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Abstract Osteo-odonto-keratoprostheses (OOKP) is a unique form of keratoprosthesis involving surgical removal of a tooth root and surrounding bone from the patient which are then used to construct an osteo-odonto lamina into which an optical cylinder is cemented. The OOKP procedure is successful and capable of withstanding the very hostile ocular environments found in severe Stevens–Johnson syndrome, pemphigoid, chemical burns, trachoma and multiple corneal graft failure. The existing procedure is complex and time consuming in terms of operative time, and additionally involves sacriﬁce of the oral structures. This paper discusses the rational search for a ‘‘synthetic” analogue of the dental lamina, capable of mimicking those features of the natural system that are responsible for the success of OOKP. In this study the degradation of selected commercial and natural bioceramics was tested in vitro using a purpose-designed resorption assay. Degradation rate was compared with tooth and bone, which are currently used in OOKP lamina. At normal physiological pH the degradation of bioceramics was equivalent to tooth and bone; however, at pH 6.5–5.0, associated with infectious and inﬂamed tissues, the bioceramics degrade more rapidly. At lower pH the degradation rate decreased in the following order: calcium carbonate corals > biphasic calcium phosphates > hydroxyapatite. Porosity did not signiﬁcantly inﬂuence these degradation rates. Such degradation is likely to compromise the stability and viability of the synthetic OOKP. Consequently more chemically stable materials are required that are optimized for the surrounding ocular environment. Crown Copyright Ó 2008 Published by Elsevier Ltd. on behalf of Acta Materialia Inc. All rights reserved. Keywords: Keratoprosthesis; In vitro resorption; Corals; Ceramics



1. Introduction The general treatment for serious corneal disease is corneal graft by penetrating keratoplasty (PK). Such transplants are common and have a success rate in excess of 90% in ordinary patients. However, PK failure is virtually certain when the ocular surface severely compromised. This *



Corresponding author. Tel.: +44 121 359 3611; fax: +44 121 359 2792. E-mail address: [email protected] (B. Tighe). 1 Present address: Bone and Joint Group, Developmental Origins of Health and Disease, Southampton General Hospital, Southampton SO16 6YD, UK. 2 Present address: Turku Biomaterials Centre, University of Turku, FI-20520 Turku, Finland.



includes patients suﬀering from corneal alkali burn (a serious industrial hazard), Stevens–Johnson syndrome or recurrent graft failure, and is a distinct possibility with dry eye, abnormal intraocular pressure (i.e. glaucoma) or ongoing ocular inﬂammation. Keratoprosthesis represents the only viable option for restoring sight in these patients. However, various forms of ocular surface epithelial transplantation procedures are now available for ocular surface diseases not amenable to conventional PK, e.g. limbal transplants, stem cell or ex vivo cultured epithelial transplants using autologous limbal, conjunctival or oral mucosal epithelium. These new emerging procedures have limited long-term follow up and diﬀering success rates. For example in the dry eye limbal stem cell transplantation
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and other forms of ocular surface transplantation may not perform optimally [1–3]. Keratoprostheses are penetrating total replacements of the cornea and therefore require the maintenance of a clear visual window whilst allowing suﬃcient cellular invasion to ﬁx the implant ﬁrmly in place. This represents a very considerable biomaterials challenge. Extrusion of the keratoprosthesis as a result of internal globe pressure is a common problem, resulting from a failure to promote wound healing at the implant–tissue interface. Although the concept of a keratoprosthesis can be traced back to 1789 and is attributed to the French ophthalmologist Guillaume Pellier de Quengsy, the ﬁrst functional keratoprosthesis was not fabricated until nearly two centuries later. This device, produced by Cardona and co-workers [4], used a PMMA ‘‘nut and bolt” design to allow the device to be secured into the ocular surface by means of a trepanned ‘‘bolt hole”. It is apparent that since Guillaume Pellier de Quengsy’s speculative proposal, the artiﬁcial cornea has had a very chequered developmental history. Some 300 designs of artiﬁcial cornea have been suggested, but success in implementation has been extremely low. Additionally, success rates vary widely; data published in 1988 indicated that between 8% and 53% of inserted artiﬁcial corneas fail completely within 3 months to 5 years [5]. This contrasts with a 95% success rate for donor corneas in the ﬁrst 5 years after implantation. In the succeeding decade and beyond, better surgical techniques and materials with enhanced properties have improved the success of more recent keratoprostheses, such as those developed by Legeais et al. [6], Pintucci et al. [7] and Chirila et al. [8]. The level of interest and considerable level of diﬃculty in creating a universal replacement for severely damaged corneas continues. There are still many long-standing complications to be completely addressed following the implantation of the artiﬁcial cornea. They include bacterial infection, enzyme degradation of surrounding tissue, proliferation of membranes, raised intraocular pressure and poor stabilization. A unique approach to the artiﬁcial cornea problem, the osteo-odonto-keratoprosthesis (OOKP), was developed in Italy by Strampelli in 1963 [9]. In examining the use of various autologous biological tissues to act as a frame for a polymethyl methacrylate (PMMA) optical cylinder, Strampelli found the tooth root most eﬀective. Strampelli’s device used a lamina prepared from a single-root tooth with surrounding bone sawn from the patient’s jawbone, into which the PMMA optic was cemented. The device was implanted in a subcutaneous pocket below the eye in the patient’s cheek for 3 months after which the device was removed and surgically inserted into the cornea below a covering of buccal mucosa. Despite recent advances in the keratoprosthesis ﬁeld, OOKP surgery as pioneered by Strampelli not only provides eﬀective control of most of the biological complications, but remains the most successful approach for the keratinized eye.
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Following the pioneering work of Strampelli, Falcinelli [10–13] made stepwise improvements to the original technique, ensuring good long-term visual and retention: 75% of his patients achieved 6/12 vision or better. Long-term follow up has shown good retention results (85% in 18 years). As a consequence, this is currently the only procedure used in the UK and, because of its cost and complexity, is carried out in only one centre, which has a dedicated ophthalmologist working in conjunction with an experienced dental surgeon [14]. Modern OOKP surgery is usually performed in two stages, spaced 2–4 months apart. The ﬁrst stage involves ocular surface reconstruction and fashioning of an osteoodonto lamina and its optical cylinder. The ocular surface is reconstructed by suturing a piece of explanted buccal mucosa to the patient’s sclera. A tooth root and surrounding bone is surgically removed from the patient and worked into a lamina with dentine on one side and bone on the other. A hole is drilled through the dentine to accommodate a PMMA optical cylinder, which is cemented in place. The resultant osteo-odonto lamina is placed into a submuscular pocket under the lower lid of the fellow eye, in order to acquire a soft tissue covering and to allow the lamina to recover from any thermal damage caused by the drilling. Any infections introduced from the oral cavity can be treated whilst the lamina is sub-muscular prior to implantation in the eye. Longer sub-muscular implantation periods have the potential to lead to signiﬁcant resorption of the lamina. The second stage of the OOKP surgery essentially involves the retrieval of the osteo-odonto lamina from its sub-muscular pocket and implantation under the buccal mucosa. The optic is ﬁtted through a trephined hole in the patient’s cornea and the lamina is sutured onto the cornea and sclera. The procedure is completed by cutting a hole in the overlying buccal mucosa to allow the protrusion of the anterior part the optical cylinder. The physiological environment where the OOKP is implanted is quite complex and depends partly on the medical history of the patient. The lateral and anterior sides of the OOKP support frame are in contact with the buccal mucous membrane graft, allowing integration due to growth of the soft tissue into the pores of the bone enabling improved ﬁxation of the implant. The lower part of the support frame is in contact with the cornea and possible with aqueous humour, which could percolate round the posterior part of the optical cylinder. In seeking to build on and improve the performance of current OOKPs, it is important to examine the advantages, unique features and shortcomings of the procedure. The particular structural features of the OOKP that might explain its success are the porosity of the bone and the suspensory periodontal ligament linking it to the tooth, thereby forming a semirigid block into which is anchored the optical cylinder. This composite structure of tooth and bone is called the osteoodonto or dental lamina. The peripheral interconnected pore spaces of the bone provide ﬁxation of supporting tissue and is the key issue, whilst the periodontal ligament
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and cementum appear to provide a barrier, preventing membrane encapsulation of the device and the downwards migration of the mucosal epithelium, which may lead to separation of the optic from the bone/dentine lamina. Despite the success of the OOKP procedure and the fact that it is capable of withstanding the very hostile ocular environments found in severe Stevens–Johnson syndrome, pemphigoid, chemical burns, trachoma and multiple corneal graft failure, it is not without problems. One significant issue is raised intraocular pressure (IOP), which is a consistent problem, and another, which has been more recently highlighted, is the problem of long-term bone bioresorption [15–18]. Lamina degradation can cause loosening of the optical part and can eventually lead to the failure of the prosthesis. Chronic inﬂammation is reported to play a crucial role in lamina degradation. It has been stated in the literature that the pH of acutely inﬂamed tissue becomes acidic. Based on animal tests, pHs as low as 5.8 have been reported in studies relating to pH changes during inﬂammation [19]. Inﬂammation can promote the appearance of an acidic microenvironment in tissues, presumably in response to high metabolic activities of inﬂammatory cells inﬁltrate, and as a consequence of production of acidic products of bacterial metabolism [20]. Studies using a rat model have shown that Porphyromonas gingivalis, Treponema denticola and Tannerella forsythia not only exist as a consortium that is associated with chronic periodontitis but also exhibit synergistic virulence resulting in the immunoinﬂammatory bone resorption of periodontitis [21]. It is also likely that in the eye, in the case of OOKP related infections, the pH of the surrounding tissues may be reduced, which may lead to changes in the degradation behaviour of the lamina. Furthermore, the existing procedure is complex and time consuming in terms of operative time, and the oral structures (buccal mucous membrane, tooth and bone) are sacriﬁced. In addition, HLA-matched allografting is required for edentulous patients, which relies on the goodwill of a relative and involves long-term use of immunosuppression of the recipient with the increased likelihood of rejection and resorption of the OOKP lamina. The dimensional limitations of the lamina restrict the size and design of the optic with consequent restriction of visual ﬁeld. The development of an implantable device that could be used in place of the OOKP lamina would revolutionize OOKP surgery and optic design, oﬀering the opportunity to widen the use of the procedure to other patient groups. The removal of the requirement for orthodontic surgery as part of the procedure would signiﬁcantly reduce the cost to the primary healthcare and oﬀer an opportunity for the wider use of this complex technique worldwide. Thus, a ‘‘synthetic” analogue of the dental lamina would make the OOKP less complex to use and more widely available, whilst allowing more freedom in design of both optic and support frame; there are therefore clear surgical, economic and therapeutic advantages in searching for alternative structures.



Whilst recognizing that the selection of an appropriate osteo-odonto lamina analogue is a key element in taking OOKP forward, it must be recognized that other factors, such as the use of buccal mucosa to provide an eﬀective biological seal around the penetrating implant, contribute to success. The mucosal seal is critical in acting as a barrier to infection and conjunctival downward growth, and protects the artiﬁcial cornea from dislodgement by mechanical forces. Thus, stable, long-term retention of the OOKP is believed to be based upon the speciﬁc material, structural and biochemical properties of these three integrated tissues that solve many of the common reasons for keratoprosthesis failure, and which are summarized in Table 1. A number of synthetic analogues, such as aluminium oxide, hydroxyapatite ceramic and glass ceramic, have been fabricated with varying degrees of structural and functional similarity to the OOKP archetype [22–26]. None has produced the clinical success of the OOKP paradigm, however. On the other hand, positive in vivo results with porous bioceramic support frames have been obtained. Leon, for example, used coral skeleton (thermally transformed into carbonated apatite) shaped to the contours of a healthy cornea and glued the internal edge onto a PMMA optical cylinder. Good tissue integration was achieved when such a support frame was implanted into the corneal stroma [27]. The aim of this paper is to provide an overview of the requirements for synthetic OOKP lamina materials and to present some potential candidate materials for use as laminae. The structure of an entirely synthetic keratoprosthesis is also discussed. We have selected natural and commercial calcium carbonate, and materials based on hydroxyapatite (HA) and tricalcium phosphate (TCP), which mimic the chemical and/or pore structure of bone and tested the in vitro degradation of these materials in simulated aqueous humour. A simulated aqueous humour, Table 1 Suggested reasons for OOKP success in common areas of keratoprosthesis failure Artiﬁcial corneas: common reasons for failure



OOKP: reasons for success



Lack of vascularization



Porous bone encourages vascularization Antiproteases brought in by blood Hindered by protrusion of optical cylinder and tight mucosal seal at edges Cornea held in place by mucosa in tension and in contact with base of the artiﬁcial cornea Inhibited by tight epithelium seal and contact with periodontal ligamentum and cementum Periodontal ligament absorbs compressive forces Mucosa cushions against compressive shear forces



Degradation of tissue by enzymes Inﬁltration of leucocytes Proliferation of conjunctiva Unsupported cornea



Proliferation of epithelium



Shear forces on supporting frame Lack of ﬂexibility
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which mimics the inorganic component of human aqueous humour, was developed during this study. Degradation of materials was measured at physiological pH 7.4 and at pH 6.5, 6.0 and 5.0. The lower pHs were used to demonstrate the probable situation in the case of infected tissue. In vitro degradation of these materials was compared with currently used OOKP support frame materials: tooth and bone. This provided a unique possibility to compare the in vitro degradation rate of currently used autogenous tooth and bone with natural and synthetic materials, and therefore to assess their likely long-term viability. This information will enable the future selection of a synthetic keratoprosthesis lamina material for an OOKP that significantly lessens the complexity of surgery, reduces costs, lessens pain and saves the patient from having to sacriﬁce a healthy tooth and a part of their jawbone. 1.1. Requirements for a dental lamina analogue It is clear that the OOKP represents an archetype from which biological lessons of integration can be understood. The many instances of failed attempts to produce synthetic analogues of the OOKP indicate that a more rational assessment is necessary to identify the key features required by structures that would be able to successfully mimic the physical behaviour and key integrative features of the OOKP support frame. Two obvious areas of importance are the porosity and the mineral constitution of the natural system. Table 2 summarizes the chemical and structural features of the OOKP lamina, which mimics the current tooth and bone laminae. Extensive investigations into the design of keratoprostheses have demonstrated the importance of the morphology of the support frame, particularly the role of speciﬁc pore sizes, their distribution and the degree of interconnections between them. In recent times, two important keratoprosthetic designs, those of Chirila [28] and Legeais [29], have focused on obtaining an optimal pore size to maximize tissue integration and minimize the number of likely complications. Chirila found that pore size has a direct bearing upon the speed and amount of tissue interpenetration. This may explain the moderate clinical successes of porous DacronTM and polytetraﬂuoroethylene felts [7,29]. Legeais found that pore size inﬂuenced the amount of



Table 2 Structural requirements of an OOKP support frame mimic OOKP lamina property



Indicated requirements



Porosity (tissue integration)



Graded interconnected porosity in three dimensions Microporosity: 15–40 lm Macroporosity: 50–150 lm High crystallinity Moderate ionicity Calcium phosphate/carbonate Ca/P ratio of 1.5–1.67 Non-stoichiometric HA



Mineral constitution (biological tolerance and stability)
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collagen synthesized and the number of cells per unit volume. Pore structure has been an important structural element in the design of a successful support frame, and this ﬁnding is supported by studies demonstrating a direct causal link between local environment and tissue responses. Often porosity is given as one of the ‘‘key” merits of a temporary tissue replacement. Growth into the porosity reduces encapsulation. The parameters of porosity directly inﬂuence the form that the tissue takes and the rate of inward growth. Pore sizes must range from 15 lm to allow ﬁbrovascular inward growth and 150 lm to facilitate osteoid development [30]. An implant will function for longer if these properties are maximized, i.e. there is rapid and extensive integration and strong attachment. Both porous solids and ﬁbrous meshes are structures that provide coherent frameworks for strong and stable tissue attachment and residence. This is because the structure of the immediate surroundings has a direct inﬂuence on tissue function. Both the arrangement of spaces in a structure and surface texture convey information that directly inﬂuences cell phenotype as a result of stresses placed on the cell membrane and the connecting intracellular framework [31]. Structure therefore, has the capacity to reorganize damaged tissue that has lost many of the cues for growth orientation and direction necessary for repair. Material type also has a strong inﬂuence on how surrounding tissue behaves. Stromal tissue behaves in a regular manner in and around ﬂuoropolymer prostheses, although the rates of extracellular matrix deposition are not rapid enough to ensure complete enclosure before the attachment of bacteria or ﬁbrous encapsulating membranes. Polymers previously used to construct artiﬁcial cornea support frame structures were not designed with a surface chemistry that prevents tissue melting or alternatively encourages a coordinated reconstruction of extracellular matrix. It is important to pursue the development of more sophisticated polymer-based support frame for keratoprostheses, and a second obvious and pragmatic approach is to seek alternative inorganic analogues of the dental lamina. The OOKP is interesting in that it provides a pore system that allows the rapid and extensive inward growth of tissue (cells and matrix) and a surface biological compatibility. The logical requirement for a natural artefact is a porous structure that matches dental alveolar bone in the size of pores and their arrangement. On this basis, suitable candidates must possess the following ‘‘ideal” pore attributes, if it is to be successful:  a uniform pore diameter that induces custom cellular responses in space and time;  a diameter of pore interconnections equal to the pore diameter – this gives an exceptionally high permeability, maximizes transport of nutrients and waste, and maximizes the number of possible cell contacts for a minimum expenditure;
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 a solid-to-void ratio of one, which means: (i) it optimizes space ﬁlling for support and (ii) maximizes available space for cell distribution. Potential candidates for dental lamina analogues can be found from the natural world and from synthetic materials. In the natural world there is a vast array of structures to choose from since the animal and plant kingdoms are replete with foam structures and materials for a variety of disparate functions. In general, sedentary (non-mobile) invertebrates dominate, because they possess more elaborate porous structures than higher organisms, which do not rely upon them for support and defence [32]. Porous structures with pore dimensions matching those of alveolar bone (a type of bone which possesses a cancellous texture) are widespread amongst lower marine invertebrates. As an added bonus, many of these creatures have a similar mineral composition to bone, with high fractions of calcium and phosphate salts. Amongst invertebrates, with the exception of insects, substantial calciﬁed tissues are found in most species. Coral skeletons, sea urchin spines, bamboo culms and certain types of marine sponge possess pore geometries (the speciﬁc arrangement of cells) very similar to common types of bone, such as primary lamellar and haversian bone, with either open or closed cells [32–34]. Little information exists regarding resorption of marine skeleton matrices in vitro or in vivo. The only data we are aware of relates to nacre, which is remodelled and becomes welded with native bone. Degradation occurs slowly due to the tight ultrastructure and mineral composition. The degradation rate depends on the size and shape of the implanted nacre and the cellular environment in the living system. It is shown that in bone tissue in sheep the raw nacre implants persist even after 9 months of implantation [35–37]. Echinoderm structures are much more soluble. Strength and resistance to resorption are increased by hydrothermal conversion of skeletal matrices to CaP. Nothing is known of marine sponge resorption except for preliminary data of collagenous marine sponges which show no signs of degradation in vivo (unpublished data). A particularly diverse group of sponges possesses a structure of interwoven strands that build to form felts and webs, similar to those employed in previous keratoprosthesis designs, such as that of Legeais et al. [6]. These various and disparate groups of marine organisms require



closer examination to ﬁnd a species with a skeletal framework with the correct average porosity, mineral composition and amenability to processing for a keratoprosthesis support frame prototype. Marine-derived skeletal frameworks have already been successfully used in bone replacement therapies. Table 3 presents a list of the species, from two groups of marine invertebrates with skeletal frameworks, that have been used to replace damaged and diseased tissue in the human body [38]. Coral skeletons tend to be more widely available and can be cut into a greater number of possible shapes than tubular sea urchin spines. In contrast to coral skeletons, sea urchin (echinoderm) spines are rarely employed as tissue replacements, perhaps because of the greater eﬀort in ﬁnding and collecting suitable material [39]. 1.2. Coral skeletons Coral is a name for a variety of marine animals belonging to the phlyum Coelenterata. Coelenterates are a primitive group of invertebrates with a very simple body plan consisting of two tissue layers (which are mesoderm and ectoderm) and perfect symmetry [40]. From a pragmatic as well as analytical point of view, the phylum Coelenterata has attractive attributes in the search for a dental lamina substitute in OOKP surgery. In the aragonite skeletons of reef-building corals there are very many diﬀerent types of intricate structure. In contrast to sponges, corals are more rigid and more highly structured (pore and channel walls on average three times as thick) due to the larger quantities of ceramic deposits. In the genus Porites, for example, the thickness of interconnecting struts and pore sizes closely matches the open foam of long bone and jawbone. Porites deposits calcium carbonate in the form of small corallites either in a radial manner or perpendicular to the axis of growth. Both types essentially resemble trabecular bone (lamellar and Haversian types) but possess contrasting space geometries. Species of Seriatopora closely match the porous structure of ‘‘ﬁner” bone types (thin struts and many interconnections), such as alveolar bone. Before any coral can be safely implanted into humans, all organic material needs to be removed and the material has to be sterilized. The clinical literature describing the results of coral skeletons implanted into the human body is very positive [41–44]. Both hard tissues and soft connective



Table 3 Naturally derived frameworks applied in human reconstructive surgery Type



Structure



Biomedical applications



Echinoderm spine: Heterocentrotus trigonarius Echinoderm skeletal plates and spines: Acanthaster plancii and Nardoa Madrepore coral: Porites porites



Periodic minimal surface Periodic minimal surface



Screw and plugs for bone replacement (experimental only) Screws and plugs for bone replacement (experimental only) Replacement and augmentation of maxillofacial bones, vertebrae and orbital implants Replacement and augmentation of maxillofacial bones



Madrepore coral: Goniopora lonata a



Vronoi forma: three dimensional and highly interconnected Vronoi forma: three dimensional and highly interconnected



Vronoi honeycombs are formed by competitive growth of active cells.
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tissue penetrate the pores and channels rapidly, and remain healthy therein. Inﬂammation is uncommon because of the healthy state of tissue and this also inhibits bacterial contamination. Coral skeleton has been previously used alone as a keratoprosthesis support frame but subsequent implantation trials have shown it to break in situ. These mechanical shortcomings can be signiﬁcantly improved by a number of routes. Judicious selection of coral types with diﬀerent crystal structures to the Porites coral used in the previous example can provide structures with improved resistance to breakage. This all has to do with crystallite size and organization. Secondly, complete integration with the dentine analogue (we propose a ceramer constituent to overcome an abrupt boundary between polymer and ceramic) along the lower surface of the implant will stiﬀen the overlying coral zone. Thirdly, there exist technologies using HA sol–gel that can be used to coat complex pre-formed skeletons without compromising the pore architecture. Such coatings can improve the mechanical strength of corals by 120% [45]. All coral skeletons possess open porosity in which corallites are connected by pores. In general, interconnectivity did not vary greatly enough for it to feature prominently in selection. A signiﬁcant advantage for selection of an appropriate coral skeleton is that they are relatively simple to identify. Much is now known of the most abundant species of coral, their taxonomy and distribution; there are limits on the exploitation of the less common coral species, however, because it could irreversibly reduce their populations. This restricts the number of choices for the support frame. The habitat conditions in which the coral grows determines the degree of uniformity in structure. In general, corals can only thrive in uniform conditions, but slight changes do occur and these aﬀect form and structure to a considerable degree. Corals closer to the equator and distant from land masses are less exposed to alterations in sea temperature and nutrient loading. Corals express great morphological ‘‘plasticity” in response to slight environmental diﬀerences. Despite this fact, the physical
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Table 4 Pore sizes (diameter in lm) of common trabecular bone-like corals Name of coral



Macropore diameter



Micropore diameter



Seriatopora sp. Porites porites Goniopora lobata Stylophora sp.



ca. ca. ca. ca.



ca. ca. ca. ca.



400 175 135 245



105 30 90 140



attributes of cellular frameworks are reasonably uniform. In relation to fabrication, coral skeletons are easy to cut and render into moderately intricate shapes. This is because the mechanical properties of coral are unexpectedly good for the given amount of porosity (50–70% or more) and mineral constituency. Given that the primary feature of a coral skeleton that makes it highly suitable as a tissue scaﬀold in providing support and space for cell migration and proliferation is its ordered uniform porosity, the logical criteria for selection of suitable coral candidates are (i) porosity, (ii) degree of structural uniformity, (iii) naturally abundance and (iv) ease of identiﬁcation and collection. Table 4 indicates the porosity characteristics of a number of corals with an acceptable growth form, abundancy and structural uniformity. The majority of coral skeletons possess pores up to 500 lm, easily identiﬁable under low magniﬁcation. From the group in Table 4 it is possible to reduce the number of candidates by considering the pore structures in more detail. Although Seriatopora, Porites, Goniopora and Stylophora all possess pore dimensions within acceptable limits for tissue inward growth and attachment, by mechanical interlock, Seriatopora and Stylophora do not possess an ‘‘open” enough interconnected porosity, due to a greater degree of pore compaction and mineral aggregation around adjoining struts. On the basis of this information, Porites and Goniopora corals appear to be the candidates with the best potential for a keratoprosthesis support frame, by virtue of their extensive and substantial growth form (massive reef builders), their structure (highly porous) and their availability in



Fig. 1. SEM images comparing two open cell natural foams of Goniopora lobata (left) and Porites porites (right). Both structures consist of relatively thin struts and a highly ordered and interconnected pore system.
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the required amounts (they are both widespread and abundant). Both Porites and Goniopora occur over a wide range of habitats across the globe, from the Indo-Paciﬁc to the Caribbean, and possess pore sizes well within the limits of pore sizes for alveolar bone. Direct comparison of the two structures by eye show the contrasting concentration of macropores; in Porites these are less obvious. A direct comparison of the two corals is presented in Fig. 1 and Table 5. Compared with other natural artefacts, corals are used extensively in bone replacement therapies, spinal surgery and maxillofacial repairs, and have been for some 20 years. Because of this, corals are easier to obtain in signiﬁcant quantity from a number of commercial manufacturers. BiocoralÒ is a thermally treated derivative of a species of Porites coral skeleton, with the zoological name Porites porites. It is a highly biocompatible biological material and functions as a resorbable bone graft substitute owing to the many chemical, mineral (crystallographic regularity) and morphological similarities with natural bone. It has the following physical properties: pore diameter of 100– 200 lm, porosity of 20–50%, density of 1.4–2.8 g cm3 and Young’s modulus of 8 GPa. In vivo, BiocoralÒ, like any type of thermally treated coral skeleton, initially induces a transient inﬂammatory reaction, perhaps caused by friction between the new developing tissue and the implant. Importantly, there is no acute chronic inﬂammatory or infectious reaction present, particularly with neutrophils, nor is there ﬁbrous encapsulation [43]. In this study we have chosen the following corals for degradation experiments: echinoderm spines, Goniopora, Stylophora and BiocoralÒ. 1.3. HA-based materials The mineral part of bone contains calcium phosphate in the form of HA, and the development of calcium phosphate ceramics and other related biomaterials for bone grafting involves better control of biomaterial resorption and bone substitution. HA is extremely well tolerated by the body and HA-based materials are a logical alternative for a synthetic OOKP lamina, because their crystal struc-



Table 5 Physical characterization of Goniopora and Porites Property



Goniopora



Porites



Contact Ze/Zf Cell shape Symmetry Fraction of material at edges L1/L2 S.D Ratio Density



Open 06/02 Ovoid SD below 1 Radial 0.7 3.7 0.7 0.5 ± 0.2 g cm3



Open 06/02 Oblong SD above 1 Radial 0.5 3.3 1.3 0.9 ± 0.3 g cm3



Goniopora and Porites are seen to be physically similar, despite the clear diﬀerences in the openness of pore volume. The cellular framework has many features in common.



ture is close to bone, which is currently used in OOKP lamina. HA-based materials can also be derived from corals, like Pro OsteonÒ, which is derived from reef-dwelling coral skeletons. It is chemically transformed from a calcium carbonate crystalline form into HA by hydrothermal processing. Pro OsteonÒ has the following physical properties: pore diameter of 190–600 lm, porosity of 50–75%, density of 0.75–1.1 g cm3 and Young’s modulus of 10 GPa. Both coral-derived materials Pro OsteonÒ and BiocorÒ al are sterilized with gamma radiation to reduce infection, and organic components are removed to prevent rejection. Neither Pro OsteonÒ nor BiocoralÒ has been found to cause adverse biological reactions when implanted. Both materials contain interconnected network of pores, which fall into an optimal range of sizes that allow for the penetration and rapid inward growth of structural proteins such as elastin and collagen matrices (the foundation for the construction of a collagen framework) and a well-formed vasculature, essential to wound healing. Both coral derivatives have been clinically validated in other applications. It has been shown that the ﬁrst-generation Pro OsteonÒ has an extremely slow resorption rate, sometimes taking 15–20 years to obtain complete resorption when used in the spinal surgery [46]. It is appropriate to assess in more detail the suitability of the two materials as OOKP analogues. The primary diﬀerence between Pro OsteonÒ and BiocoralÒ is density. To reduce the load exerted on the cornea the density should be as low as possible, so Pro OsteonÒ might be a slightly better candidate in that sense. The crystals of HA are more robust and are resorbed at a considerably slower rate than calcium carbonate. On this basis alone, Pro OsteonÒ is therefore the preferred material for an artiﬁcial cornea, which must remain intact throughout its lifetime (over 10 years if the OOKP model can be reproduced accurately). Other HA biomaterials are also available, like EndobonÒ and PermaBoneTM. PermaBoneTM is a synthetic and porous HA, whereas EndobonÒ is derived from the spongy bone of cows and possesses a completely diﬀerent pore architecture to Pro OsteonÒ and BiocoralÒ. EndobonÒ has the following physical properties: pore diameter of 100–1500 lm, porosity of 30–80%, density of 0.4–1.3 g cm3 and Young’s modulus of 7 GPa. The biphasic calcium phosphate ceramic concept is determined by an optimal balance of the more stable HA and the more soluble TCP. The material is soluble in the bone environment and gradually dissolves in the body, seeding new bone formation as it releases calcium and phosphate ions into the biological medium. The main attractive feature of biphasic calcium phosphate ceramics is their ability to form a direct bond with host bone, resulting in a strong interface. The formation of this dynamic interface is the result of a sequence of events involving interactions with cells and the formation of carbonate hydroxyapatite (similar to bone mineral) by dissolution and precipitation processes [47]. There is less information on the tissue replacement mechanism in the eye and the use of bone replacement materials in the eye, parts of which
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remain unknown. For example, there is no calcium in the aqueous humour, so in the eye environment it is less likely that partly dissolved bioceramic would be replaced with carbonate hydroxyapatite-like structures. On the other hand, because tooth and bone are currently used for OOKP, a logical option is to try to replace them with bone substitute materials in order to ﬁnd a suitable synthetic option for autogenous bone. ReproboneTM and BiceramÒ are typical biphasic ceramics, and both contain 60% HA and 40% TCP. In this study, the following materials from the synthetic HA-based materials group were chosen for the degradation experiments: EndobonÒ, BiceramÒ, PermaBoneTM, ReproBoneTM and dense research-purpose HA. 2. Materials and methods Corals (calcium carbonate), HA- and TCP-based materials were chosen for the in vitro degradation studies, as shown in Table 6. Goniopora and Stylophora are natural corals, echinoderm spines were taken from a tropical sea urchin, and BiocoralÒ (Inoteb) is a commercially available calcium carbonate, which is derived from natural coral. Three HA ceramics were used: a dense HA previously developed for research [48], porous EndobonÒ (Merck), which is derived from animal bone, and synthetic PermaBoneTM (Ceramisys). Two biphasic calcium phosphate ceramics comprising 60% HA and 40% TCP were used: BiceramÒ (SEM science and medicine) and ReproBoneTM (Ceramisys). Pig jawbone, immature pig teeth and a human wisdom tooth were used as reference materials. The human
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wisdom tooth was a healthy adult tooth, which was removed by the dentist during a routine dentist control. The human tooth was cut into smaller pieces in the following way: ﬁrst the enamel part was removed and the dentin from the root was used. The root dentin was cut into smaller pieces and used in the short-term degradation experiments. Immature pig teeth were found inside the jawbone of a young pig and cut into smaller pieces. The pig teeth were also used in the short-term degradation experiments. The jawbone of the same pig was used as a source of cortical and trabecular bone, which were separated by cutting and studied separately. This jawbone was obtained from a butcher. A simulated aqueous humour, which mimics the inorganic composition of human aqueous humour, was developed and used as the in vitro model ﬂuid. The following chemicals were used to prepare the simulated aqueous humour: sodium chloride 99.5% (Sigma), potassium chloride ACS reagent (Sigma), sodium bicarbonate 99.5% (Sigma), potassium phosphate dibasic trihydrate 99% (Sigma), tris(hydroxymethyl)aminomethane 99.8% (Aldrich) and citric acid 99% (Acros Organics). Table 7 lists the inorganic composition of the human aqueous humour and the in vitro model ﬂuid. Zinc is present in the human aqueous humour; however, it could not be added to the simulated aqueous humour because it caused precipitation of the ﬂuid. Two diﬀerent buﬀers, TRIS and citric acid, were used, depending on the pH required. The TRIS was used to buﬀer the solution to pH 7.4, whilst citric acid was used to buﬀer the solution to pH 6.5, 6.0 and 5.0.



Table 6 Materials used in degradation studies and their chemical composition Corals



HA-based materials



Bone and tooth



Echinoderm spines



CaCO3 Natural



Hydroxyapatite



Ca10(PO4)6(OH)2 Dense pellets Research purpose



Human tooth



70% Ca10(PO4)5CO3(OH)2 20% collagen 10% water Dentin



Goniopora



CaCO3 Natural



EndobonÒ



Ca10(PO4)6(OH)2 Porous Derived from animal bone



Pig tooth



70% Ca10(PO4)5CO3(OH)2 20% collagen 10% water Immature dentin, inside pig jawbone



Stylophora



CaCO3 Natural



BiceramÒ



60% Ca10(PO4)6(OH)2 40% Ca3(PO4)2 Porous Synthetic



Cortical bone



70% Ca10(PO4)6(OH)2 20% collagen 10% water Pig jawbone



BiocoralÒ



CaCO3



PermaBoneTM



Ca10(PO4)6(OH)2



Trabecular bone Pig



70% Ca10(PO4)6(OH)2



Derived from natural corals



Porous Synthetic ReproBoneTM



60% Ca10(PO4)6(OH)2 40% Ca3(PO4)2 Porous Synthetic



20% collagen 10% water Pig jawbone
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Table 7 Inorganic ion concentration of human aqueous humour and simulated aqueous humour Element



Human aqueous humour (mmol l1)



Simulated aqueous humour (mmol l1)



Sodium (Na+) Potassium (K+) Chloride (Cl) Bicarbonate ðHCO 3Þ Phosphorus (P) Zinc (Zn) TRIS Citric acid



111 3.2 107 20.6 0.62 1.59 – –



125 3.2 107 20 0.62 – 50/– 50/–



Long- and short-term in vitro degradation studies were carried out in the simulated aqueous humour for materials presented in Table 6. Short-term (350 h) degradation experiments were done at pH 6.5, 6.0 and 5.0 at a temperature of 37 °C, in a shaking water bath, and the long-term (2000 h) experiments were at pH 7.4 at room temperature. In the beginning of the degradation studies the sample weight to dissolution ﬂuid volume ratio was 1 mg ml1. The weights of the initial samples were between 10 and 180 mg, and the corresponding initial dissolution medium volumes were between 10 and 180 ml. Part of the dissolution medium was regularly replaced in order to avoid saturation of the dissolution medium. Degradation rates were calculated based on the release of calcium or phosphate. Colorimetric measurements of phosphate concentrations were based on a molybdenum blue method [49] and calcium concentrations on an ortho-cresolphthalein complexone method [50]. Absorbances were measured using either a UV-1601 spectrophotometer (Shimadzu, Australia) or a Multiskan MS ELISA plate reader (Labsystems, Finland). The inner part of the tooth (the dentin) is composed of mineralized connective tissue within an organic matrix. Dentin and bone are made up of 70% inorganic material, 20% organic material (mainly collagen) and 10% water. The inorganic part of dentin is carbonate hydroxyapatite (Ca10(PO4)5CO3(OH)2) and the inorganic part of bone is HA (Ca10(PO4)6(OH)2). This composition was taken into account during the calculation of the degradation results. The chemical composition of the corals and commercial materials are presented in Table 6, and were also used in the degradation calculations. The materials were also assessed using scanning electron microscopy combined with energy dispersive X-ray spectroscopy (SEM-EDX; Cambridge Scientiﬁc Instruments and Link System Autoanalyser, S90B) before and after degradation experiments.



tion time of corals is presented in Fig. 2. The degradation rate of corals increased as the pH decreased. At all studied pHs the total degradation time was shortest for the echinoderm spines, which had a total degradation time of less than 200 h at pH 6.5. BiocoralÒ, Goniopora and Stylophora have quite similar total degradation times of about 400 h at pH 6.5. At pH 6.0 the total degradation time of Stylophora and Goniopora is about 350 h and for BiocoralÒ it is about 230 h. The total degradation time of corals at pH 5.0 increases in the following order: echinoderm spines < BiocoralÒ < Goniopora < Stylophora. In the HA-based materials (Figs. 3–7) the same trend is seen as in corals; as the pH decreased the degradation rate increased. In this group at pH 6.5 degradation of 100% HA materials (dense HA, EndobonÒ and PermaBoneTM) is very limited, but the composite materials (ReproBoneTM and BiceramÒ) degraded faster. For the 100% HA materials the degradation rate at pH 6.0 and 5.0 increased in the following order: EndobonÒ < dense HA < PermaBoneTM. Of the composite materials, ReproBoneTM degraded faster than BiceramÒ at pH 5.0, but at pH 6.0 the degradation rates were very similar. Generally the degradation of 100% HA materials was slower than that of composite 60% HA/ 40% TCP materials. This indicates that TPC dissolves faster than HA in these conditions and leads to the faster total degradation of HA–TCP than HA materials. The degradation proﬁles of tooth and bone are presented in Figs. 8–10. The degradation of human dentin at pH 5.0 is similar to degradation of trabecular bone. At pH 5.0 degradation of human dentin was slower than degradation of immature pig dentin. The degradation rate of immature pig dentin increased as pH decreased from pH 6.5 to 5.0. One reason for the faster degradation of pig dentin in comparison to human dentin may be due to the fact that pig dentin was immature and possibly less well crystallized. The degradations of trabecular bone and cortical bone at pH 6.0 and 6.5 were very similar. Cortical bone is the more compact, outer part of a bone and that trabecular bone is the less compact, inner part of a bone, but their chemical compositions are similar. In this study, the degra-
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Short-term degradation experiments up to 350 h were performed at pH 5.0, 6.0 and 6.5 and calculated degradation proﬁles are presented in Figs. 3–10. The total degrada-
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3.1. Short-term degradation at pH 5.0, 6.0 and 6.5



Fig. 2. Total degradation time of corals at pH 5.0, 6.0 and 6.5.
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Fig. 6. Degradation of BiceramÒ at pH 5.0, 6.0 and 6.5.



Fig. 3. Degradation of EndobonÒ at pH 5.0, 6.0 and 6.5. Degradation of ReproBone 100
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Fig. 7. Degradation of ReproBoneTM at pH 5.0, 6.0 and 6.5.



Fig. 4. Degradation of dense HA at pH 5.0, 6.0 and 6.5.



3.2. Long-term degradation at pH 7.4 dation of these bone components is studied separately in order to study the eﬀect of density on degradation. It is shown that at pH 6.0 and 6.5 the diﬀerence in density does not cause a diﬀerence in degradation rate, which seems to depend mainly on the chemical composition. At pH 5.0 the less dense trabecular bone dissolves slightly faster than cortical bone.



The results of the long-term (2000 h) degradation studies at pH 7.4 are presented in Fig. 11 as an average degradation in each group. Dentin was not included in this test. The deviation between the diﬀerent samples in each group was small. Typical for all of these material groups was that the degradation occurred at the beginning of the experiDegradation of Dentin 100
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Fig. 5. Degradation of PermaBoneTM at pH 5.0, 6.0 and 6.5.
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Fig. 8. Degradation of dentin at pH 5.0, 6.0 and 6.5.
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cutting. The surface stabilizes itself by slight degradation, after which no more bulk degradation is observed. Based on the ﬁnding that the matrix degradation did not increase with time, it is concluded that all material groups are stable at pH 7.4. These results indicate that long-term stability at pH 7.4 is not a major problem for these materials.
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3.3. SEM-EDX analysis
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SEM images are presented in Figs. 12–17. Figs. 12 and 13 show the surface of the Goniopora before and after 240 h at pH 6.0. It can be clearly seen that the surface roughness on the micrometer scale increases during degradation under these conditions, corresponding to about 65% of the total weight lost. The original pore structure was difﬁcult to recognize after the degradation. Figs. 14 and 15 show the BiceramÒ before and after degradation at pH 5.0 for 312 h. These SEM images show that the surface roughness has increased on the micrometer scale, but the
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Fig. 9. Degradation of cortical bone at pH 5.0, 6.0 and 6.5.



Degradation of Trabecular Bone
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Fig. 10. Degradation of trabeculer bone at pH 5.0, 6.0 and 6.5.
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Fig. 12. SEM image of Goniopora before degradation. The scale bar in the top of the image is 200 lm.
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HA-based materials
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Fig. 11. Long-term (2000 h) degradation at pH 7.4. Corals is the average of BiocoralÒ, echinoderm spines, Stylophora and Goniopora; HA-based materials is the average of dense HA, EndobonÒ, BiceramÒ, PermaBoneTM and ReproBoneTM; and bone is the average of trabecular and cortical bone.



ment, during the ﬁrst 100 h, and did not increased after that. This indicates that no further degradation occurred after 100 h even when the experiment was continued for 2000 h. The initial degradation was highest for corals, at about 5%, whereas for bone and HA-based materials it was less than 2%. The initial release may be due to the uneven surface of the ceramic, which is caused by the



Fig. 13. SEM image of Goniopora after the dissolution at pH 6.0 for 240 h. The scale bar in the top of the image is 200 lm.
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Fig. 14. SEM image of BiceremÒ before degradation. The scale bar in the top of the image is 500 lm.



Fig. 15. SEM image of BiceramÒ after the dissolution at pH 5.0 for 312 h. The scale bar in the top of the image is 500 lm.



original pore structure is still recognizable post-degradation. This situation corresponds to a total weight lost of
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Fig. 17. SEM image of ReproBoneTM after the dissolution at pH 6.0 for 216 h. The scale bar in the top of the image is 50 lm.



about 55%. It seems that the framework structure has not changed dramatically but there is an increase in the detailed surface roughness. Figs. 16 and 17 show the ReproBoneTM surface before and after degradation at pH 6.0 for 216 h, which is equivalent to a 40% weight loss. It can be clearly seen that the surface roughness has increased, but the original pore structure is still recognizable. In the case of the BiceramÒ and the ReproBoneTM, the micrometer scale surface roughness increases prior to framework collapse during the hydrolytic degradation. Goniopora and ReproBoneTM were both kept at pH 6.0, for 240 and 216 h, respectively, and the weight loss for Goniopora was much greater and the surface roughness changes were also more visible. Comparison of these two materials shows that ReproBoneTM has a greater resistance to hydrolytic degradation than Goniopora. In all of these cases it is more likely that degradation is bulk degradation rather than just surface erosion. This is logical because these materials have large pores on the micrometer scale and water can easily penetrate into the structure. The size of the water molecules is many orders of magnitudes smaller than the size of the pores. Elemental analysis before and after degradation was performed on human and pig dentin and also on cortical and trabecular bone. The elemental compositions before and after the degradation experiments are listed in Table 8. Table 8 Elemental composition (in wt.%) of dentin and bone before and after degradation experiments



Fig. 16. SEM image of ReproBoneTM before degradation. The scale bar in the top of the image is 50 lm.
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Ca



P



O



C



Human dentin (before degradation) Human dentin (after 816 h, pH 5.0) Pig dentin (before degradation) Pig dentin (after 216 h, pH 6.0) Cortical bone (before degradation) Cortical bone (after 336 h, pH 7.4) Trabecular bone (before degradation) Trebecular bone (after 336 h, pH 7.4)



53.2 1.6 59.9 0.8 48.8 40.8 38.7 33.1



24.9 1.6 23.5 0.6 22.1 18.5 15.1 15.4



17.9 32.8 6.9 23.5 10.7 15.9 12.1 18.3



2.7 57.9 8.2 73.9 17.3 24.2 32.3 32.2
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The human dentin was characterized after 816 h at pH 5.0 and comparison of the elemental composition before and after degradation shows that calcium and phosphorous were released from it during the experiment. The increase in oxygen and carbon concentrations indicates that the remaining matrix after the degradation experiment is mainly collagen. The same trend is seen also for pig dentin after degradation at pH 6.0 for 216 h. Trabecular and cortical bone were maintained for 336 h at physiological pH 7.4 and only minor changes in the elemental composition were observed, indicating that there was no or minimal degradation at physiological pH. 3.4. Synthetic OOKP analogue prototype An OOKP prosthesis typically contains the optical part and the support lamina for the optical part. The optical part is typically made out of PMMA polymer and the support lamina is made out of tooth and bone. In the future, the aim is to replace the tooth and bone part with a synthetic or semi-synthetic material. The design of a synthetic OOKP analogue prototype is shown in Fig. 18. In the ﬁgure EndobonÒ is used as the lamina material, because in this study it was shown that it was the most stable material in diﬀerent aquatic environments, according to our in vitro degradation experiments. 4. Discussion On the basis of the detailed preliminary assessment described above, it seems certain that both the pore structure and the chemical composition of alveolar bone are necessary components of the success of OOKP. Of the B. A. D.



C. F.



E.



2.5 mm



Endobon



Fig. 18. Essential features of a bone substitute–PMMA keratoprosthesis are: (a) regions of polymer impregnation into EndobonÒ pores and gluing of components is avoided; (b) optical cylinder as used in conventional KPro; (c) polymer gives composite reinforcement (i.e. stiﬀness and strength) in contact area with Endobon; (d) curvature to anterior surface of EndobonÒ to minimize both stress concentrations and buccal mucosa requirement; (e) ratio of Endobon and polymer optimized for best stiﬀness in bending; (f) polymer ledge locates on corneal tissue.



many natural structures considered here, a number are undesirable targets for ecological reasons – principally those related to scarcity and availability. Certain members of the coral family and the unrelated but structurally desirable bone analogues provide the most attractive and readily available options. Removal of limitations associated with the nature and dimensions of the harvested jaw section allow variations in design that appear to be surgically and optically attractive. Additionally, the cellular interaction characteristics promote a healthy and organized state of graft mucosal tissue within the porous coral. The functionality of the mucosal tissue has been one of the attractive features of OOKP, ensuring tight sealing qualities, so stopping egress of ﬂuids and ingress of pathogens, a reduced incidence of scarring and improved mechanical performance through the reduced build up of strain energy. Crucially, there is no totally analogous replacement for the periodontal ligament, thus our design uses a polymer ‘‘ledge” with appropriate surface properties to inhibit retroprosthetic membrane formation. We do also emphasize the importance of providing a dentine substitute. In our prototype the PMMA ledge is fused with the porous component. Two material interfaces are crucial to the success of the OOKP: the bone architecture with graded porosity and the densiﬁed surface of the dentine. However, the architecture of the bone is the most signiﬁcant component, since providing a strong, tight interlocking mucosal seal with the implant determines the absolute success or failure and the overall health of implant/tissue integration. This is why we concentrated our eﬀorts on this feature. In addition, some believe that the periodontal ligament is not important for OOKP functioning. It is known that dead bone, used in the tibial keratoprosthesis, resorbs rapidly and leads to implant failure. The design for tibial bone keratoprosthesis does not incorporate a dentine analogue, which is another reason for its failure. Degradation of the osteo-odonto support frame has been reported to be a problem [15–18], which can lead to loosening of the optical part and failure of the prosthesis. We selected commercial and non-commercial corals and HA-based bioceramics, which were originally designed to replace bone, and compared their stability with tooth and bone. The stability was tested with in vitro degradation experiments and a new degradation ﬂuid, called simulated aqueous humour, was developed. It mimics the inorganic composition of human aqueous humour. In this study physiological pH and lower pHs which mimic the situation during inﬂammation were used. The in vivo environment where the OOKP lamina/support frame is implanted is more complex than our simulated aqueous humour, but we still believe that it is possible to demonstrate by the use of this simpliﬁed degradation model the eﬀect of pH on lamina degradation. Enzymes and other biological substances may also cause in vivo lamina degradation, but this has not been taken into account in these degradation experiments.
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There are no physical stresses on the sample surface during the in vitro degradation experiment and, based on SEM images, it would seem that the sample surface becomes friable during the hydrolytic degradation. In the case of physical stress on the surface, there is a risk of removing particles from the surface. If the process follows the same chemical pathways in vivo, the eﬀect of shear forces on the surface of the support frame in the eye is likely to cause physical degradation of the surface, the friable nature of which is apparent in each of the SEM images taken after the degradation experiments in vitro at pH 5 and 6.0. These pH values are possible in vivo in the case of infections. This has to be taken into account when a possible synthetic support frame material is selected, because the risk of infection cannot be totally eliminated during the OOKP surgery. It appears that porosity does not play such a large role in the degradation as chemical composition. For example, dense HA seems to dissolve faster than porous HA (EndobonÒ) at pH 6.0 and 5.0. On the other hand, 100% HA materials (EndobonÒ, dense HA and PermaBoneTM) have been shown to degrade more slowly than composite HA/ TCP materials (BiceramÒ and ReproBoneTM) at pH 6.5, indicating that TCP in the HA structure increases the degradation rate. Generally calcium carbonate-based corals dissolve faster than HA–TCP and HA materials. EndobonÒ appears to have a slower degradation rate than bone at pH 5.0, 6.0 and 6.5, which indicates better stability of the EndobonÒ towards hydrolytic degradation in vitro than bone. 5. Conclusion It can be concluded from these in vitro degradation studies that the degradation of corals, HA-based materials, tooth and bone is not a problem at physiological pH, but if there is a decrease in pH, for example due to infection, this can cause degradation of the bioceramics. Uneven tooth and bone lamina degradation in vivo is reported, and this can be attributed to localized contact between inﬂamed tissue and the lamina, causing local changes in pH adjacent to the lamina and thereby producing diﬀerent rates of lamina degradation. The concept of replacing the human tooth and bone in OOKP lamina with traditional bone replacement materials, like corals and HA-based materials, may not be optimal as these materials are designed to replace bone in a bone tissue environment. The synthetic OOKP support frame should integrate with surrounding ocular tissue but should not degrade even in the case of infection. In the future, more chemically stable materials for ophthalmic use and materials that are speciﬁcally designed for an ocular environment should be investigated and developed. Acknowledgements This work is partly funded by EU Marie Curie Fellowship and Academy of Finland Grant No. 114117. The Uni-
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