting materials 

from which to prepare matrices for cell encapsulation or scaffolding structures that 

support the adhesion and proliferation of cells. It has been demonstrated that variations in 

the rigidity of these highly compliant hydrogels can be a determining factor in regulating 

the cellular processes that determine morphology, motility and differentiation of 

(mesenchymal stem) cells [2, 3].  

Despite their many advantageous properties, the brittleness and fragility of hydrogels has 

limited their usage in load bearing applications such as in the regeneration of cartilage, 

tendon, dermis and arterial walls [4]. While many natural hydrogel structures combine a 

high uptake of body fluids with low elasticity modulus, high elongation at break and high 

toughness, most synthetic hydrogels that are currently used in medical applications and 

tissue engineering easily fracture under only mild loading conditions.  

Recently novel synthetic hydrogel systems have been developed that show excellent 

toughness and resilience. These systems include polyrotaxane-based hydrogels [5], 

nanocomposite hydrogels [6] and double network hydrogels [7]. Nevertheless, the 

development of biodegradable synthetic hydrogels with mechanical and biological 

features similar to those of natural hydrogels remains a challenge. 

The preparation of network structures with colloidally dispersed nano-sized fillers has 

been an effective approach to increase the elastic modulus, strength and toughness of 

hydrogels. Layered silicate nanoparticles or -platelets such as Laponite have been of 

special interest, as they are hydrophilic and can easily be dispersed and exfoliated in 

aqueous media [8] Furthermore, recent studies have shown the compatibility of these 

clays with a variety of cell  types [9, 10]  and much research has been conducted on the 

preparation and properties nanocomposite hydrogels with Laponite for biomedical 

applications [8-13].  

Varghese et al. reported that incorporation of 8 wt% Laponite nanoparticles into 

polyethylene glycol (PEG) diacrylate hydrogels significantly enhanced the compressive- 

and tensile properties of the hydrogels. Tough elastomeric hydrogels with high 

elongations at break in tensile tests were obtained [11]. Similarly, Schmidt et al. showed 

that Pluronic F127 diacrylate hydrogels reinforced with nanoclay particles can have a low 

elasticity modulus of 10 kPa while at same time are tough rubber-like materials with very 

high elongations at break [14]. Gaharwar et al. has reported physically cross-linked 

poly(ethylene oxide) (PEO) hydrogels using up to 3.5 wt% Laponite nanoclay [12]. In 

these PEG hydrogels, the surface of the Laponite nanoclay provides an interface on which 

PEG chains can physically adsorb, thereby leading to formation of a junction between 

different PEG chains and finally formation of a Laponite-PEG network. This is especially 
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the case when the molecular weight of the PEG component is relatively high (higher than 

approximately 13 kg/mol) [11].  

There has been a large interest in soft and tough biodegradable hydrogels. As PEG-

acrylate or PEG-methacrylate networks are not biodegradable, Varghese et al. prepared 

crosslinked triblock copolymers of PEG and poly(trimethylene carbonate) (PTMC-PEG-

PTMC) networks that combine biodegradability with good toughness. By adjusting the 

ratio of hydrophilic PEG to hydrophobic PTMC segments, hydrogels with low elastic 

modulus values of 15 kPa and high toughness were obtained. The hydrogels were 

hydrolytically and enzymatically degradable, and also supported the adhesion of 

mesenchymal stem cells and bovine chondrocytes [15, 16]. 

In this work, we investigated the effect of the incorporation of clay nanoparticles on the 

mechanical and biological properties of photo-crosslinked PTMC-PEG-PTMC hydrogels. 

By photo-crosslinking aqueous micellar dispersions/solutions of the corresponding 

macromonomers in the nanoclay dispersions, we obtained biodegradable hydrogels in 

which the crosslinks are formed by physical interaction of the PEG segments with the 

nanoclay and covalent ones through polymerization of the functional end-groups. The 

hydrophobic PTMC-block length was systematically varied to assess its effect on the 

physical properties of the macromonomer dispersions/solutions and the resulting 

hydrogels after crosslinking. The enzymatic degradation behavior and the effect of 

macrophages was investigated. It is also shown that from these materials designed 

structures could be built by stereolithography. 

 
Materials and methods 
Materials 

Poly(ethylene glycol) (Mn=20 kg/mol), stannous octoate (tin (II) 2-ethylhexanoate), 

triethylamine (TEA), methacrylic anhydride (MAA), hydroquinone and anhydrous 

dichloromethane (DCM) were purchased from Sigma-Aldrich, The Netherlands. 

Trimethylene carbonate (TMC) was purchased from Boehringer Ingelheim, Germany, n-

hexane from Acros Organics, Belgium. Irgacure 2959 (2-hydroxy-1-[4-(2-hydroxyethoxy) 

phenyl]-2-methyl-1-propanone) and Orasol Orange G, an orange dye soluble in organic 

solvents, were obtained from Ciba Specialty Chemicals, Switzerland. 

 Laponite XLG nanoparticles (Na+
0.7[(Mg5.5Li0.3)Si8O20(OH)4]

 -
0.7, with average diameter 

of 30 nm and thickness of 1 nm and a cationic exchange capacity of 50-60 meq/100 g) 

was a gift from Rockwood Additives, USA. The de-ionized water used was purified with 

a Milli-Q system (Millipore, USA), phosphate-buffered saline (PBS, pH 7.4) was obtained 

from Biochrom (Germany). DMEM (Dulbecco’s Modified Eagle Medium) with 4,4 g/L 

D-glucose supplemented with penicillin (100 units/mL), streptomycin (100 µg/mL), 

GlutaMAX™-I (200 mM in 0.85% NaCl, 100 times diluted) and foetal bovine serum 

(FBS) were obtained from Invitrogen (Gibco, USA). Trypsin-EDTA (0.05%), DAPI (4,6-

diamidino-2-phenylindole), TRITC-phalloidin and bovine serum albumin were purchased 
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from Invitrogen, The Netherlands. Triton X-100 was purchased from Sigma-Aldrich and 

diluted to 0.05% in PBS. ATCC cell lines, J774A mouse macrophage (ATCC-TIB-67), 

were obtained from the American Type Culture Collection. Cholesterol esterase (CE) 

from porcine pancreas, piperazine-1,4-bis(2-ethanesulfonic acid) (PIPES), ethylene glycol 

tetraacetic acid (EGTA), were obtained from Sigma-Aldrich, The Netherlands. Lucirin 

TPO-L (ethyl 2,4,6-trimethylbenzoylphenyl phosphinate) was obtained from BASF 

(Germany). All chemicals were reagent grade and used as received unless mentioned 

otherwise.  

 

Synthesis of PTMC-PEG-PTMC triblock macromonomers 
PTMC-PEG-PTMC triblock copolymers with different PTMC block lengths were 

prepared by ring opening polymerization of TMC initiated by PEG. In a typical reaction, 1 

g of TMC (10 mmol) and 50 g of PEG 20 kg/mol (2.5 mmol, dried by azeotropic 

distillation in toluene) were mixed and stannous octoate (2×10-4 mol/mol TMC) was 

added. The mixture was polymerized under an inert argon atmosphere at 130 oC for 72 h. 

The triblock copolymers were then functionalized with methacrylate end-groups by 

reaction with MAA in the presence of TEA as reported elsewhere [17] and purified by 

precipitation in diethyl ether and subsequent drying in a vacuum oven at 45 oC. PTMC-

PEG-PTMC macromonomers with PTMC block length of 0, 0.2, 0.5,1 and 5 kg/mol were 

prepared. The synthesized oligomers and corresponding macromonomers are respectively 

referred to as PTMCy-PEG-PTMCy and MA-PTMCy-PEG-PTMCy-MA, where y denotes 

the PTMC block length in kg/mol. 

 

Preparation of PTMC-PEG-PTMC nanoclay composite hydrogels 

PTMC-PEG-PTMC hydrogels and composite hydrogels with Laponite nanoclay were 

prepared by photo-polymerization of aqueous solutions of MA-PTMC-PEG-PTMC-MA 

macromonomers and the Laponite nanoclay using hydrophilic Irgacure 2959 as initiator. 

First homogenous colloidal dispersions of (exfoliated) Laponite XLG in deionized water 

were prepared while stirring vigorously, then the different MA-PTMC-PEG-PTMC-MA 

macromonomers and photo-initiator were dissolved into the nanoclay dispersion.  

Different photo-crosslinkable formulations in which the Laponite nanoclay concentrations 

were 2.5 and 5 wt% were prepared. In all formulations, macromonomer concentration was 

12.5 wt%, while Irgacure 2959 concentration was 2 wt% with respect to the 

macromonomer.  

Photo-crosslinking was then conducted in 24 wells TCPS cell culture plates (Nalgene, 

Germany). Amounts of 2 mL of the different macromonomer-Laponite nanoclay solutions 

were brought into the wells of the culture plate. Centrifugation at room temperature for 10 

min at 2500 rpm using a plate centrifuge apparatus (Eppendorf 5810R, Germany) ensured 

that air bubbles were removed. Centrifugation did not have an effect on the homogeneity 

of the colloidal dispersions and solutions. The solutions were then photo-crosslinked in a 
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crosslinking cabinet (Ultralum, USA) under a constant nitrogen flow for 800 s using a 365 

nm UV lamp at 10 cm from the surface of the specimens. Neat PTMC-PEG-PTMC 

hydrogels were prepared by the same procedure used for the nanocomposite hydrogels, 

except that no Laponite nanoclay was added to the formulations.  

The prepared networks are referred to as NCxTMCy. Here x denotes the concentration 

(wt%) of Laponite XLG nanoclay in the precursor solution that was photo-crosslinked, 

and y denotes the length of PTMC block in kg/mol in the MA-PTMC-PEG-PTMC-MA 

macromonomer that was used. For example: NC5PTMC0.5 refers to a crosslinked hydrogel 

that was prepared by photo-crosslinking solution containing 5 wt% Laponite nanoclay and 

12.5 wt% MA-PTMC0.5-PEG-PTMC0.5-MA macromonomer. Formulations prepared from 

the macromonomers with the highest TMC contents (MA-PTMC5-PEG-PTMC5-MA) 

containing 2.5 wt% and 5 wt% clay were too viscous to allow homogeneous mixing, 

therefore NC2.5PTMC5 and NC5PTMC5 networks were not prepared.  

 

Characterization of synthesized oligomers, macromonomers, hydrogels and 

networks 
Proton nuclear magnetic resonance (1H-NMR) using deuterated DMSO as solvent was 

used to quantify the number of -OH groups in the PEG initiator and to determine its molar 

mass. Spectra were recorded at ambient temperature using a 300 MHz (Varian Inova, 

USA).  

Using CDCl3 as the solvent, the TMC monomer conversions in the PTMC-PEG-PTMC 

block copolymer synthesis were determined from the integral values of peaks 

corresponding to methylene units of the monomer (2.43 ppm) and of the oligomer (4.24 

ppm). The average number of TMC units in the block copolymers was calculated from the 

relative integral values of the methylene protons of TMC units, -(C=O)-O-CH2-CH2-CH2-

O- at 2.1 ppm and of the methylene protons of the ethylene oxide repeating units in the 

PEG at 3.6 ppm. This then also allowed the calculation of the molar mass of the 

macromonomers.  

The degrees of functionalization (DF) of the macromonomers were determined from the 

relative integral values of the methacrylate protons at 5.7 ppm and the methylene protons 

of the ethylene oxide repeating units at 3.6 ppm.   

The thermal properties of the macromonomers were evaluated by differential scanning 

calorimetry (DSC) using a PerkinElmer Pyris DSC apparatus. Samples weighing 5-10 mg 

were heated to 100 °C at a rate of 10 °C/min, and then cooled to -50 °C at a rate of 5 

°C/min. A second scan was then recorded from -50 °C to 100 °C at 10 oC/min. The glass 

transition temperature, Tg, of the specimens was determined as the midpoint of the change 

in the heat capacity.  

Dynamic light scattering (DLS) measurements of solutions of the MA-PTMC-PEG-

PTMC-MA macromonomers in water (0.25 and 0.5 g/ml) were conducted to determine 

aggregate or micellar sizes of the solutions. Experiments were carried out at room 
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temperature using a Malvern Nano ZS, USA. The used laser had a wavelength of 633 nm, 

and the scattering angle was 173 o.  

The network characteristics of the photo-crosslinked specimens were assessed in swelling 

experiments at room temperature using DCM and phosphate buffered saline (PBS) as 

swelling agents. The as-prepared hydrogels were first dried in a vacuum oven at 45 oC 

until constant weight, then and their dried mass was determined (mi). These samples were 

then immersed in excess DCM or PBS for 5 days, and their wet mass was determined (ms) 

after blotting their surfaces. The specimens were then re-dried in vacuum oven at 45 oC 

for 3 days and again their dry mass was determined (md). The equilibrium degree of 

swelling of the networks in DCM and PBS (Q) and their gel fractions in DCM were 

determined in triplicate using: 

 

 

PBS or DCM
ermacromonom

dm
dmsm

1Q






  

(2) 

 

100
im
dm

(%) fraction Gel         (3)  

The densities of the macromonomers, water and DCM used were respectively: 

macromonomer=1.20 g.cm-3; DCM =1.33 g.cm-3 ; PBS =1.00 g.cm-3. 

 

Mechanical properties of PTMC-PEG-PTMC hydrogels and nanoclay hydrogel 

composites 

The mechanical properties of hydrated PTMC-PEG-PTMC hydrogels and their Laponite 

nanoclay composite were determined in compression. The as-prepared, cylindrically 

shaped hydrogel specimens were swollen in PBS for approximately 7 days at room 

temperature to reach equilibrium. The specimens were then compressed at a rate of 10 

mm per minute using a Zwick Z020 tensile tester at room temperature (20 oC). From the 

compression stress-strain curves, values of compressive modulus (Ec), strain at break 

(εbreak,) and stress at break (σbreak) were determined. The compressive modulus was 

calculated from the slope of the curves at strains between 5 and 20 %. 

 

Enzymatic degradation of PTMC-PEG-PTMC hydrogels and nanoclay hydrogel 

composites by cholesterol esterase 
Porcine pancreatic cholesterol esterase (CE) was used to study the enzymatic degradation 

of the (composite) PTMC-PEG-PTMC hydrogels. CE enzyme solutions were prepared at 

a concentration of 20 μg/mL in phosphate buffered saline containing 0.1 wt% NaN3 

(Sigma, USA) as a bactericide. As-prepared hydrogels were first swollen in PBS for 7 

days to extract the water soluble sol part of the network and then dried at 45 oC for 3 days. 

Cylindrical specimens (approximately 5 mm in diameter, 5 mm in height, n=3 per time 
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point) were placed in vials containing 5 mL of the enzyme solution in PBS at 37 °C for up 

to five weeks. The medium was refreshed every two days. At the end of this time point, 

the specimens were dried at 45 oC in a vacuum oven until constant weight. The loss of dry 

mass was used as an indication for the extent of degradation. 

 

Culturing of macrophages on PTMC-PEG-PTMC hydrogels and nanoclay hydrogel 

composites 
To assess the effect of the TMC component in the PTMC-PEG-PTMC hydrogels and of 

the Laponite nanoclay content in the hydrogel composites, cell culturing experiments on 

different PTMC-PEG-PTMC hydrogels were done using murine macrophages. Hydrogel 

specimens prepared from aqueous solutions of PEG-dimethacrylate and MA-PTMC1-

PEG-PTMC1-MA containing 0, 2.5 and 5 wt% Laponite nanoclay were selected for this. 

The hydrogels were prepared as described in previous sections and were extracted 2 times 

in PBS for approximately 48 hours to leach out any unreacted macromonomer. The 

specimens were disinfected using aqueous solutions of ethanol in water with increasing 

ethanol concentrations (20 to 70 % ethanol). The specimens were then carefully de-

swollen with aqueous ethanol solutions of decreasing concentrations. The gels were then 

extracted with PBS and subsequently with DMEM medium for another two days. The 

solutions and media were replaced every 12 to 24 hrs. 

The attachment and proliferation of macrophages on the hydrogels and their capability to 

degrade their surface was investigated by culturing J774A macrophages on the hydrogels. 

J774A macrophages were maintained in DMEM containing 4.5 g/L D-glucose, pyruvate, 

10% FBS, 100 U/mL penicillin, and 100 µg/mL 2mM GlutamaxTM. Cells were passaged 

every 4 to 7 days by scraping. Cells were then seeded (390000 cells per well) and cultured 

on the surface of the hydrogels with refreshment of the medium every 3 to 4 days. After 

two time points, at 7 d and 10 d, the samples were fixed with 3.7% para-formaldehyde in 

cytoskeletal stabilizing buffer for 15 min, and then transferred to PBS. Samples were then 

subjected to fluorescence staining of the nuclei using DAPI and of the actin cytoskeleton 

using TRITC–phalloidin. These specimens were then analyzed by confocal laser scanning 

microscopy (Leica TCS SP2, Germany with fully water immersed 40x objective (NA 

0.80)).  

 

Stereolithographic preparation of designed PTMC-PEG-PTMC nanoclay composite 

hydrogel structures 
Designed structures were made from a solution of MA-PTMC0.5-PEG-PTMC0.5-MA 

containing 2 wt% Laponite nanoclay using a slightly modified version of a procedure that 

was reported previously [18]. In brief, the MA-PTMC0.5-PEG-PTMC0.5-MA 

macromonomer was dissolved in a propylene carbonate water mixture (80:20 v/v) 

containing 2 wt% Laponite nanoclay to a final concentration of 15 wt%. The Lucirin 

TPO-L photo-initiator and Orasol Orange D dye to control the penetration depth of the 
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light were added at respective concentrations of 5 and 0.15 wt% relative to the 

macromonomer. Cylindrical, three dimensional porous structures with gyroid pore 

network architectures, an average pore size of 600 µm and a porosity of 70% were 

designed using K3dSurf v0.6.2 (http://k3dsurf.sourceforge.net) and Rhinoceros 3D 

(McNeel, Europe) software. These designs were then built at a pixel resolution of 16x16 

µm2 and sequential layer thicknesses of 25 µm using the abovementioned nanocomposite 

resin and a Perfactory Mini Multilens (EnvisionTec, Germany) stereolithography 

apparatus (SLA) as described by Seck et al. [18]. From the working curve that was 

determined for the resin, this required each layer to be illuminated for 42 s at an intensity 

of 20 mW/cm2. After building, the structures were carefully extracted at room temperature 

several times with water during a period of 5 days. The mechanical properties of the 

prepared designed porous structures were determined in compression as previously 

described.  

 
Results and discussion 
Synthesis and characterization of PTMC-PEG-PTMC macromonomers 
A series of PTMC-PEG-PTMC triblock copolymers with different molar ratios of PEG 

and PTMC were synthesized by initiating the ring-opening polymerization of TMC with 

the terminal hydroxyl groups of PEG. 1H-NMR of the non-purified copolymers showed 

that the TMC monomer conversion was approximately 92%. The molecular structure of 

the prepared PTMC-PEG-PTMC triblock copolymers could also be characterized by 1H-

NMR. In the spectra, characteristic peaks of the PTMC and PEG blocks could be 

identified: from the PTMC block  -(C=O)-O-CH2-CH2-CH2-O- protons at 4.2 ppm and -

(C=O)-O-CH2-CH2-CH2-O- protons at 2.1 ppm were present, from the PEG blocks -

CH2CH2O- protons at 3.6 ppm were present. After functionalization with methacrylate 

anhydride, the distinctive signals of the double bond end-groups could be distinguished at 

5.6 and 6.1 ppm. Table 1 gives an overview of the molecular weights, respective block 

lengths and chemical structures, and degrees of functionalization of the triblock 

copolymers that could be determined.  

The results show that the molecular weights of PEG and of the synthesized oligomers and 

macromonomers corresponded very well with the expected or intended values. With 

increasing TMC content in the feed during the copolymerization reaction, the resulting 

length of the PTMC block increased. The reaction with methacrylic anhydride yielded 

macromonomers with high degrees of functionalization 85 to 92 %. 

The table also shows the thermal characteristics of the obtained triblock copolymer 

macromonomers in the non-hydrated state. It can be seen that all macromonomers are 

semi-crystalline with a peak melting temperature close to 60 oC, which is characteristic for 

the PEG component. With increasing TMC content and block length, the melting point 

decreases somewhat. The glass transition temperature (Tg) of PTMC and PEG have been  



Chapter 8: Biodegradable nanocomposite hydrogels with enhanced mechanical properties 

150 

T
ab

le
 1

. C
ha

ra
ct

er
is

ti
c 

pr
op

er
ti

es
 o

f s
yn

th
es

iz
ed

 P
TM

C
-P

E
G

-P
T

M
C

 m
ac

ro
m

on
om

er
s.

 

P
ar

ti
cl

e 
or

 
ag

gr
eg

at
e 

si
ze

 

(n
m

) 

so
lu

bl
e 

12
.8

 ±
0.

1 

22
7.
9±

7.
5 

30
0.

3 
±3

6 

13
64

 ±
12

 

T
m

 

(o C
) 

60
.3

 

60
.1

 

59
.0

 

58
.7

 

58
.4

 

T
g 

(o C
) 

-5
8.

9 

-5
5.

9 

-5
4.

8 

-5
2.

1 

-4
5.

3 

D
F

 

(%
) 

85
 

90
 

92
 

90
 

87
 

L
en

gt
h

 o
f 

P
T

M
C

 
b

lo
ck

 

g/
m

ol
 

(N
M

R
) 

0 11
3 

36
4 

84
0 

45
80

 

L
en

gt
h

 o
f 

P
T

M
C

 
b

lo
ck

 

g/
m

ol
 

(N
M

R
) 

0 11
3 

36
4 

84
0 

45
80

 

M
n

, 

k
g/

m
ol

 
(N

M
R

) 

20
.1

 

20
.3

 

20
.8

 

21
.8

 

29
.3

 

L
en

gt
h

 o
f 

P
T

M
C

 b
lo

ck
 

k
g/

m
ol

 
(i

n
te

n
d

ed
) 

0 0.
2 

0.
5 1 5 

M
ac

ro
m

on
om

er
 

M
A

-P
E

G
-M

A
 

M
A

-P
T

M
C

0.
2-

P
E

G
-P

T
M

C
0.

2-
M

A
 

M
A

-P
T

M
C

0.
5-

P
E

G
-P

T
M

C
0.

5-
M

A
 

M
A

-P
T

M
C

1-
P

E
G

-P
T

M
C

1-
M

A
 

M
A

-P
T

M
C

5-
P

E
G

-P
T

M
C

5-
M

A
 

 

 

 

 



Chapter 8: Biodegradable nanocomposite hydrogels with enhanced mechanical properties 

151 

reported to be  -15 °C [19] and -54 °C [20] , respectively. The macromonomers show a 

single glass transition temperature varying between approximately -59 oC to -45 oC. The 

glass transition temperature increases with increasing TMC content. The increased 

molecular weight of the macromonomers can also contribute to higher Tg values. 

 

Network properties of PTMC-PEG-PTMC hydrogels and nanoclay hydrogel 

composites 
A series of PTMC-PEG-PTMC networks were prepared by photo-crosslinking MA-

PTMC-PEG-PTMC-MA macromonomers in aqueous solutions containing varying 

amounts of Laponite nanoclay.  

In Figure 1A, images of the macromonomer solutions in water, the as-prepared hydrogels 

and the PTMC-PEG-PTMC hydrogels swollen to equilibrium in PBS are shown. 

Depending on the TMC content, transparent to opaque macromonomer solutions (and 

corresponding crosslinked hydrogels) were obtained. In aqueous media, the triblock 

copolymeric macromonomers can form micelles in which the hydrophobic PTMC 

segments and the methacrylate groups form the cores of the micelles and the hydrophilic 

PEG segments either loop back into the micelles or form a bridge to neighboring micelles 

[21]. These micellar structures are dynamic in nature, which implies that a transient 

network can be formed.  With increasing PTMC block lengths, phase separation between 

the hydrophilic PEG blocks and the hydrophobic PTMC blocks will increase. In the 

aqueous environment, the hydrophobic PTMC components will associate into larger 

clusters and the viscosity of the micellar triblock copolymeric solution will increase [22, 

23]. 

Particle size measurements of the macromonomer solutions (dispersions) in water by 

dynamic light scattering indeed showed that the size of the micelles or aggregates 

depended on the length of hydrophobic PTMC segments. Table 1 shows that with 

increasing hydrophobic block length, aggregate sizes in the micrometer range are 

obtained. The transparency of solutions decreases  

significantly with increasing TMC content leading to the formation of opaque hydrogels 

after photo-crosslinking (Figure 1A).  

The prepared networks and nanoclay composite networks were characterized after drying 

by swelling experiments in DCM and PBS. While DCM is a good solvent for PEG as well 

as for PTMC, water and PBS are only good solvents for PEG and not for PTMC. 

 

The gel content of hydrogels after extraction at room temperature with DCM is shown in 

Figure 1B. The gel content of the prepared networks decreases with an increase in the 

PTMC block length of the macromers. In the micellar solutions that are crosslinked, the 

aqueous phase contains the hydrophilic photo-initiator and the PEG blocks, while the 

PTMC blocks with the methacrylate end-groups form the hydrophobic cores of the 

micelles that are less accessible for the initiating radicals. Upon photo-crosslinking, the 
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transient micellar network is fixed.  Scheme 1 illustrates schematically the process of 

dissolving/dispersing the macromonomers in aqueous media and the preparation of 

nanocomposite hydrogel networks in the presence of exfoliated Laponite nanoplatelets. 

Networks with the highest gel contents are prepared from macromer solutions with the 

highest clay nanoparticles contents and the lowest TMC amounts. In the absence of 

nanoparticles, this can be attributed to differences in solubility of the PTMC and PEG 

blocks in water, and therefore to differences in solubility of the macromers in the aqueous 

solutions that are crosslinked and in increased viscosities, and to differences in molecular 

weights of the macromers. (Note that NC2.5PTMC5 and NC5PTMC5 networks were not 

prepared.)  

In Figure 1C the swelling ratios of the different networks in DCM are shown. A limited 

increase in the degrees of swelling with increasing TMC contents and block length is 

observed. This is the result of the formation of less densely crosslinked networks. Much 

more significant is the effect of the Laponite nanoclay in the composite networks. For all 

macromonomer compositions the addition of 2.5 or 5 wt% Laponite nanoclay to the 

crosslinking solution not only much increased the gel contents of the formed 

nanocomposite networks (Figure 1B), but also greatly decreased their degrees of swelling 

in DCM as shown  in Figure 1C, indicating the additional formation of physical crosslinks 

in the presence of the  hydrophilic Laponite nanoclay platelets.  

With regard to potential applications as degradable hydrogels, the behavior of the 

nanocomposite PTMC-PEG-PTMC networks in PBS is important. The swelling 

characteristics in PBS are shown in Figure 1D. It is clear from the figure that while both 

network composition and Laponite nanoclay content have an important effect on the 

uptake of water, the swelling of the networks is less than in DCM. When considering the 

effect of the TMC content in the macromonomers and networks on the swelling behavior 

in PBS, the uptake first increases with increasing block length of the PTMC units in the 

macromonomers used to prepare the networks and then decreases again (Figure 1B). As 

the PTMC block lengths increase, the molecular weight between crosslinks in the 

networks increases. As the PTMC block length further increases, however, also 

hydrophobicity of the network increases which limits the affinity for water. In a similar 

way, Zhang et al. varied the physico-mechanical properties of neat PTMC-PEG-PTMC 

hydrogels by controlling the hydrophilic to hydrophobic balance of the macromonomers  

[15]. Despite the ionic and hydrophilic nature of the Laponite nanoclay particles, which 

can favor the uptake of water [24], the incorporation of nanoclay particles in the hydrogel 

network very much decreased their swelling capacity in water. Since the degree of 

equilibrium swelling of a network is inversely proportional to its crosslink density [25], 

this implies that besides the covalent crosslinks formed during photo-polymerization of 

the macromonomers additional physical crosslinks have been formed in the presence of 

the Laponite nanoclay. Physical interactions of nanoclay platelets with polymer chains 

have been reported before. It is known for example that, PEO adsorbs on the surfaces of 
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Laponite nanoclay platelets [26]. Chang  et al. showed that both low and high molecular 

weights PEG can form physical networks in the presence of these nanoclays [11]. 

 

 
 

Scheme 1. Schematic diagram of the formation of PEG and PTMC-PEG-PTMC  hydrogel networks 

in the presence of Laponite nanoclay particles. In images (A) through (C) the formation of a 

nanocomposite PEG network is illustrated. In (A) an aqueous solution of the MA-PEG-MA 

macromonomer is illustrated, in the presence of dispersed and exfoliated Laponite nanoclay the 

PEG segments interact with the nanoclay (B). In (B) the polymerization of the methacrylate end-

groups (and concomitant network formation) is illustrated. 

In images (D) through (F) the formation of a nanocomposite PTMC-PEG-PTMC network is 

illustrated. In (D) an aqueous (micellar) dispersion of the MA-PTMC-PEG-PTMC-MA 

macromonomer is illustrated. These micelles are dynamic in nature, chains can bridge different 

micelles and a transient network can form. Here too the PEG segments of the triblockcopolymeric 

compound will interact with the nanoclay (E). Note the presence of the methacrylate moieties in the 

hydrophobic PTMC phase. In (F) the polymerization of the methacrylate end-groups (and 

concomitant network formation) is illustrated. 
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Figure 1. Properties of hydrogels prepared by photo-crosslinking aqueous solutions of PTMC-

PEG-PTMC macromonomers. A)  Appearance of the solutions to be crosslinked (top row), the as-

prepared hydrogels (middle row) and the hydrogels equilibrated in water (bottom row). From left to 

right: NC0PTMC0, NC0PTMC0.2, NC0PTMC0.5, NC0PTMC1 and NC0PTMC5 hydrogels. The effect of 

the PTMC block length of the PTMC-PEG-PTMC macromonomers and the Laponite XLG nanoclay 

particle concentration in the crosslinking solution on: B) the gel content of the obtained hydrogels; 

C) the degree of swelling in dichloromethane; D) the degree of swelling in PBS.  

 

Mechanical properties of PTMC-PEG-PTMC hydrogels and nanoclay hydrogel 

composites 
The mechanical properties of equilibrium swollen PTMC-PEG-PTMC hydrogels and 

PTMC-PEG-PTMC nanocomposite hydrogels with Laponite nanoclay were assessed in 

unconfined compression tests. An overview of the mechanical characteristics is presented 

in Figure 2. 

As can be seen in Figure 2A, the molecular weight of the hydrophobic PTMC block has 

an important effect on the elastic modulus of the resulting hydrogels. Although it could be 

expected that an increase in the PTMC segment length, which leads to an increased 
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hydrophobicity, would lead to higher values of the elasticity modulus of the swollen 

hydrogels, the figure shows that the trend is the opposite. 

As the length of the hydrophobic PTMC block was increased from 0 to 5 kg/mol, the 

compression modulus of the hydrogels that did not contain nanoclay particles decreased 

by more than a factor of two from 15 kPa to 6.7 kPa. The crosslinkable methacrylate 

groups that upon crosslinking will account for the mechanical behavior of the hydrogels 

are located in the micellar cores [15, 27]. Due to changes in the solubility of the 

macromonomers in water as shown before, increasing the PTMC segment length results in 

lower crosslink densities of the hydrogels and therefore in lower compressive modulus 

values.  

The PTMC block length also influenced the maximum compressive strength and 

toughness (determined from the area under the compression stress-strain diagram) of the 

PBS-swollen PTMC-PEG-PTMC hydrogels as shown in Figure 2B and 2C. This effect 

was most pronounced for the NC0PTMC0, NC0PTMC0.2 and NC0PTMC0.5 hydrogels. 

Despite a decrease in the elastic modulus, the compressive strength and toughness of these 

hydrogels increased when the PTMC block length increased from 0 to 0.5 kg/mol. This 

suggest that in this region the increased TMC content enables the hydrogels to withstand 

higher stresses due to the synergistic effect of the dissipation of energy from random coil 

formation of PTMC chains and the controlled water absorption in the hydrogels [15]. The 

compressive strains at break values for these gels were a minimum of 75 % (NC0PTMC0 

gels) and a maximum of 87% for the NC0TMC0.5 hydrogels. All PTMC-containing 

hydrogels were soft gels in the swollen state showing rubber-like behavior; after 

compression to strains below their breaking strains they completely recovered to their 

initial dimensions. For these hydrogels it was observed that increasing their PTMC 

content did not necessarily result in enhanced mechanical properties. Surprisingly, 

NC0PTMC1 and NC0PTMC5 hydrogels had similar compressive strength and toughness 

values as  NC0PTMC0 hydrogels, while their elastic modulus values were a factor two 

lower. 

A similar observation was reported by others as well. Zhang et al. indicated that PTMC-

PEG-PTMC hydrogels having PTMC block lengths higher than 650 g/mol failed to create 

robust hydrogels [15],  Agrawal et al. also showed that in amphiphilic PLA-PEG-PLA 

hydrogels increasing the length of the hydrophobic PLA block beyond a critical value did 

not lead to significant enhancement in the elasticity of the gels [28]. Apparently the 

formation of networks by crosslinking phase separated micellar dispersion leads to the 

formation of structures in which the heterogeneity leads to reduced toughness values. 

Figure 2 also shows the effect of the addition of Laponite nanoclay on the mechanical 

properties of hydrogels. It is clear that the compression modulus of the nanocomposite 

hydrogels increases with increasing concentrations of Laponite nanoclay, indicating the 

presence of physical interactions between the Laponite nanoclay platelets and the polymer 

network chains (Scheme 1). 
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Figure 2. The effect of the PTMC block length of the PTMC-PEG-PTMC macromonomers and the 

Laponite XLG nanoclay particle concentration in the crosslinking solution on the mechanical 

properties of the obtained hydrogels swollen to equilibrium in water A) the compressive modulus of 

the hydrogels; B) the compressive strength of the hydrogels; C) the toughness (area under the 

compressive stress-strain diagram) of the hydrogels.  

 

With the addition of 2.5 and 5 wt% Laponite nanoclay to the crosslinking solution, the 

elasticity modulus significantly increased. This is especially evident for NC0TMC0 

hydrogels where the values increased from 15.1 kPa to 47.7 and 66.8 kPa respectively. 

For network compositions that contained PTMC, the effect of Laponite nanoclay addition 

was somewhat less and most pronounced when the amount of nanoclay was increased 

from 2.5 to 5 wt%. Nevertheless, when compared to non-reinforced hydrogel, these gels 

were tougher with strain at break values of 81% for NC2.5PTMC0 gels to 96% for 

NC5PTMC1 gels. This suggests that the interactions of the Laponite nanoclay platelets 

with the PEG component of the hydrogels are stronger than the interactions with the 

PTMC segments in the networks. Similar trends were also observed for the compressive 

strengths of the composite hydrogels. As mentioned before, PEG chains readily adsorb to 

the surface of the hydrophilic Laponite [11, 29] and in aqueous micellar block 
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copolymeric systems the hydrophobic PTMC or PLA cores are not able to adsorb to the 

nanoclay platelets surfaces [30].  

While in general hydrogels possess advantageous chemical and biological properties, they 

are usually very brittle and fragile. Importantly, the toughness of the nanocomposite 

hydrogels very much increased with increasing Laponite nanoclay content. Here too, the 

enhanced mechanical properties can be attributed to the presence and the physical 

interaction of the nanoclay platelets with the polymer chain segments in the networks 

(Scheme 1) that allow arresting a propagating crack. Especially the high toughness of 

nanocomposite hydrogels containing 5 wt% Laponite in the crosslinked solution is 

significant. The toughest hydrogels were those prepared from macromonomers that did 

not contain PTMC: the NC2.5PTMC0 and NC5PTMC0 hydrogels. Although increasing the 

PTMC content in the hydrogels decreased their toughness, a significant reinforcing effect 

of the nanoclays in NC2.5PTMC1 and NC5PTMC1 was noted.  

To prepare tough nanocomposites PTMC-PEG-PTMC hydrogels with the desired 

mechanical properties and swelling characteristics that are still biodegradable, it will be 

necessary to consider the effects of the ratio of PEG to PTMC block length and nanoclay 

content at the same time.  

 

In vitro degradation of PTMC-PEG-PTMC hydrogels and nanoclay hydrogel 

composites by enzymes and macrophages 
The degradation of TMC homopolymers and of PEG-PTMC block copolymers was 

shown to take place via enzymatic processes [31]. To investigate the degradation of the 

PTMC-PEG-PTMC and their nanoclay composite hydrogels, cholesterol esterase was 

chosen as a most suited enzyme.  

Figure 3 shows the loss of mass after incubation in aqueous cholesterol esterase enzyme 

solutions for 5 weeks. Hydrogels that did not contain TMC were found to be highly stable 

and resistant to degradation with a loss of less than 5 %. When hydrogels were prepared 

from macromonomers that did contain TMC, enzymatic degradation and mass loss could 

be observed. The enzyme solutions had become cloudy. After 5 weeks of incubation, the 

NC0PTMC1 and NC0PTMC5 hydrogels were almost completely degraded and only small 

amounts of a gooey mass remained. At this time, NC0PTMC0.2 hydrogels showed a 50% 

mass loss, while these specimens maintained their shape. The observed increased mass 

loss for hydrogels containing higher amounts of TMC is in agreement with previous work 

where the susceptibility of PTMC towards enzymatic degradation in vitro and in vivo was 

investigated [31]. The incorporation of Laponite nanoclay significantly reduced the extent 

of degradation of the hydrogels. These reduced degradation rates were most significant for 

nanocomposite hydrogels containing high amounts of TMC (NC5PTMC1 and 

NC5PTMC5). Contrary to the corresponding hydrogels that did not contain nanoclay, these 

samples preserved their structural integrity during the degradation period. The decreased 

rates of degradation in the  presence of Laponite nanoclay may be the result of a reduced 
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PBS (water) adsorption capacity (see also Figure 1D) [32, 33] and the hindered diffusion 

of enzymes through the hydrogel matrix [34] resulting from the increased number of 

physical crosslinkages. The change in affinity of cholesterol esterase towards the PTMC 

substrate upon adsorption to the Laponite nanocaly surface needs to be considered as well 

[35].   

Macrophages play an important role in the in vivo degradation of polymeric materials. We 

have previously shown in an in vitro model, that surface erosion of linear and crosslinked 

PTMC by these cells can be observed when they are in direct contact with the polymer 

surface [36]. We now investigated the attachment of macrophages to PEG and PTMC-

PEG-PTMC nanocomposite hydrogels and the ensuing degradation and erosion. 

Screening experiments, where murine macrophages were cultured on TCPS in the 

presence of the (nanocomposite) hydrogels, showed that the hydrogels did not affect the 

growth of the cells in a detrimental way (data not shown). The macrophages were then 

cultured on the surface of hydrogels prepared from MA-PEG-MA and MA-PTMC1-PEG-

PTMC1-MA macromonomer solutions that contained 0, 2.5 or 5 wt% Laponite nanoclay.  

Figure 4 shows confocal microscopy images of the macrophages on the surface of the 

hydrogels after 7 d of culture. Figures 4A to 4C show there are not many macrophages on 

the surface of PEG hydrogels with and without Laponite nanoclay. While other studies 

have shown that incorporation of nanoclay into non cell-adhering PEG-hydrogels 

improves the adhesion of cells to the materials [9, 37], macrophage adhesion was not 

significant on our nanocomposite PEG hydrogels.  

The incorporation of PTMC in the hydrogels somewhat improved macrophage adhesion 

to the substrates. By comparing Figures 4A and 4D, it can be seen that the number of 

macrophages present on the surface of NC0PTMC1 hydrogels was a little higher than on 

NC0PTMC0 hydrogels. After 10 days of culture the number of macrophages on 

NC0PTMC0 hydrogels had decreased (data not shown) and this difference became even 

more evident. These results are in agreement with Zhang et al. who showed that 

hydrophobic PTMC components promote protein adsorption and subsequent cell adhesion 

[15]. A very much significant increase in macrophage cell adhesion was observed when 

Laponite nanoclay particles were incorporated into these PTMC-containing hydrogels, see 

Figures 4D to 4F. At 7 days of culture, the surfaces of NC2.5PTMC1 and of NC5PTMC1 

hydrogels are completely covered by macrophages. Apparently, this increased 

hydrophobicity of the nanocomposite hydrogels that results from the increase in PTMC 

content leads to a synergistic effect and enhanced macrophage attachment [15, 37]. 

Confocal laser scanning microscopy (CLSM) was used to assess the extent of degradation 

and erosion of the surface of the nanocomposite PEG and PTMC-PEG-PTMC hydrogels. 

It was indeed observed that the surface of the PEG hydrogels and of the composite PEG 

hydrogels was not affected by the presence of the few macrophages. However, also the 

degradation of the surface of NC0PTMC1, NC2.5PTMC1 and NC5PTMC1 was negligible as 

the surface of the hydrogels remained unaffected and cells could only be visualized at the 
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surface of the specimens. As also follows from the in vitro enzymatic degradation 

experiments, (see Figure 3), it could be expected that the composites with the higher 

Laponite nanoclay content would degrade at the lowest rate.  

 
Figure 3. The effect of the PTMC block length of the PTMC-PEG-PTMC macromonomers and the 

Laponite XLG nanoclay particle concentration in the crosslinking solution on the enzymatic 

degradation of the obtained hydrogels after 5 weeks of incubation in an aqueous cholesterol 

esterase solution.  

And, as in the NC0PTMC1 network the PTMC block length might have been too small to 

allow enzymatic attack, an additional experiment was conducted in which macrophages 

were cultured for 7 days on the surface of the hydrogels that contained the longest blocks 

of PTMC (NC0PTMC5) under similar conditions. Now indeed, as Figure 5 shows, 

macrophages were able to degrade and erode the surface of the hydrogel. Although in the 

cross-sections at the right and bottom of Figure 5 the surface of the nanocomposite 

hydrogel itself cannot be discerned, the depth of the cells could be seen to vary from 6.5 

to 82 m from the edge of the image. 

 

 



Chapter 8: Biodegradable nanocomposite hydrogels with enhanced mechanical properties 

160 

 
 

Figure 4. Confocal laser scanning microscopy images of macrophages adhering to hydrogels 

prepared from aqueous solutions/dispersions of PEG and PTMC-PEG-PTMC  macromonomers and 

Laponite XLG nanoclay particles after 7 days of cell culturing.The cell nuclei are stained blue, the 

actin cytoskeleton is stained red. Each image represents an area of 375 μm by 375 μm. PEG 

nanocomposite hydrogels: A) NC0PTMC0; B) NC2.5PTMC0; C) NC5PTMC0; PTMC-PEG-PTMC 

nanocomposite hydrogels: D) NC0PTMC1; E) NC2.5PTMC1; F) NC5PTMC1 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Confocal laser scanning microscopy image of macrophages adhering to an NC0PTMC5 

hydrogel that did not contain Laponite XLG nanoclay particles after 10 days of cell culturing. 

The figure represent one optical section in the image stack, together with cross-sectional labeling 

profiles along a horizontal and a vertical plane through the stack. The dimensions of the middle 

image are 375x375 µm2. 
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Stereolithography 
These soft, resilient and tough PTMC-PEG-PTMC hydrogels can be of great interest for 

use in medical applications such as tissue engineering. With nanocomposite resins 

containing 15 wt % MA-PTMC0.5-PEG-PTMC0.5-MA and 2 wt% Laponite nanoclay, 

biodegradable and biocompatible hydrogel structures with a designed architecture of the 

pore network were prepared by stereolithography. The gyroid pore architecture in the 

hydrogel that was chosen, can facilitate uniform cell distribution within a tissue 

engineering scaffold upon seeding, attachment and proliferation [38]. The enhanced 

diffusion and exchange of nutrients and metabolism waste products can lead to higher cell 

viabilities within the scaffold. 

 

 
 

Figure 6. Designed nanocomposite hydrogel structures prepared by stereolithography using a 

PTMC-PEG-PTMC macromonomer resin that contained 15 wt% MA-PTMC0.5-PEG-PTMC0.5-MA 

macromer and 2 wt% Laponite XLG nanoclay particles. A) Photographic image of built structures 

with gyroid pore network architecture in the equilibrium water swollen state and after drying; B) 

Micro-CT image of the water swollen structures; C) Micro-CT images of cross-sections taken from 

the middle parts of the specimens in the equilibrium water swollen state and after drying; D) The 

distribution of the pore sizes of built structures in the equilibrium water swollen state and after 

drying. 
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Figure 6A shows images of the structures that were built by stereolithography after 

extraction of unreacted macromonomer, dye and propylene carbonate/water mixture that 

was used as non-reactive solvent, and swelling in water. By comparing the mass of dried 

specimens with those of specimens equilibrated in water, very high water absorption of 

almost 1200 % could be determined. The photographs and the micro computed 

tomography (µCT) reconstructions (Figure 6B) clearly indicate that the designed gyroid 

pore network in the hydrogel structure remains present despite the large extent of swelling 

in water. Furthermore, the pore network is completely open in the fully hydrated state and 

will maintain the ability to allow the cells to attach and the flow of medium or body fluids. 

Characteristic features of the pore network of the built nanocomposite hydrogel structures 

are presented in Figure 6C and in Table 2. It is interesting to see that, when comparing the 

pore size distribution and the average pore size of the water swollen hydrogel structures 

determined by µCT with those of the same specimens after drying, the average pore size 

has increased almost twofold and the pore size distribution has shifted to higher pore 

sizes, while the porosity has decreased significantly upon swelling (Figure 6D). In these 

porous hydrogels, the final pore size and pore distribution and porosity results from two 

counteracting effects of the uptake of water: on the one hand, the pore size, and therefore 

also the porosity, will decrease due to uptake of water in the walls and struts of the 

structure. On the other hand the specimens as a whole will expand and thereby increase 

pore size and porosity.  

 

Table 2. Characteristics of the designed porous structures with gyroid pore network architecture 

prepared from MA-PTMC-PEG-PTMC-MA macromonomer and Laponite XLG nanoparticle 

composite resins by stereolithography.  

 Diameter 

(mm) 

Height 

(mm) 

Water 

uptake 

(%) 

Average 

pore size 

(µm) 

Porosity 

(%) 

Water swollen 

structure 

11.9±0.8 12.1±0.1 1181±5

2 

750±3 42±2 

Dried structure a) 5.7±0.1 8.1±0.1 - 450±3 65±2 
a) after drying for one night in a vacuum oven at 40°C. 

The structures prepared were robust and could be handled with ease, also in the fully 

hydrated state. The mechanical properties of these fully hydrated porous hydrogel 

structures were assessed in compression. The obtained compressive stress-strain diagrams 

revealed that the structures had a high resistance to fracture, with a maximum compressive 

stress of 1.12 MPa, a compressive modulus of 33.6 kPa and strain at break of 94 %. At 
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strains lower than the strain at break, the structures were able to recover to their original 

shapes completely upon removal of the compressive stress. 

 

Conclusions 
Soft biodegradable hydrogels with compression modulus values lower than 100 kPa were 

prepared by photo-crosslinking aqueous of MA-PTMC-PEG-PTMC-MA solutions 

containing small amounts of Laponite nanoclay. The compression strength and toughness 

of the resulting hydrogels could be increased by increasing TMC content and more 

significantly by addition of up 5wt% Laponite nanoclay. These nanocomposite hydrogels 

were found to be degraded in vitro by cholesterol esterase and by the action of 

macrophages adhering to the surface of PTMC-PEG-PTMC nanoclay composite 

hydrogels.  

Using stereolithography, nanocomposite hydrogel structures with a designed gyroid pore 

network architecture could be prepared from resins that contained MA-PTMC-PEG-

PTMC-MA macromonomer and Laponite nanoclay. In the fully hydrated state, these 

structures had excellent mechanical properties, while the pore network structure could be 

maintained. 
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Abstract 

Intervertebral disk degeneration is the main cause of chronic back pain. Disk degeneration 

often leads to tearing of the annulus fibrosus (AF) and extrusion of the nucleus pulposus 

(NP), which compress the nerves. Current treatment involves removing the herniated NP 

and suturing of the damaged AF tissue. This surgical approach has several drawbacks. In 

this study, we designed a biodegradable AF closure system comprising a tissue 

engineering scaffold, a supporting membrane and an adhesive material to not only restore 

the function of the herniated disc, but also to promote tissue regeneration. Porous 

scaffolds with precisely defined architectures were built by stereolithography using resins 

based on poly(trimethylene carbonate) (PTMC) macromers functionalized with 

methacrylate endgroups. In addition, a porous photo-crosslinked PTMC membrane was 

developed that can be used to keep the scaffold in place in the AF tissue. The components 

of the implant are glued together and to the AF tissue using a diisocyanate glue based on 

PEG-PTMC triblockcopolymers. The adhesion strengths of the materials to each other and 

to annulus fibrosus tissue were determined in lap shear tests. This study showed that a 

device for AF tissue engineering can be prepared from PTMC-based scaffolds, 

membranes and glues. 
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Introduction 
Degeneration of the annulus fibrosus (AF) often leads to tearing of the tissue, and parts of 

the nucleus pulposus (NP) can then protrude beyond the damaged outer parts of the AF 

[1] and compress the nerves. This herniation phenomenon and the resulting inflammation 

is the main cause of chronic low back pain [2]. When drug administration and 

physiotherapy treatments fail, surgical methods are used to restore the function of the 

spine. The most common surgical approaches consist of excising the herniated part of the 

NP and suturing of the AF [3, 4]. Unfortunately, as this does not end the degeneration 

process, the risk of recurrence is high. Besides this, the mechanical function of the treated 

intervertebral disc is not restored [3]. As an alternative, researchers are focusing on 

annulus closure and regeneration of intervertebral discs by tissue engineering.  

Bron et al. proposed a barbed device based on polyethylene as an annulus closure device. 

Because its design, the device was meant to interlock with the tissue to provide 

mechanical support and prevent extrusion of the NP [5]. However, because of the 

mismatch in the elasticity modulus of the implant and the tissue, high friction between the 

implant devices and the intervertebral disc endplate was observed. After several weeks 

implantation, all the devices were deformed, had migrated from the site of implantation or 

had even been extruded. Obviously, this device does not allow any regeneration potential 

of the tissue, as polyethylene is not resorbable.  

Due to the complex hierarchical anisotropic structure of AF tissue, successfully applying 

tissue engineering principles to regenerate AF tissue is a great challenge. The ideal 

scaffold for AF tissue engineering should mimic AF tissue to allow the restoration of the 

structural and mechanical properties in vivo. [6-9]. The current tissue engineering 

scaffolds used at the moment are suboptimal, as most do not provide a platform that 

mimics the native AF organ. Due to the complex loading profiles of the intervertebral disc 

and the swelling pressure of the NP, scaffold extrusion is common upon implantation of 

AF tissue engineering scaffolds [10, 11]. The integration of the AF scaffold with the 

(damaged) surrounding tissue and the fixation of the scaffold to AF tissue has been much 

neglected [12]. 

From the literature, it seems obvious that the design of the tissue engineering scaffold and 

the material selection will play a main role in the favorable restoration of function and 

regeneration of AF tissue [7, 8].  

Among the many scaffold fabrication techniques, stereolithography (SLA) provides high 

control over the microstructure of the built scaffolds. SLA is a three-dimensional solid 

freeform fabrication technique based on spatially controlled photo-polymerization of a 

liquid resin in a layer-by-layer manner. In this way, SLA can generate 3D objects with 

specific predetermined geometries, porosities, structures and morphologies.  

In this study, we prepared porous structures with gyroid pore network architectures to be 

used as AF tissue engineering scaffolds. These architectures have previously been shown 

[13] to be relevant in tissue regeneration. To prevent extrusion of an implanted scaffolding 
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structure, we propose to back the structure with a porous membrane that can also be glued 

to the surrounding AF tissue.  

Since PTMC is a flexible elastomer with mechanical properties similar to those of AF 

tissue, the designed tissue engineering scaffolds as well as the porous membranes were 

prepared from photo-crosslinkable PTMC macromers [14]. To glue the scaffold, 

membrane and AF tissue, a series of biodegradable glues based on PEG-TMC 

triblockcopolymers functionalized with butane diiosocyanate were prepared.  

 
Material and Methods 
Materials 
Trimethylene carbonate (1,3-dioxan-2-one, TMC) was obtained from Boehringer 

Ingelheim, Germany. Stannous octoate (tin 2-ethylhexanoate, SnOct2), polyethylene 

glycol 1000, triethyl amine and methacrylic anhydride (94%) were purchased from 

Sigma-Aldrich, Germany. 1,4-Diisocyanatobutane was obtained from CSM chemicals, 

UK. Lucirin TPO-L (ethyl 2,4,6-trimethylbenzoylphenyl phosphinate) was kindly 

provided by BASF (Germany). Orasol Orange G was obtained from Ciba Specialty 

Chemicals (Switzerland). Reagents and solvents were of analytical grade and used as 

received. Fibrinogen and thrombin (Sigma-Aldrich, St. Louis, MO, USA) were isolated 

from bovine plasma and dissolved in PBS at concentrations 100 mg/mL and 100 U/mL, 

respectively. 

AF tissue was obtained from frozen cow tails, which were gifts of Dr. B.P.M. Meij of the 

Veterinary Faculty of the University of Utrecht In The Netherlands.  

 

Preparation and characterization of AF scaffolds by SLA 

Three-armed PTMC macromers (5000 g/mol) were prepared by ring opening 

polymerization of TMC (0.98 mol, 100 g), initiated by tri(hydroxymethyl)propane (0.0196 

mol, 2.62 g) and catalyzed by Sn(Oct)2 (0.05 wt%) in the melt at 150 oC for 3 h under an 

argon atmosphere and subsequent functionalization using methacrylic anhydride as 

described elsewhere [15]. The oligomer and macromer number average molecular weights 

(Mn) and the degrees of functionalization of the macromers were determined by nuclear 

magnetic resonance (1H-NMR) 300 MHz spectroscopy.  

To prepare resins for SLA, the PTMC macromers were diluted with propylene carbonate 

to a viscosity of approximately 5 Pa.s. Lucirin TPO-L (5 wt% relative to the macromer) 

was added as the initiator and the Orasol Orange dye (0.15 wt% of macromers) to control 

the penetration depth of blue light. Cylindrical scaffolds with a diameter of 5 mm and a 

height of 7 mm and a gyroid pore network architecture with a porosity of 71% and a pore 

size of 450 µm were designed using computer-aided design software (Rhinoceros 3D, 

McNeel Europe and K3dSurf v0.6.2). The designed scaffold was then built by 

stereolithography using an EnvisioTech Perfactory Mini Multilens SLA apparatus at a 

pixel resolution of 16x16 µm2 and a layer thickness of 25 µm. To reach this resolution 
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with a light intensity of approximately 20 mW/cm2 the illumination time per layer was 40 

s for this resin composition. Compression tests were conducted using a Zwick Z020 

tensile tester, equipped with 500 N load of cell at a compression rate of 30% per min. 

 

Preparation and characterization of porous PTMC membranes 
Linear PTMC macromers were synthesized in a manner similar to the one described 

above. By adjusting the TMC to hexanediol ratio, PTMC oligomers with molecular 

weight of approximately 30 kg/mol could be obtained. Salt particles (70 wt% with respect 

to the macromer, particles sieved to sizes of 100-200 µm) were mixed with the PTMC 

macromer dissolved in DCM (0.1g/ml) containing solution of Irgacure 2959 as photo-

initiator (2 wt% with respect to the macromer). After casting, and photo-crosslinking in an 

Ultralum crosslinking cabinet, the salt was leached out with water for 3 days to obtain 

porous membranes. The tensile properties of the porous PTMC membranes were 

determined according to ASTM-D882-91 on samples with lengths of 20 mm, widths of 

5.3 mm and thicknesses 500±50 µm using the same testing equipment. The grip-to-grip 

separation was 25 mm, the testing rate was 50 mm/min. 

 

Synthesis of PEG-PTMC based diisocyanate adhesives 

First PEG-PTMC triblockcopolymers were synthesized by ring opening polymerization of 

TMC with PEG as the initiator, as shown in Figure 1.  

 

 
Figure 1. Synthesis of PEG-(TMCx)2 oligomers and their corresponding isocyanate terminated 

adhesives. 
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In a typical procedure TMC, PEG 1k and Sn(Oct)2 (0.2 mmol/per mol monomer) as 

catalyst were reacted in the melt at 150oC for 3 h under an inert argon atmosphere. The 

temperature was then reduced to 130oC and vacuum was applied to remove unreacted 

TMC. The oligomers were then further purified by washing with diethyl ether. Three 

oligomers with TMC tp PEG molar ratios of 1:4, 1:6 and 1:8 were synthesised. The 

oligomers were labelled as PEG-(TMCx)2, where x is the number of repeating TMC units 

at each end of the oligomers. 

 

The PEG-PTMC triblockcopolymeric oligomers were then end-functionalized by reaction 

with 1,4-diisocyanatobutane (BDI) as is also depicted in Figure 1. A weighed quantity of 

the oligomer was charged under nitrogen into a three neck flask. Then an excess of BDI 

was added to the flask under stirring so that a NCO/OH ratio of 2.05 was obtained. The 

stirred mixture was allowed to react at 80oC under nitrogen protection. Changes of the 

isocyanate (NCO) value during the reaction were monitored by titration di-n-butylamine 

according to ASTM D-2572 norms. The reaction was cooled to RT after constant NCO 

values were reached. The isocyanate-terminated oligomers were obtained as a transparent 

viscous liquids, and were tightly sealed in glass jars and kept in -20oC until use. The NCO 

terminated oligomers are labelled as PEG-(TMCx-NCO)2. 

 

The chemical structure of the PEG-TMC oligomers and the NCO terminated PEG-TMC 

oligomers were characterized by Fourier Transform Infrared Spectroscopy (FTIR) and 1H-

NMR. FTIR spectra were obtained using a Perkin-Elmer Spectrum 1000 FTIR 

spectrometer (USA) at 4 cm-1 resolution in the 4000–600 cm-1 range. 1H-NMR 

spectroscopy was performed using a Varian Innova 300 MHz, USA apparatus, and CDCl3 

(Merck, Germany) as the solvent. 

 

Preparation of AF tissue 

Caudal intervertebral discs were carefully excised from cow tail tissue. Briefly: muscle 

tissue was excised and manually cleaned of residual fatty tissue. The AF tissue was cut up 

into several small pieces measuring 5x5x5 mm3, which were kept in a wet environment to 

ensure optimal conditions.  

 

Evaluation of adhesive properties of the PEG-PTMC based diisocyanate adhesives 

The adhesive properties of the glues were assessed in a lap-shear tensile test using a 

Zwick Z020 universal tensile tester. The setup of the method resembles the ASTM F2255-

05 standard [16]. In Figure 2 the geometries of the different tested specimens are 

illustrated. 

The stress at break was determined using tensile tester equipped with a 500 N load cell at 

room temperature. The grip-to-grip separation was 25 mm, the testing rate was 10 

mm/min. For each test, the shear stress at break (the ultimate adhesion strength or  
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extrusion of a NP implant and/or the AF tissue engineering scaffold itself. Our focus is on 

the synthesis of materials and on the manufacturing of the implant device. 

Previous studies on PTMC networks prepared by stereolithography showed that the 

molecular weight of the PTMC macromers used in the photo-crosslinking process had an 

important effect on the mechanical properties of the networks [15]. Based on these results, 

we prepared our designed scaffolding structures by SLA using PTMC macromers with an 

intermediate molecular weight of 5000 g/mol. This allows the formulation of suitable 

resins with small amounts of diluents and materials with good mechanical properties after 

photo-crosslinking. As Table 1 shows, the mechanical properties of the built structures are 

excellent. The highly elastic and flexible scaffolds may be well suited for the regeneration 

of soft tissues such as AF tissue. Although scaffolds with a great variety of pore 

architectures could have been prepared, we chose to a pore structure with a gyroid 

architecture as this pore structure was shown to be quite efficient in the seeding and 

subsequent proliferation of cells. [13]. The properties of PTMC networks and the 

favorable cell culturing behavior of the designed pore architectures of the scaffolds should 

promote efficient AF tissue regeneration. 

In preparing the porous PTMC membranes by photo-crosslinking and subsequent salt 

leaching a low diluent concentration and a low viscosity of the reaction mixture is not as 

critical as is the case in SLA. Therefore linear macromers of much higher molecular 

weight of 30 kg/mol were used. To close the defect, these porous PTMC membranes are 

to be attached to the AF tissue engineering scaffold and to the annulus fibrosus tissue as 

well. Gluing has been proposed in literature as an alternative to suturing. Also in tissue 

engineering problems related to suturing, such as accessibility of the surgical site, damage 

of the tissue and reduction of the mechanical properties, can be circumvented when a 

(resorbable) glue is used to fix a scaffold to tissue [17, 18]. The porosity of membrane will 

allow mechanical interlocking upon solidification of the glue, allow ingrowth of cells and 

facilitate the exchange of nutrients. The high flexibility, and elasticity and creep 

resistance, of the photo-crosslinked PTMC membranes can be of importance in 

accommodating the different shearing strains and -stresses of the intervertebral disc and 

the annulus fibrous are subjected to. 

Like others, we have used tensile lap shear tests to assess the adhesive strength of the 

different glues. In accordance with the literature [19], the highest adhesive strengths to the 

substrates were obtained with Dermabond®, a commercially available cyanoacrylate-based 

glue. However, there are several important drawbacks associated with this adhesive. 

Although very rapid curing of the cyanoacrylate takes place upon contact with the 

different substrates, the glue in its cured form is very rigid and unyielding [20]. Upon 

glueing, the designed PTMC scaffold and porous membrane lose their flexibility. Besides 

this, formaldehyde is one of the degradation products of cyanoacrylate glues and although 

they are in use for specific applications there are important concerns regarding possible 
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cytotoxicity of these materials.[21]. This makes these glues less desirable for our 

applications. 

Fibrin glue is commercially available too. This glue is a hydrogel and forms a much more 

flexible bond than the cyanoacrylate glues. However, in agreement with the literature [22] 

[23], we found that when this adhesive is used to attach the porous PTMC membrane to 

the designed scaffold or to AF tissue, the bonding strength was quite low. Indeed, it was 

found that it was not possible to satisfactorily seal an AF lesion with fibrin glue [12, 24]. 

We prepared a new adhesive material based on TMC-PEG-TMC triblockcopolymers that 

were functionalized with isocyanate end groups. Variation of the TMC to PEG ratio will 

allow optimization of the wetting behavior of the glue (while PEG segments are 

hydrophilic, the PTMC segments are hydrophobic). The isocyanate endgroups can react 

with amine-, thiol- and hydroxyl groups of proteins present in the tissue and will allow 

covalent bonding of the glue to the tissue. In presence of water, crosslinkages can be 

formed and the glue can foam. Such a system can be very useful in the development of a 

much-needed flexible, tough biocompatible and biodegradable adhesive. In comparison 

with other synthetic glues that have been developed [25-27], our results show that the 

different PEG-(TMCx-NCO)2 adhesives formed stronger adhesive bonds. The adhesive 

shear strengths we determined with these flexible glues were of somewhat lower, but of 

the same order of magnitude as with Dermabond®. 

 
Conclusions 
We have developed a biodegradable PTMC annulus fibrosus closure device that combines 

a designed tissue engineering scaffold that can promote the regeneration of AF tissue with 

a porous membrane that keeps the scaffold and a nucleus pulposus implant in place. A 

biodegradable glue based on isocyanate-functionalized PEG-TMC triblockcopolymers 

was developed to fix the membrane to the scaffold and to the tissue. Future in vitro and in 

vivo work will prove the suitability of the glues in attaching the device components to the 

tissue and the suitability of the scaffolding structure to allow the regeneration of AF 

tissue.  
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The major cause of chronic low back pain (LBP) is intervertebral disc degeneration, 

which occurs either through intervertral disc (IVD) trauma or is accumulated in a lifetime. 

The IVD is a complex structure which consists of three functional parts, the annulus 

fibross (AF), the nucleous polposus (NP) and the endplates. Resembling a car tire in 

which air pressure (hydrated NP) keeps the rubber (AF) inflated, these elements together 

makeup a structure that is stiff enough to transmit loads to vertebra yet flexible enough to 

allow movement of the trunk. 

IVD injuries, either small fissures in the AF or protrusions of the NP through a failing AF, 

result in height loss with altered motion segment dynamics, possible stenosis and adjacent 

segment effects. The resulting nerve impingement along with innervation of the AF and 

an inflamatory process is painful.  

The therapeutic targets of current treatments are mainly the NP, then the AF and the 

whole disc. Discectomy based surgeries aimed to reduce mechanical nerve compression 

and implantation of NP prosthetes are the most common surgeries for LBP treatment. 

Neverthelesss lack of a proper AF sealing technique or strategy reduces the success rate of 

these therapies. Especially for patients with large NP protrusions and minimal disc 

degeneration. Furthermore, these treatment options are merely aiming at alleviating 

symptoms, while the underlying cause still remains. New therapies for LBP are based on 

regenerative medicine and tissue engineering. These therapies aim to restore disc function 

by reversing the degeneration process or engineering new healthy tissue. It is becoming 

clear that novel strategies towards annular repair are compulsory for the success of these 

treatments. NP regeneration itself does not yield any lasting biomechanical effect if it is 

not contanied within a healthy and rigid AF. On the other hand, while it may be possible 

to develop active three-dimensional biomaterials seeded with cells or loaded with 

molecular signals that enable new matrix synthesis at the AF defect site, functional 

attachment of this construct to the native AF tissue is crucial.  

This thesis addresses biomaterial-based statregies for securely sealing a torn AF and 

integrating a tissue engineering construct to nativeAF tissue.  

Chapter 1 briefly describes the aim and outline of thesis. In Chapter 2, an overall 

perspective on the role of the AF in LBP development, its pathobiology, and current and 

new treatments is provided.  An emphasis is given to current annulus closure devices and 

annular repair methods, highlighting that purely mechanical repairs are salvages 

procedures that do not restore healthy disc biomechanics. In the second section of this 

chapter, the crucial role of resorbable biomaterials in the success of regeneration-based 

AF treatments is highlighted. Different biomaterials and scaffold preparation techniques 

for engineering AF constructs are reviewed. It was concluded that as no material or 

biological therapy has established itself as a clear or principal choice for annulus tissue 
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repair. The development of new biomaterials that allow for both new healthy AF tissue 

formation and integration with the host and biomechanical stability is of great importance. 

Chapter 3 describes the synthesis and characterization of a series of shape memory 

polymers based on D,L-lactide and trimethylene carbonate. It was shown that resilient 

networks can be obtained by photo-crosslinking high molecular weight macromers with 

methacrylate end-groups. These amorphous networks exhibit tunable thermal- and 

mechanical properties and have excellent shape memory features. Variation of the D,L-

lactide to trimethylene carbonate ratio, allows the adjustment of the glass transition 

temperature between approximately -13 o C and 51 °C for networks with respectively the 

highest and the lowest amounts of trimethylene carbonate. Mechanical analyses showed 

that the corresponding elastic moduli of the networks at room temperature can be varied 

between approximately 4.5 MPa and 2730 MPa. The covalent crosslinks account for the 

ability of the networks to return to their original shape after being deformed, while the 

difference in temperature between the glass transition of the network and the temperature 

at which this recovery takes place determines the rate at which this occurs. Networks with 

D,L-lactide to trimethylene carbonate molar ratios of approximately 60:40 have glass 

transition temperatures between room temperature and physiological temperature, with 

mechanical properties at body temperature in the range of those of soft tissues. Several 

medical devices and tissue engineering scaffolds have been prepared from networks with 

this composition, and their potential to be implanted in a minimally invasive manner is 

illustrated.  

Chapter 4 focuses on preparing porous biodegradable structures from shape memory 

polymer which was described in Chapter 3. These porous structures can combine the 

structure-defining properties of porous structures with the minimally invasive 

implantation possibilities of shape memory polymers. Random-pore architectures with 

shape memory properties were prepared from poly(D,L-lactide-co-trimethylene 

carbonate) dimethacrylate macromers with DLLA:TMC molar ratios of 60:40, by photo-

crosslinking and subsequent salt leaching. The characteristic shape memory properties of 

the structures, such as their fixity at a low temperature of  0 oC and their full shape 

recovery upon heating to physiological temperatures, were excellent. This makes these 

biodegradable and biocompatible structures very well-suited for use as self-deploying 

implants in medical applications like tissue engineering, drug delivery and the support of 

soft tissues. 

In Chapter 5, attention is paid to building well-defined microstructures from shape 

memory polymers developed in Chapter 3. In this study, designed porous structures 

showing shape memory behaviour were accurately prepared by stereolithography using 

biodegradable poly(D,L-lactide-co-trimethylene carbonate) dimethacrylate macromers 
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with a DLLA:TMC molar ratio of 60:40. Porous structures with full pore interconnectivity 

were prepared. Their structural properties in their temporary- (40 and 70% compression) 

and permanent shapes were characterized by µCT. The shape memory properties of the 

built structures were assessed by compression testing. Quantitaive and fast shape recovery 

upon heating to physiological temparatures was observed. The structures did not show any 

cytotoxicity when cultured with human adipose stem cells. According to the results, these 

structures can be used  as deployable tissue engineering scaffolds. 

In Chapter 6, the potential of biodegradable shape memory networks prepared from 

poly(lactide-co-trimethylene carbonate) macromers developed in Chapter 3 as bi-

functional AF tissue engineering scaffolds and AF closure devices that can be implanted 

minimally invasively is demonstrated. Four macromers with DLLA:TMC molar ratios of 

80:20, 70:30, 60:40 and 40:60 were used to prepare photocrosslinked networks. The 

mechanical properties of the samples at physiological temperatures and the shape memory 

properties of the samples at temperatures of 0 ° C and 40 °C were determind by tensile 

testing and cyclic thermo-mechanical tests, respectively. In vitro cell culture, cell seeding 

and qualitative immunohistochemistry of human annulus fibrosuss cells on shape memory 

films was performed. The potential of devices made macromers with DLLA:TMC molar 

ratios of 60:40 as an AF closure or tissue regeneration device was illustrated by ex vivo 

experiments with canine cadaveric spines. Irrespective of Tg, all crosslinked macromere 

showed rubber-like behavior at 40 °C with elastic modulus values in the range of human 

AF values. For all samples, strain-recovery ratio values higher than 90% were determined. 

The networks with DLLA:TMC molar ratios of 60:40 showed very good ability to support 

human AF cells, both in the presence and in the absence of the extracellular matrix protein 

fibronectin. However, initial cell attachment, cell spreading and extracellular matrix 

synthesis on fibronectin-coated samples was better. An annulus fibrosus closure device 

prepared by in mould photo-crosslinking showed the possibility of deploying when 

implanted into a herniated canine IVD.  

Chapter 7 discusses a different biomaterial-based startegy for sealing a herniated AF. It is 

shown that an injectable material which solidifies in situ, can easily fill oddly-shaped 

defects in the AF and seal the disc through a minimally invasive surgical procedure to 

protect the disc from further degeneration. For this purpose, a series of injectable and 

photo-crosslinkable blockcopolymeric macromers based on poly(trimethylene carbonate) 

(PTMC) and polyethylene glycol (PEG) were prepared. It is shown that these materials 

are injectable and solidify within two minutes upon illumination with visible blue light. 

By varying the PTMC to PEG block ratios, material properties such as the elastic modulus 

and water the content could easily be tuned to match those of the native annulus fibrosus. 

Ex vivo results using canine cadaveric spines showed the potential of the materials to seal 
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an opening in the annulus fibrosus, although the adhesion of the photo-crosslinked 

material to the disc tissue remains to be improved. 

In Chapter 8,  the development of soft hydrogels as potential AF sealants, a dressing that 

isolates the IVD from inflammatory cells or a NP replacement is described. A series of 

soft hydrogel structures was prepared from different methacrylate-functionalized triblock 

copolymers of poly(ethylene glycol) (PEG) and poly(trimethylene carbonate) (PTMC) by 

photo-crosslinking aqueous solutions of the macromonomers in 2.5 and 5 wt% colloidal 

dispersions of clay nanoparticles (Laponite XLG). The length of the PTMC blocks of the 

macromonomers and the clay content determined the physico-mechanical properties of the 

obtained hydrogels. While an increase in the PTMC block length in the macromonomers 

from 0.2 kg/mol to 5 kg/mol resulted in a decrease of the gel content, the addition of 5 

wt% Laponite nanoclay to the crosslinking solution lead to very high gel contents of the 

hydrogels of more than 95%. The effect of PTMC block length on the mechanical 

properties of the hydrogels was not as pronounced and soft gels with a compressive 

modulus of less than 15 kPa and toughness values of 25 kJ/m3 were obtained. However, 

the addition of 5 wt% Laponite nanoclay to the formulations very much increased the 

compressive modulus and resilience of the hydrogels: Now swollen nanocomposite 

networks with compressive modulus and toughness values of up to 67 kPa and 200 kJ/m3, 

respectively, were obtained. The prepared hydrogels were shown to be enzymatically 

degradable by cholesterol esterase and by the action of macrophages. With an increase in 

PTMC block length in the hydrogels, the rates of mass loss increased, while the 

incorporated Laponite nanoclay suppressed degradation. Nanocomposite hydrogel 

structures with a designed gyroid pore network architecture were prepared by 

stereolithography. Also in the swollen state the porous gyroid structures were 

mechanically stable and the pore network remained fully open and interconnected. 

Chapter 9 reports on the design of a biodegradable AF closure system comprising a tissue 

engineering scaffold, a supporting patch and an adhesive material. This sytems aims to 

adddress one of the main challenges in AF tisue repair, i.e the integration of the 

scaffolding structure with native AF tissue. We postulated that a supporting 

biodegradeable porous membrane and an adhesive material not only restore the function 

of the herniated disc, but also promote tissue regeneration. Porous scaffolds with precisely 

defined architectures were built by stereolithography using resins based on 

poly(trimethylene carbonate) (PTMC) macromers functionalized with methacrylate 

endgroups. In addition, a porous photo-crosslinked PTMC membrane was developed that 

can be used to keep the scaffold in place in the AF tissue. The components of the implant 

are glued to each other and to the AF tissue using a diisocyanate glue based on PTMC-

PEG-PTMC triblockcopolymers. The adhesion strengths of the materials to each other and 

to annulus fibrosus tissue were determined in lap shear tests were much higher than 
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common fibrin glue and in the range of a cyanoacrylate glue (Dermabond). The results of 

this study showed that a device for AF tissue engineering can be prepared from PTMC-

based scaffolds, membranes and glues. 
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De belangrijkste oorzaak van chronische lage rugpijn (low back pain, LBP) is degeneratie 

van de tussenwervelschijf (intervertebral disc, IVD). Dit kan ontstaan is als gevolg van 

trauma of door slijtage gedurende een mensenleven. De IVD is een complexe structuur die 

bestaat uit drie functionele delen, de annulus fibrosus (AF), de nucleus pulposus (NP) en 

de eindplaten. De IVD is vergelijkbaar met een autoband waarin luchtdruk (gehydrateerd 

NP) het rubber (AF) opgeblazen houd. Deze elementen samen vormen een structuur die 

stijf, doch flexibel genoeg is om de ladingen op de wervel te weerstaan en tevens 

bewegingen van de romp mogelijk te kunnen maken. 

Beschadigingen van de IVD, hetzij kleine scheuren in de AF of gehernieerde delen van de 

NP door een beschadigde AF, leiden tot hoogte verlies. Dit resulteert in een gewijzigde 

bewegingssegment dynamiek en mogelijk stenose van aangrenzende segment effecten. 

Het hieruit voortvloeiende beknelling van zenuwen en innervatie van de AF, en een 

mogelijk ontstekingsproces is pijnlijk. 

De huidige therapeutische behandelingen zijn voornamelijk gericht op de NP, gevolgd 

door de AF en de gehele schijf. Discectomie operaties gericht op vermindering van de 

mechanische zenuwbeknelling en implantatie van NP prothesen zijn de meest 

voorkomende operaties voor de behandeling van LBP. Door het ontbreken van een goede 

AF afdichtingstechniek of -strategie vermindert de kans op succes van deze therapieën. 

Dit is vooral het geval voor patiënten met grote NP protrusies en minimale 

tussenwervelschijf degeneratie. Bovendien zijn deze behandelingen slechts gericht op het 

verlichten van symptomen, terwijl de onderliggende oorzaak aanwezig blijft. Nieuwe 

therapieën voor LBP zijn gebaseerd op regeneratieve geneeskunde en tissue engineering. 

Deze therapieën richten zich op het herstellen van de schijf functie door het omkeren van 

het degeneratieproces of door engineering van nieuw gezond weefsel. 

Het wordt duidelijk dat nieuwe strategieën die nadruk leggen op annulus reparatie 

noodzakelijk zijn voor het succes van deze behandelingen. Het is mogelijk om actieve 

driedimensionale biomateriale implantaten die gezaaid zijn met cellen of welke geladen 

zijn met moleculaire signalen zodat nieuwe matrix vorming plaats kan vinden op de AF 

defect locatie te ontwikkelen. Echter, de functionele bevestiging van dit construct met het 

natuurlijke AF weefsel is cruciaal. 

Dit proefschrift behandelt op biomateriaal gebaseerde strategieën voor het veilig afdichten 

van een gescheurde AF en de integratie van een tissue engineering construct met 

natuurlijk AF weefsel. 

 

Hoofdstuk 1 beschrijft in het kort het doel en de opzet van het proefschrift. In Hoofdstuk 

2 worden de algemene visie op de rol van de AF in LBP ontwikkeling, de pathobiologie 

en huidige en nieuwe behandelingen uiteengezet. De nadruk wordt gelegd op de huidige 
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annulus sluitingshulpmiddelen en reparatiemethoden van de annulus fibrosus. Hierbij 

wordt vooral belicht dat de zuiver mechanische reparaties gericht zijn op het redden van 

de schijf en niet op het herstellen van de biomechanica van de gezonde 

tussenwervelschijf. In het tweede deel van dit hoofdstuk wordt de cruciale rol van 

resorbeerbare biomaterialen in het succes van de regeneratie-gebaseerde AF 

behandelingen gemarkeerd. Verschillende biomaterialen en scaffold preparatietechnieken 

voor engineering van AF constructen worden beoordeeld. De conclusie is dat er nog geen 

materiaal of biologische therapie zich heeft gevestigd als een duidelijke keuze voor 

annulus weefselherstel. Het is van groot belang dat er nieuwe biomaterialen worden 

ontwikkeld die het mogelijk maken dat zowel nieuw als gezond AF weefsel wordt 

gevormd waarbij de integratie met de gastheer en de biomechanische stabiliteit een 

belangrijke rol spelen. 

 

Hoofdstuk 3 beschrijft de synthese en karakterisering van een reeks vormgeheugen 

polymeren op basis van D,L-lactide en trimethyleen carbonaat. Er werd aangetoond dat 

elastische en flexibele netwerken kunnen worden verkregen door het foto-crosslinken van 

hoog molecuulgewicht macromeren gefunctionaliseerd met methacrylaat eindgroepen. 

Deze amorfe netwerken hebben afstembare thermische en mechanische eigenschappen en 

vertonen uitstekende vormgeheugen eigenschappen. Door de verhouding van D,L-lactide 

en trimethyleen carbonaat te variëren kan de glasovergangstemperatuur afgestemd worden 

tussen ongeveer -13 °C en 51 °C voor netwerken met respectievelijk de hoogste en de 

laagste hoeveelheid trimethyleen carbonaat. Mechanische analyses wijzen uit dat de 

overeenkomstige elasticiteitsmodulus van de netwerken bij kamertemperatuur kan 

variëren tussen ongeveer 4,5 MPa en 2730 MPa. Door het vormgeheugen van deze 

covalente netwerken keren de netwerken na vervorming terug naar hun oorspronkelijke 

vorm, met een snelheid die afhangt van het verschil tussen de glasovergangstemperatuur 

en de hersteltemperatuur. Netwerken met D,L-lactide en trimethyleen carbonaat in een 

molaire verhouding van ongeveer 60:40 hebben glasovergangstemperaturen tussen 

kamertemperatuur en fysiologische temperatuur, met mechanische eigenschappen bij 

lichaamstemperatuur in het bereik van die van zachte weefsels. Verschillende medische 

hulpmiddelen en tissue engineering scaffolds zijn bereid met netwerken van deze 

samenstelling en hun potentieel om op een minimaal invasieve wijze geïmplanteerd te 

worden wordt geïllustreerd. 

 

Hoofdstuk 4 richt zich op de bereiding van afbreekbare poreuze structuren van het 

vormgeheugen polymeer beschreven in Hoofdstuk 3. Deze poreuze structuren kunnen de 

structuur-bepalende eigenschappen van poreuze structuren combineren met de minimaal 

invasieve implantatie mogelijkheden van vormgeheugen polymeren. Scaffolds met een 

willekeurige porie architectuur en met vormgeheugen eigenschappen werden bereid uit 

poly(D,L-lactide-co-trimethyleencarbonaat) dimethacrylaat macromeren met DLLA: 
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TMC molaire verhoudingen van 60:40, door foto-crosslinken en daaropvolgend zout 

uitloging. De karakteristieke eigenschappen van de vormgeheugen structuren, zoals 

vormstabiliteit bij een lage temperatuur van 0 °C en volledige vormherstel na verhitting 

tot fysiologische temperaturen, zijn uitstekend. Dit maakt deze bioafbreekbare en 

biocompatibele structuren zeer geschikt voor het gebruik als zelf-uitvouwbare implantaten 

in medische toepassingen zoals tissue engineering, drug delivery en de steun van zachte 

weefsels. 

 

In Hoofdstuk 5 wordt aandacht besteed aan het vervaardigen van goed gedefinieerde 

microstructuren uit vormgeheugen polymeren ontwikkeld in Hoofdstuk 3. De in deze 

studie gemaakte poreuze structuren met vormgeheugen gedrag werden nauwkeurig bereid 

door stereolithografie uit biologisch afbreekbare poly(D,L-lactide-co-trimethyleen 

carbonaat) dimethacrylaat macromeren met een DLLA:TMC molaire verhouding van 

60:40. Poreuze structuren met volledig doorverbonden poriën werden bereid. Hun 

structurele eigenschappen in de tijdelijke (40% en 70% compressie) en permanente 

vormen zijn gekarakteriseerd door μCT. De eigenschappen van de vormgeheugen 

structuren werden door drukproeven  geëvalueerd. Volledig en snel vormherstel na 

verhitting tot fysiologische temperaturen werd waargenomen. De structuren vertoonden 

geen cytotoxiciteit na het kweken met menselijke stamcellen verkregen uit vetweefsel. 

Volgens de resultaten kunnen deze structuren worden gebruikt als zelf-uitvouwbare tissue 

engineering scaffolds. 

 

In Hoofdstuk 6 wordt het potentieel aangetoond van de biologisch afbreekbaar 

vormgeheugen netwerken, bereid uit poly(lactide-co-trimethyleen carbonaat) macromeren 

zoals beschreven in Hoofdstuk 3, als functionele AF tissue engineering scaffolds en AF 

sluitingshulpmiddelen die minimaal invasief kunnen worden geïmplanteerd. Vier 

macromeren met DLLA:TMC mol verhoudingen van 80:20,70:30,60:40 en 40:60 werden 

gebruikt om netwerken te bereiden middels foto-crosslinking. De mechanische 

eigenschappen van de monsters bij fysiologische temperaturen en het vormgeheugen van 

de monsters bij temperaturen van 0 °C en 40 °C waren bepaald door trekproeven en 

cyclische thermo-mechanische experimenten, respectievelijk. In vitro celkweek, zaaiing 

met cellen en kwalitatieve immunohistochemie van menselijke annulus fibrosus cellen op 

vormgeheugen films zijn uitgevoerd. Het potentieel van DLLA:TMC macromeren als een 

AF-sluitingshulpmiddel of weefselregeneratie hulpmiddel werd geïllustreerd door ex vivo 

experimenten met wervels van kadavers van honden. Alle gecrosslinkte macromeren 

werden kenmerkt door rubberachtig gedrag bij 40 ° C met elastische modulus waarden in 

het bereik van menselijke AF waarden. Voor alle monsters was het van herstel na 

uitrekking meer dan 90%. De netwerken van DLLA:TMC met molaire verhoudingen van 

60:40 tonen een zeer goed vermogen om menselijke AF cellen, zowel in aanwezigheid als 

in afwezigheid van het extracellulaire matrix eiwit fibronectine, te ondersteunen. Echter, 
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initiële celhechting, celspreiding en extracellulaire matrix synthese op met fibronectine 

gecoate monsters was beter. Een annulus fibrosus sluitingshulpmiddel bereid door foto-

crosslinking in een mal toonde de mogelijkheid tot uitvouwen aan bij implantatie in 

gehernieerde honden IVD. 

 

Hoofdstuk 7 bespreekt een andere op biomateriaal gebaseerde strategie voor het afdichten 

van een AF hernia. Er wordt aangetoond dat een injecteerbaar materiaal in situ uitgehard 

kan worden en daardoor gemakkelijk minimaal invasieve allerlei  defecten in de AF kan 

vullen en afdichten om zo de tussenwervelschijf te beschermen tegen verdere afbraak. 

Daartoe zijn een reeks injecteerbare en foto-gecrosslinkte blokcopolymeer macromeren 

gebaseerd op poly(trimethyleencarbonaat) (PTMC) en polyethyleenglycol (PEG) bereid. 

Er wordt aangetoond dat deze materialen injecteerbaar zijn en binnen twee minuten na 

belichting met blauw licht uitharden. Door het variëren van de verhoudingen van de 

PTMC en PEG blokken kunnen materiaaleigenschappen zoals de elasticiteitsmodulus en 

wateropname gemakkelijk worden afgestemd op die van het natuurlijke annulus fibrosus. 

Ex vivo resultaten met kadaver wervels van honden toonden de mogelijkheden van de 

materialen om een opening in de annulus fibrosus te dichten. De hechting van het foto-

gecrosslinkte materiaal aan het tussenwervelschijfweefsel moet nog echter worden 

verbeterd. 

 

In Hoofdstuk 8 wordt de ontwikkeling van zachte hydrogelen als potentiële vervanger 

van de NP, beschreven. Een reeks hydrogel structuren werd bereid uit verschillende 

methacrylaat-gefunctionaliseerde triblokcopolymeren van poly(ethyleenglycol) (PEG) en 

poly(trimethyleen carbonaat) (PTMC) door het foto-crosslinken van 2,5 en 5 

gewichtsprocent waterige oplossingen van de macromonomeren in colloïdale dispersies 

van klei nanodeeltjes (Laponite XLG). De lengte van de blokken van de PTMC 

macromonomeren en het klei gehalte bepaalden de fysisch-mechanische eigenschappen 

van de verkregen hydrogelen. Terwijl een toename in de PTMC bloklengte in de 

macromonomeren van 0,2 kg/mol naar 5 kg/mol resulteerde in een afname van het 

gelgehalte, resulteerde de toevoeging van 5 gew% Laponite nanoklei aan de crosslink-

oplossing tot zeer hoge gelgehaltes van de hydrogelen van meer dan 95%. Het effect van 

de PTMC bloklengte op de mechanische eigenschappen van de hydrogelen was minder 

uitgesproken. Zachte gels met een compressiemodulus van minder dan 15 kPa en 

taaiheidswaarden van 25 kJ/m3 werden verkregen. De toevoeging van 5 gew% Laponite 

nanoklei aan de formuleringen verhoogde de compressiemodulus en veerkracht van de 

hydrogelen aanzienlijk: gezwollen nanocomposiet netwerken met compressiemoduli en 

taaiheidswaarden tot 67 kPa en 200 kJ/m3, respectievelijk, werden verkregen. De bereide 

hydrogelen bleken enzymatisch afgebroken te kunnen worden door cholesterol esterase en 

door de werking van macrofagen. Met een toename van de PTMC bloklengte in de 

hydrogelen, nam het massaverlies gedurende een bepaalde tijd toe, terwijl de toegevoegde 
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Laponite nanoklei de degradatie onderdrukte. Nanocomposiet hydrogel structuren met een 

ontworpen gyroid porie netwerkarchitectuur werden vervaardigd met behulp van 

stereolithografie. Ook in de gezwollen toestand waren de poreuze gyroid structuren 

mechanisch stabiel en het porie netwerk bleef volledig open en onderling verbonden. 

 
Hoofdstuk 9 rapporteert over het ontwerp van een biologisch afbreekbare AF 

sluitingssysteem welke een tissue engineering scaffold omvat, een ondersteunende 

membraan en een kleefmiddel. Dit systeem heeft het doel om een van de belangrijkste 

uitdagingen in de AF weefsel reparatie te adresseren, namelijk de integratie van de 

scaffold structuur met natuurlijk AF weefsel. Wij veronderstelden dat een ondersteunend 

biologisch afbreekbaar poreuze membraan en een kleefmiddel niet alleen de functie van 

de gehernieerde tussenwervelschijf herstelt, maar ook de regeneratie van weefsel 

stimuleert. Poreuze scaffolds met nauwkeurig vastgestelde architecturen werden 

vervaardigd met stereolithografie door gebruik te maken van harsen op basis van 

poly(trimethyleen carbonaat) (PTMC) macromeren gefunctionaliseerd met methacrylaat 

eindgroepen. Daarnaast werd een poreus foto-gecrosslinkt PTMC membraan ontwikkeld 

dat gebruikt kan worden om het scaffold op de plaats te houden in het AF weefsel. De 

verschillende componenten van het implantaat en het AF weefsel werden aan elkaar 

gelijmd met behulp van een diisocyanaat lijm op basis van PTMC-PEG-PTMC 

triblokcopolymeren. De sterkte van de hechting van de materialen aan elkaar en aan het 

annulus fibrosus weefsel werd bepaald door metingen van de afschuifsterkten. Deze 

vertoonden een veel hogere sterkte dan fibrinelijm en lagen in het bereik van een 

cyanoacrylaatlijm (Dermabond). De resultaten van deze studie toonden aan dat een 

dragermateriaal voor AF tissue engineering kan worden vervaardigd uit op PTMC 

gebaseerde scaffolds, membranen en lijmen. 

 



 
 
 

Publications 
 
 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Publications 

194 

2012 
 

1. Sharifi S, Blanquer SB, Van Kooten TG, Grijpma DW. Biodegradable Nanocomposite 
Hydrogel Structures with Enhanced Mechanical Properties Prepared by Photo-
Crosslinking Solutions of TMC-PEG-TMC Macromers and Clay Nanoparticles. 
Acta Biomaterialia, DOI:10.1016/j.actbio.2012.09.014 
 

2. Subbiahdoss G, Sharifi S, Grijpma DW, Laurent S, Van der Mei H, Mahmoudi M, 
Busscher HJ. Magnetic Targeting of Surface-Modified Superparamagnetic-Iron-
Oxide Nanoparticles Yields Antibacterial Efficacy Against Biofilms of Gentamicin-
Resistant Staphylococci. Acta Biomaterialia, 2012, 8, 2047-55.  
 

3. Sharifi S, Grijpma DW. Resilient Amorphous Networks Prepared by Photo-
Crosslinking High Molecular Weight D,L-Lactide and Trimethylene Carbonate 
Macromers-Mechanical Properties and Shape Memory Behavior. Macromolecular 
Bioscience. doi: 10.1002/mabi.201200155 
 

4. Sharifi S, Behzadi S, Laurent S, Forrest M, Stroeve P, and Mahmoudi M. Toxicity of 
Nanomaterials. Chemical Society Review, 2012, 41, 2323-43. 
 

5. Sharifi S, Farokhi M, Shafieyan Y, Bagher Z, Mottaghitalab F, Hatampur A,  Imani M, 
Shokrgozar MA. A Porous Crosslinked Poly(Ε-Caprolactone Fumarate) /Nano-
Hydroxyapatite Composites for Bone Tissue Engineering. Journal of Biomedical 
Materials Research part A, 2012, 100A, 1051–60. 
 

6. Mehdinavaz R, Najaryan S, Shabani K, khanlari S, Sharifi S. Investigating the Effect of 
PGA on Physical and Mechanical Properties of Electrospun PCL/PGA Blend 
Nanofibers. Journal of Applied Polymer Science, 2012, 124, 123–131. 
 

7. Blanquer SB, Sharifi S, Grijpma DW. Development of a PTMC Network Implant for 
Annulus Fibrosus Tissue Engineering. Journal of applied biomaterials and 
biomechanics (Accepted). 
 

8. Sharifi S, Blanquer SB, Grijpma DW. Designed Polymeric Structures With Shape 
Memory Properties for Biomedical Use Built by Stereolithography. Journal of 
applied biomaterials and biomechanics (Accepted). 

 
9. Sharifi S, Blanquer SB, Grijpma DW. Preparation of Porous Structures with Shape 

Memory Properties from Biodegradable Polymeric Networks. MRS Proceedings 
2012, 1403, mrsf11-1403-v10-04. 
 

10. Swartjes JJTM, Das T, Sharifi S, Subbiahdoss G, Sharma PK, van der Mei HC, Busscher 
HJ, and Krom BP. Extracellular DNA; An Essential Component of The EPS Glue for 
Bacterial Biofilm Formation. Submitted.  
 

11. Sharifi S, Badlou B, Motazacker M, Laurent S,  Peppelenbosch M, Mahmoudi M, Rezaee 
F. The Effect of Super Paramagnetic Iron Oxide Nanoparticles (SPION) on Genes 
Associated with Obesity and Diabetes Type 2. Submitted.  
 

12. Sharifi S, Bulstra SK, Grijpma DW, Kuijer R. Repair and Regeneration of the Annulus 
Fibrosus in Degenerated Intervertebral Discs. Submitted. 
  

13. Sharifi S, Van kooten TG, Behl M, Kranenburg HJ, Meij BP, Lendlein A, Grijpma DW. 
Development of Biodegradable Shape Memory Annulus Fibrous Closure. Submitted. 



Publications 

195 

 
2011 

 
14. Sharifi S, Shafieyan Y, Mirzadeh H, Bagheri S, Rabiee S, Imani M, Atai M, Shokrgozar 

MA, Hatampour M. Hydroxyapatite Scaffolds Infiltrated with Thermally 
Crosslinked Polycaprolactone Fumarateand Polycaprolactone Itaconate. Journal of 
Biomedical Materials Research A, 2011, 98A, 257–267. 
 

15.  Shafieyan Y, Sharifi S, Imani M, Shokrgozar MA, Aboudzadeh N. A Biocompatible 
Composite Based on Poly(caprolactone fumarate) and Hydroxyapatite. Polymers for 
Advanced Technologies, 2011, 12, 2182-90.  

 
16. Sharifi S, kamali M, Khadem N, Atai M, Shokrgozar M, Mirzadeh H, Imani M.  

Preparation, Mechanical Properties and In Vitro Biocompatibility of Novel 
Nanocomposite Based on Poly Hexamethylene Carbonate Fumarate and Nano 
Hydroxyapatite. Polymers for Advanced Technologies 2011, 22, 605–611. 
 

17. Sharifi S, Kranenburg HJ, Meij BP, Grijpma DW. Photo-Crosslinkable 
Poly(Trimethylene Carbonate)-Based Macromers for Closure of Ruptured 
Intervertebral Discs. Macromolecular Symposia 2011, 309/310, 100–110. 
 

18. Negahi Shirazi A, Imani M, Sharifi S. Direct Condensation Reaction for Grafting of 
Polyethylene Glycol Monomethyl Ether on Poly(Methacrylic Acid-Co-Methyl 
Methacrylate) for Application In Biomedical Engineering. American Journal of 
Biomedical Engineering 2011, 1(1), 13-19. 
 

2009 
 

19. Sharifi S, Imani M, Mirzadeh H, Jamshidi A, Rong Z, Atai M, Roohpour N, Shokrgozar 
MA. Injectable In Situ Forming Drug Delivery System Based on Poly(Ε-
Caprolactone Fumarate) for Tamoxifen Delivery: Gelation Characteristics, in Vitro 
Drug Release and Anti-Cancer evaluation. Acta Biomaterilaia, 2009, 5, 1966–78. 
 

20. Sharifi S, Imani M, Mirzadeh H, Atai M, Ziaee F. Synthesis, Characterization  and 
Biocompatibility of a Novel Injectable, Biodegradable and In Situ Crosslinkable 
PolyCarbonate-Based Macromers for Drug Delivery and Bone Tissue Engineering. 
Journal of Biomedical Materials Research A, 2009, 90A, 830–843.  

 
21. Jamshidi A, Sharfi S. HPTLC Analysis of Tamoxifen Citrate in Drug-Release Media 

During Development of an In-situ-Cross-linking Delivery System. Journal of Planar 
Chromatography-Modern TLC, 2009,22, 187-189.  

2008 
 

22. Sharifi S, Mirzadeh H, Imani M, Atai M, Ziaee F. Photopolymerization and Shrinkage 
Kinetics of Injectable, In Situ Crosslinkable Vinyl Pyrollidone/Poly (ɛ-Caprolactone 
Fumarate) Networks. Journal of Biomedical Materials Research A, 2008 84A, 545–556. 
 

23.  Hashemi A, Imani M, Mirzadeh H, Sharifi S, Atai M, Mehdipour S. Synthesis and 
Preparation of Biodegradable and Visible Light Crosslinkable Unsaturated 
Fumarate Based Networks for Biomedical Applications. Polymers for Advanced 
Technologies 2008, 19: 1199–1208. 

 
24. Sharifi S, Mirzadeh H, Imani M, Ziaee F, Tajabadi M, Jamshidi A, Atai M. Synthesis, 

Photocrosslinking Characteristics, and Biocompatibility Evaluation of N-vinyl 



Publications 

196 

Pyrrolidone/Polycaprolactone Fumarate Biomaterials Using a New Proton 
Scavenger. Polymers for Advanced Technologies, 2008, 19: 1828–1838. 
 

25. Rabiee SM, Mortazavi SMJ, Moztarzadeh F, Sharifi D, Sharifi SH, Solati-Hashjin M, 
Salimi-Kenari H and Bizari D. Mechanical Behavior of a New Biphasic Calcium 
Phosphate Bone Graft. Biotechnology and Bioprocess Engineering 2008, 13, 204-209. 
  

26. Hashemi A, Sharifi S, Imani M, Mirzadeh H, Atai M. Synthesis and Characterization 
of Biodegradable, In situ Forming Hydrogels via Direct Polycondensation of 
Poly(ethylene glycol) and Fumaric acid. Iranian Polymer Journal 2008, 17, 2, 125-133. 
 

2007 
 

27. Imani M, Sharifi S, Mirzadeh H, Ziaee F. Monitoring of Polyethylene Glycoldiacrylate-
Based Hydrogel Formation by Real Time NMR Spectroscopy. Iranian polymer 
Journal 2007,16,1:13-20. 
  

2006  
 

28. Sharifi S, Mirzadeh H, Imani M, Ziaee F. Synthesis and Characterization of Novel 
Injectable, Biodegradable and In situ Crosslinkable Poly(hexamethylene-carbonate-
fumarate), Poly(hexamethylene carbonate) Diacrylate and Poly(ethylene glycol 
fumarate-co-hexamethylene carbonate-fumarate) Scaffolds for Bone tissue 
engineering.  Proceedings of the 28th IEEE EMBS Annual International Conference 
New York City, USA, 2006, p791-794. 

 
 
         International Conference oral presentation 
              

1. Sharifi S, Kranenburg HJ, Meij BP, Grijpma DW. Development of a Biodegradable 
Annulus Closure Device with Shape Memory Properties. 9th World Biomaterials 
Congress, Chengdu, China, 2012. 
 

2. Sharifi S, Grijpma DW. Resilient networks with shape memory properties. 4th 
International Conference on Tissue Engineering, Chania, Crete, Greece, 2011. 
 

3. Negahi Shirazi A, Tajabadi M, Imani M, Sharifi S, Grafting and Characterization of 
Poly(ethylene glycol) mono methyl ether on Poly(methacrylic acid-co-methyl 
methacrylate) via Direct Condensation. 2009 IEEE Symposium on Industrial 
Electronics and Applications (ISIEA 2009), October 4-6, 2009, Kuala Lumpur, Malaysia 

 
4. Mohtaram N, Imani M, Sharifi S, Mobedi H and Atai M. Novel, Biocompatible and 

Photo Crosslinkable Polymeric Networks based on Unsaturated Polyesters: 
Optimization of the Network Properties. 4th European Conference of the International 
Federation for Medical and Biological Engineering IFMBE Proceedings 2009, DOI: 
10.1007/978-3-540-89208-3_522 

 
5. Rahimi N, Sharifi S, Shokrgozar MA, Rabiee M, Ravarian R, Imani M Preparation and 

Characterization of Hydroxyapatite-Bioglass-Polycarbonate Fumarate Composites 
as a Hard Tissue Engineering Scaffold. ESB 2009, 22th European Conference on 
Biomaterials, Lausanne, Switzerland, September 7-11, 2009 
 



Publications 

197 

6. Mirzadeh H, Sharifi S, Imani M, Atai M, Injectable Drug Delivery System  Based On 
Novel poly( hexa methylene carbonate fumarate) Containing Anti-Cancer Drug.  4th 
world Biomaterials congress, Netherland, 2008. 
 

7. Sharifi S, Rabiee M, Shafieyan Y, Imani M, Mirzadeh H, Atai M, Moztarzadeh F. 
Preparation and Characterization of Novel Surface Modified Porous Hydroxy 
Apatite/Poly (caprolactone itaconate) Composite Biomaterial.  4th World Biomaterials 
Congress, Netherlands, 2008. 
 

8. Tajabadi M, Sharifi S, Imani M, Atai M. Distribution Analysis of N-Vinyl Pyrollidone 
between Crosslinked Poly(ε-caprolactone fumarate) and Poly(Vinyl Pyrollidone): In 
situ Crosslinkable Tissue Engineering Scaffolds. ESB 2007, 21th European Conference 
on Biomaterials, Brighton, England. 
 

9. Sharifi S, Mirzadeh H, Imani M, Aatai M. Photopolymerization, Shrinkage 
Characterization and In vitro Cytotoxicity Evaluation of Injectable, Vinyl 
Pyrollidone / Poly (ε-Caprolactone Fumarate) Biomaterials. ESB 2006, 20th European 
Conference on Biomaterials, Nantes, France. 
 

     International conference poster presentation 
 
1. Sharifi S, Blanquer SB. Grijpma DW. Designed Polymeric Microstructures with Shape 

Memory Properties for Biomedical Use. Advanced functional polymers in medicine, 4-
6 July, Naples, Italy, 2012. 
 

2. Blanquer SB, Sharifi S, Grijpma DW. Development of Poly(trimethylene carbonate) 
Network Implants for Annulus Fibrosus Tissue Engineering. Advanced functional 
polymers in medicine, 4-6 July, Naples, Italy, 2012 
 

3. Subbiahdoss G, Sharifi S, Grijpma DW, Laurent S, Van Der Mei H, Mahmoudi M, 
Busscher HJ. The Significance of Superparamagnetic-iron-oxide Nanoparticles for 
Prevention of Implant Infections. 9th world biomaterial congress, Chengdue, China, 
2012. 
 

4. Shahramifar S, Sharifi S, Imani M, Formulation and Characterization of Holmium 
166- Loaded Biodegradable Network as a Potential Treatment for Malignant 
Tumors. ESB 2009, 22th European Conference on Biomaterials, Lausanne, Switzerland, 
September 7-11, 2009 
 

5. Sharifi S, Hashemi A, Mirzadeh H, Imani M, Atai M, Preparation of Injectable Poly 
(ethyleglycole Itaconate)-chondroitin sulfate Hydrogel for Articular Cartilage  
Engineering. 4th world Biomaterials congress, Netherlands, 2008 
 

6. Mohtaram NK, Imani M, Sharifi S, Mobedi H, Atai M. Novel, Biocompatible and Photo 
Crosslinkable Polymeric Networks based on Unsaturated Polyesters: Optimization 
of the Network Properties. 4th European Conference of the International Federation for 
Medical and Biological Engineering, ECIFMBE 2008 23–27 November 2008 Antwerp, 
Belgium. 

 
7. Sharifi S, Mirzadeh H, Imani M, Ziaee F. Preparation of a Novel Photocrosslinkable 

and Injectable Polycarbonate Based Macromers and Their Amphiphilic Copolymers 
for Hard Tissue Engineering Applications. ESB 2007, 21th European Conference on 
Biomaterials, Brighton, England. 

 



Publications 

198 

8. Sharifi S, Mirzadeh H, Imani M, Ziaee F. Evaluation of Photo-crosslinked 
Polycaprolactone Diacylate and Polycarbonate Diacrylate Biomaterials. ESB 2007, 
21th European Conference on Biomaterials, Brighton, England. 

 
9. Hashemi A, Sharifi S, Mirzadeh H, Imani M, Atai M. Development of Poly(ethylene 

glycol fumarate)/N-Vinyl Pyrollidone Based Networks as in situ Forming Drug 
Delivery Devices. ESB 2007, 21th European Conference on Biomaterials, Brighton, 
England. 

 
10. Askari H, Sharifi S, Imani M, Atai M. Synthesis and Characterization of Photo 

Crosslinkable Macromers Based on Polycaprolactone Diacrylate and POSS as 
Potential Organic-Inorganic Nanocomposites for Biomedical Applications. ESB 
2007, 21th European Conference on Biomaterials, Brighton, England. 
 

11. Karkhaneh A, Sharifi S, Imani M, Atai M. Surface Modification of Biodegradable Poly 
(caprolactone fumarate-co-methacrylic) with Collagen as  Hard Tissue 
Engineering Scaffolds: In vitro Assay. ESB 2007, 21th European Conference on 
Biomaterials, Brighton, England. 

 
12. Askari H, Sharifi S, Imani M, Atai M. Novel Biomedical Nanocomposites Based on 

Poly (ε-caprolactone diacrylate) (PCLA) and Polyhedral Oligomeric Silsesquioxane–
Methacrylate (POSS-MA). 7th international symposium on frontiers in biomedical 
polymers, Belgium, 2007. 

 
13. Sharifi S, Mirzadeh H, Imani M, Atai M, Synthesis of Polycaprolactone Fumarate as 

an Injectable Drug Delivery System by Acylation of Polycaprolactone Diol Using a 
Novel Proton Scavenger. 7th international symposium on frontiers in biomedical 
polymers, Belgium, 2007. 

 
14. Shafieyan Y, Sharifi S, Imani M, Atai M. Novel Biodegradable Poly (ε-Caprolactone 

Fumarate)/Methacrylic acid/ Hydroxyapatite Composites for Bone Tissue 
Regeneration: Evaluation of Mechanical Properties and Cytotoxicity. ESB 2007, 21th 
European Conference on Biomaterials, Brighton, England. 

 
15. Hashemi A, Sharifi S, Imani M, Mizadeh H, Atai M. Biodegradable and In situ 

Forming Hydrogel Drug Delivery System based on Unsaturated Poly(ethylene 
glycol) Block Copolymers for Tamoxifen Citrate Delivery. 34th Controlled Release 
Society Annual Meeting, July 7-11 2007, California, USA. 

 
16. Sharifi S, Mirzadeh H, Imani M, Aati M, Ziaee F. Synthesis and Characterization of 

photocure able Poly (ε-Caprolactone Fumarate)/ N-Vinyl pyrollidone networks: 
Cure kinetics and MTT cytotoxicity evaluation. ESB 2006, 20th European Conference 
on Biomaterials, Nantes, France.  
 
Patents 
 

1. Grijpma DW, Sharifi S. Amorphous Resorbable Polymeric Network Materials with 
Shape Memory. WO2011144257 
 
 



 
 
 

Acknowledgments 
 
 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Acknowledgments 

200 

Completing this work was truly a marathon event, and I would not have been able to 

complete this journey without the aid and support of countless people over the past four 

years. My deepest gratitude and thanks go out to my promoter, Prof. Dr. Dirk Grijpma for 

his patience, continuous support, help, advice, critics and comments during the past four 

years. Besides my advisor, I would like to thank my thesis reading committee: Prof. Dr. 

Ton Loontjens, Prof. Dr. Leo Koole and Prof. Dr. Sjoerd Bultsra for taking their time to 

read my thesis as well as for their nice comments. I also owe a sincere thanks to Prof. Dr. 

Henk Busscher for his supports and advise.  

 

I would like to express my gratitude to following in particular, who directly or indirectly 

has helped, supported or contributed to the contents of this thesis: 

 

Dr. Björn Meij Dr. Sandra Amiguet Vercher 

Dr. Theo van Kooten  Dr. Ferry Melchels 

Dr. Hendrik-Jan Kranenburg Dr. Prashant Sharma 

Dr. Laura Creemers Dr. André Poot 

Dr. Marc Behl Dr. Kasia Wojcik  

Dr. Roel Kuijer Dr. David Eglin 

Dr. Hajar Seyednejad Dr. Sigrid Schüller-Ravoo 

Prof. Dr. Andreas Lendlein Dr. Lorenzo Moroni 

Prof. Dr. Wouter Dhert Dr. Sytze Buwalda  

Prof. Dr. Henny Van der Mei Dr. Erhan Bat 

Prof. Dr. Piet Dijkstra Dr. Guruprakash Subbiahdoss 

Dr. Nicole Willems Dr. Dimitrios Stamatialis 

Paul Wieringa Vincent Verdoold 

 

  

I also would like to thank to all the members of Biomedical Engineering Department in 

Groningen University including Wya Kloppenburg, Ina Heidema-Kol, Joop Devries and 

other members. 

 

I warmly thank my students Daniël Harmsen, Joram Hoekman and Bas Kothman for their 

excellent work. 

 

I would like to extend my thanks to all the members of Biomaterials Science and 

Technology group in Twente University specially, Anita Bijsterveld-Podt, Zlata Rekenji, 

Karin Hendriks and Marc Ankone for their continuous help and support. 

 

I am also indebted to many colleagues and friends, especially Erwin Zant, Sebastien 

Blanquer, Agnieszka Bochyńska, Bade Kavurt, Suvi Haimi, Marlon Tijink, Mark Poels, 



Acknowledgments 

201 

Xiaolin Zhang, Frits Hulshof, Gert Jan ter Boo, Deepak Veeregowda, Anton Hosman, 

Agnieszka Muszanska, Reza Nejadnik, Lionel Dos Ramos, Mojtaba Daghighi, Jos 

Wennink, Mihaela Crismaru, Brandon Peterson, Chongxia Yue, Michel Klein Gunnewiek 

and Janine Jansen, for their help, support and unforgettable moments we spent together.  

And finally, I thank my parents, my brother and sisters for instilling in me confidence and 

a drive for pursuing my work.  



202 

Curriculum vitae 

 

 

Shahriar Sharifi was born on 28th May 1977 in Tehran 

(Iran). In 2000, He received his Bachelor of Science 

degree in Material Engineering (Industrial Metallurgy) 

and graduated in first rank from Amirkabir University 

of Technology (Poly Technique of Tehran). Following 

his graduation, he studied Biomedical Engineering at 

the same University and received his Master of Science 

in Biomedical Engineering in 2002 and Ph.D. degree in 

2007 with specialization in the design and development 

of biodegradable biomaterials and nanocomposites for 

drug delivery and medical applications. 

After working as post doctorate researcher in Iran 

polymer and petrochemical institute (IPPI), he moved 

to the University of Groningen, Netherlands in 2009 to 

pursue his second Ph.D in Medical Science under supervision of Prof. Dr. Dirk W. 

Grijpma. During his study, he developed and evaluated several classes of biomaterials for 

intervertebral disc repair. Some major results of his research are presented in this thesis. 

His current research involves development of smart materials including nanomaterials for 

biomedical and tissue engineering applications. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 




