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Abstract: The goal of modern dentistry and plastic surgery is to restore the patient to 

normal function, health and aesthetics, regardless of the disease or injury to the 

stomatognathic and cutaneous system respectively. In recent years tissue engineering and 

regenerative medicine have yielded many novel tissue replacements and implementation 

strategies. Scientific advances in biomaterials, stem cell isolation, growth and differentiation 

factors and biomimetic environments have created unique opportunities to fabricate tissues 

in the laboratory. Repairing of bone and skin is likely to become of clinical interest when 

three dimensional tissue reconstructive procedures and the appropriate supporting 

biomimetic materials are correctly assembled. In the present review, we provide an 

overview of the most promising biopolymers that may find clinical application in  

dento-maxillo-facial and plastic surgery. 
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1. Introduction 

 

The biomedical burden of treating diseased or injured organs continues to increase in parallel with 

expanding populations. Despite state-of-the-art medical and surgical therapies, clinical outcomes 

remain suboptimal, in part because of a lack of replacement biological parts.  

Nowadays the goal of soft and hard tissue engineering is the replacement of tissue lost due to 

trauma, cancer, or congenital defects. In fact, while the reconstruction of small, or moderate sized 

tissue, defects is technically feasible, thanks to the natural ability of the body to repair tissue damage, 

larger volume defects remain the real problem.  

The promise of unlimited bioengineered resources to replace defective or missing parts has been of 

continued interest, which is increasingly challenged by clinical problems requiring an ever-expanding 

array of reconstructive options. The past few decades have seen significant advances toward achieving 

these goals, with the hope of not only replacing organs but also exploiting the body’s innate capacity 

for regeneration [1-4]. 

A variety of different biomaterials are currently being used as scaffold for reconstruction of soft 

(such as adipose tissue or skin) or hard (bone) defects. The optimal biomaterial should meet the 

following requirements: (1) biocompatibility with the tissues; (2) biodegradability at the ideal rate 

corresponding to the rate of new tissue formation; (3) nontoxicity and nonimmunogenicity; (4) optimal 

mechanical property; and (5) adequate porosity and morphology for transporting of cells, gases, 

metabolites, nutrients and signal molecules both within the scaffold and between the scaffold and the 

local environment [5].  

Currently single and multi-phase materials (composites) have been designed as scaffolds to support 

cell growth and then used for in vivo tissue replacement.  

Subsequently both kinds of scaffolds will be reported that are currently used in clinical applications 

for the in vivo reconstruction of hard and soft tissue. 

 

2. Soft Tissue  

 

Current strategies for soft tissue reconstruction that rely on autologous tissue grafts and synthetic 

implants are limited by multiple factors, including tissue resorption and implant rupture or contracture. 

Several cell types are used for this aim, such as adult cells (i.e., keratynocites, fibroblasts, adipocytes) 

or adult stem cells (i.e., mesenchymal stem cells) cells that are loaded in biocompatible scaffolds. 

Many natural biomaterials have been widely used for this purpose. They can be used alone or 

combined with other synthetic or inorganic materials. Table 1 lists the principal engineered dermal 

tissue or skin artificial tissue that have widespread clinical application. The main properties of such 

tissue are the special dressing and nursing care, the reduced time in grafting. However, its mechanical 

fragility and high cost must be taken into consideration. 
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Table 1. Table of scaffolds that are currently widely used in clinical applications. 

Scaffolds Trademark name Cells 

Collagen-GAG and silicone Integra TM Fibroblast, keratynocytes

Acellular dermal matrix Cryopreserved cadaveric skin AlloDerm TM Thin autograft 

PGS/PLA+ DermaGraft TM Fibroblast, keratynocytes

Hyaluronic acid+ LaserSkin TM keratynocytes 

PEO PolyActive TM Fibroblast, keratynocytes

Collagen gel+ ApliGraft TM Fibroblast, keratynocytes

Collagen gel+ ORCEL TM Fibroblast, keratynocytes

BioBraneTM TransCyte TM Fibroblast 

Hyaluronic acid Hyalograft 3D TM keratynocytes 

Porcine skin Permacol TM No cells 

Cryopreserved amniotic membrane  Amniograft TM No cells 

Porcine small intestine submucosa  Oasis TM No cells 

 

2.1. Single-Component Scaffolds 

 

Collagen is any of a family of extracellular matrix (ECM) proteins occurring as a major constituent 

of connective tissue, giving it strength and flexibility. Collagen is a natural polymer widely used to 

synthesize dermal substitutes because it is biocompatible and permits physiological interactions with 

cells. Several collagen-based scaffolds are currently commercialized as dermal substitutes, in 

particular, in the form of hydrogels. Such biomaterials are usually obtained by encapsulating dermal 

fibroblasts in a collagen hydrogel at low concentration (0.66 mg/mL). However they suffer from 

extensive contraction by cells and weak resistance against degradation, which limits their use as 

permanent graft. Recently, Helary and co-workers [6] have proposed a new procedure to synthesize 

more concentrated collagen hydrogels at 5 mg/mL (CCH5) in order to improve hydrogel resistance 

and integration capability. 1 cm2 pieces of CCH5 were implanted in sub-cutaneous pockets of rat 

abdomen and analyzed after 15 and 30 days. At a macroscopic level, CCH5 scaffolds were still visible 

at day 30 without any reduction of their area, and they appeared to be well integrated within the 

implant. In addition, neo-vascularization was observed and reached the core of the implant  

after 15 days. Thus, these novel materials show superior stability and in vivo integration compared to 

less concentrated collagen hydrogels, and appear promising for the treatment of skin lesions. 

Fibrin is a protein involved in the clotting of blood and formed by polymerization of fibrinogen in 

presence of thrombin. Even though it is not a part of the normal ECM, it is temporarily present during 

wound healing. In the field of regenerative medicine, fibrin glue has been widely used as a biological 

tissue adhesive. Fibrin glue is composed of two separate solutions of fibrinogen derived from blood 

plasma and bovine thrombin. When mixed together, these agents mimic the last stages of the clotting 

cascade to form a fibrin clot. Fibrin glue can be applied using a double-barrel syringe or by spray 

application [7]. In the study of Foster and colleagues [8], fibrin glue was used as an alternative to 

staples in burn patients requiring wound excision and skin grafting. A total of 138 patients with burn 

wounds 40% of total body were treated with both fibrin glue and staples at two comparable test sites, 

and wound closure was evaluated at a macroscopic level 28 days after the surgery. Their results show 

that fibrin glue is safe and effective for attachment of skin grafts, with outcomes better than staple 
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fixation. In particular, the use of the glue is of major benefits to patients because the removal of staples 

is often painful and time-consuming. 

Gelatin is formed from the hydrolysation of collagen. Studies have reported that gelatin activates 

macrophages, shows high hemostatic effect, and does not cause antigenicity [9]. Similar to fibrin glue, 

gelatin has been widely used as a tissue adhesive for wound closure. In the study of Liu, et al. [10], the 

adhesive is based on the cross-linking of gelatin by a microbial transglutaminase (mTG). In vivo 

experiments were performed using small (rat) and large (pig) animal models. Immediately before 

application, the tissue adhesive was prepared by mixing the warm gelatin (type A from porcine) and 

mTG solutions. The temperature of the adhesive solution was approximately 40 °C when applied to 

the tissue. In vivo tests with a rat liver wound model showed that the gelatin-mTG adhesive achieves 

complete hemostasis in 2.5 minutes and the gel offers substantial adhesive and cohesive strength. In a 

large animal porcine model, a femoral artery wound that resulted in extensive bleeding was sealed in 

four minutes by applying the gelatin-mTG adhesive after excess blood removal. Thus, the  

gelatin-mTG adhesive is found to gel in situ within a short time (<5 min), and to adhere to tissue in the 

presence of modest amounts of blood. In addition, the gelatin-mTG adhesive may provide a simple and 

safe surgical sealant because it requires neither reactive reagents nor external stimuli (e.g., light). 

Moreover, since gelatin and mTG are not derived from human blood, these components would be 

readily available and inexpensive, which is one of the limitations of the fibrin-based adhesive. 

Hyaluronic Acid (HA) is a major component of the ECM in connective tissues. Being a 

polysaccharide and not a protein, it is potentially less antigenic, which is an important property when 

considering clinical uses. Its supportive role for cell proliferation and differentiation has been 

confirmed by several in vivo and in vitro studies [11]. HYAFF11 (Fidia Advanced Biopolymers s.r.l., 

FAB, Abano, Italy) is a linear derivative of Hyaluronic Acid modified by complete esterification of the 

carboxylic function of glucuronic acid with benzyl group. This increases the hydrophobicity, the 

residence time in vivo and makes HYAFF11 more resistant to hyaluronidase activity. Stillaert and  

co-workers [12] performed pilot clinical trials in humans. Preadipocytes were isolated from lipoaspirate 

material and seeded on HYAFF11. The cellular construct (called ADIPOGRAFT) and the acellular 

control scaffold (HYAFF11) were implanted in the sub-umbilical area of 12 volunteers. 16 weeks after 

implantation, the ADIPOGRAFT scaffolds maintained their original volume and dimension and also 

demonstrated the presence of a tissue-like substance within the scaffold. In contrast, the HYAFF11 

explants showed consistent volume loss with degradation of the scaffold into a gel-like substance, even 

eight weeks after implantation. Though HA scaffolds were stable cell carriers and had the potential  

to generate volume retaining tissue, no adipogenic differentiation was observed within the  

preadipocyte-seeded scaffolds. 

 

2.2. Composite Scaffolds 

 

In addition to single-component scaffolds, composites of various naturally derived polymers are 

also often used in the field of tissue engineering. It is commonly accepted that composite materials 

show an excellent balance between strengths and weaknesses, and overall exhibit improved 

characteristics compared with individual components [13]. In order to eliminate undesired 

characteristics and exploit advantages of the individual polymers, various composite scaffolds 
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comprising two or more polymers have often been considered. For example, the stability of polymers 

that are mechanically weaker can be reinforced by fabricating composites containing mechanically 

stronger polymers. Similarly, polymers that possess poor cell proliferation or migration properties can 

be remedied with the incorporation of a more bioactive polymeric phase.  

In a recent work, Judith, et al. [14] developed an acellular provisional matrix aimed to mimic the 

ECM of a wound site, and evaluated its potential for in vivo dermal regeneration. 1.5 × 1.5 cm 

excisions were created on the back of female albino rats. The wounds of the animal were treated for 

seven days with platelet-derived growth factor (PDGF)-incorporated chitosan or PDGF-incorporated 

collagen-chitosan (CCP). Chitosan is a polysaccharide composed of glucosamine and N-acetyl 

glucosamine, and obtained from N-deacetylation of chitin, which is the structural element in the 

exoskeleton of crustaceans [15]. Wound epithelialization in CCP-treated animals was completed  

by 10 days after the excision, whereas this took 14 days to occur in the chitosan-PDGF treated group. 

Therefore, the use of collagen for treatment of cutaneous wounds, in addition to chitosan and PDGF, 

enhances the healing process in its early phases. 

Weinstein-Oppenheimer and colleagues [15] report production and preclinical studies to examine 

the tolerance and efficacy of an autologous cellular gel-matrix integrated implant system (IIS) for 

regeneration of skin damaged by burns or other severe trauma. IIS was formed by integrating 

autologous skin cells by means of the in situ gelification of fibrin into a porous cross-linked scaffold 

composed of chitosan, gelatin and hyaluronic acid. Full-thickness excision wounds were performed on 

the paravertebral skin of eight young-adult rabbits. The preclinical assays showed that the IIS was well 

tolerated and efficacious because there were no signs of inflammation and all the wounds healed, 

showing complete epithelization after 60 days. Moreover, the IIS treated animals exhibited an overall 

better survival, better growth over time and smaller cicatrization areas. The use of autologous cells in 

this system was an advantage, not only because a scar of better quality was achieved, but also because 

it minimized the infectious diseases transmission risk from one individual to another. 

Other important results have been reported by Kahn et al. [16]. The authors describe a series of 

patients with chronic wounds reconstructed with a commercially available bilayer, acellular dermal 

replacement (ADR), containing a collagen-glycosaminoglycan dermal template and a silicone outer 

layer. A retrospective review was performed of 10 patients treated for chronic wounds with ADR and 

negative pressure dressing followed by split-thickness skin graft between July 2006 and January 2009. 

Data collected included age, gender, comorbidities, medications, wound type or location, wound size, 

the number of applications of ART, the amount of ADR applied (in square centimeters), the amount of 

time between Integra placement and grafting, complications, need for reoperation, and percentage of 

graft taken after five and 14 days. The mean percentage of graft taken at day 5 was 89.55%, 90% at 

day 14, and 87.3% at day 21. In light of such results, the author confirmed ADR can be used 

successfully in the treatment of chronic wounds. ADR provides direct wound coverage and can be 

applied to a variety of anatomical sites. The authors demonstrate that the use of ADR in treating 

chronic wounds results in high rates of skin graft taking. 

Recently, peptides have been recognized as a valuable scientific tool in the field of tissue 

engineering because of their ability to improve the functional activity of the scaffold and to bypass or 

minimize immune rejection. Many functional domains in ECM proteins have been localized using 

protease-digested fragments or synthetic peptides. The study of Min, et al. [17] raised the hypothesis 
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that a laminin-5-derived peptide can promote wound healing by accelerating re-epithelialization  

in vivo. Laminin is an ECM glycoprotein that is generally present in the basement membrane. It 

promotes adhesion, migration, growth, and differentiation of a variety of cells [18]. To examine this 

hypothesis, chitin microfibrous matrices (Beschitin W, Unitika Co., Japan) coated with a  

laminin-5-derived motif (PPFLMLLKGSTR) were applied in both rat and rabbit full-thickness 

cutaneous wound models. The application of this synthetic peptide onto chitin matrices significantly 

promoted early-stage wound healing by accelerating re-epithelialization, notably reduced inflammatory 

cell infiltration, and prominently enhanced fibroblast proliferation. In a previous work [19], the use of 

a hybrid peptide (SIRVXVXPG, where X: A or G), derived from laminin (SIKVAV) and elastin 

(VGVAPG,) has been reported. Elastin is another abundant ECM protein present in elastic fibers 

known to promote cell adhesion. The hybrid peptide was linked to a wound dressing made up of 

alginate which is a polysaccharide isolated from brown algae. One circular skin defect 10 mm in 

diameter was made in each ear of 66 young-adult male Japanese white rabbits. Nine days after 

operation, the in vivo effectiveness of the dressing in accelerating wound repair was evaluated. Ears 

with the alginate dressings linked with the hybrid peptide showed significantly greater epithelialization 

and a larger volume of regenerated tissue compared to those treated with unlinked alginate dressings. 

These results suggest that alginate dressings linked with the novel hybrid peptide could be promising 

materials for the treatment of healing-impaired wounds. 

Along this line, Kim et al. [19] addressed their studies on RGD-g-PLLA biosynthetic scaffold for 

targeted EPC delivery and results successfully support the in vitro growth and endothelial functions of 

EPCs. This scaffold also appeared to be good for in vivo targeted delivery carriers of EPCs as it 

promoted vascular regeneration in murine dermal wound models. Furthermore, direct comparison with 

the intradermal EPC injection revealed that the targeted delivery of EPCs by using the RGD-g-PLLA 

scaffold was superior to their conventional local injection method in terms of the localization and 

survival/retention of the transplanted EPCs, and their vascular repairing potential. These results 

suggest that the development of an effective stem cell delivery system may help to maximize the 

tissue-repairing efficacy with a limited number of stem cells, thereby resolving the limited clinical 

success of current stem cell therapies that have utilized simple cell injections or infusions. 

One of the key problems in tissue engineering is how to grow the engineered tissue and that it remains 

alive after implantation. Simple diffusion of oxygen and nutrition is not enough for these complex 

tissues, and adequate vascular systems must be built. Different studies have shown that HA has a crucial 

effect in angiogenesis: high-molecular weight HA in its native form inhibits angiogenesis [20], but short 

chain HA with 3–10 disaccharide units are proangiogenic [21]. The work of Perng and co-workers [22] 

compared the angiogenic properties between short chain and long chain HA when added to a porous 

scaffold with cross-linked type I collagen. The collagen-HA scaffold was implanted under the inferior 

epigastric flap in mice. Angiogenesis in scaffolds with short-chain HA was observed 14 days after 

implantation, and increased significantly at day 21 and 28. With long-chain HA, angiogenesis was not 

observed until day 28. The angiogenic effect of short-chain HA with 3–10 disaccharide (o-HA) units is 

mediated by the receptor for HA-mediated motility (RHAMM) and CD44 [23]. Both receptors are 

related to endothelial cell proliferation and migration. With degradation of short-chain HA  

cross-linked in the porous collagen scaffold, o-HA may be gradually released from the scaffold, 

causing endothelial cells around the scaffold to proliferate and migrate into the scaffold. This may be 
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the reason that scaffolds with short-chain HA revascularized faster than scaffolds with long-chain HA 

and collagen alone. 

Another important component of extracellular matrix with widespread application on tissue 

engineered soft tissue, is lamin. Min et al. [24] addressed its studies on the PPFLMLLKGSTR motif of 

the human laminin-5 alpha3 chain that has been previously reported to promote keratinocyte survival; 

however, the in vivo effects of the PPFLMLLKGSTR motif have not yet been studied. These studies 

raised the hypothesis that a laminin-5-derived peptide can promote wound healing by accelerating  

re-epithelialization in vivo. To examine this hypothesis, they applied chitin microfibrous matrices 

coated with the PPFLMLLKGSTR motif in both rat and rabbit full-thickness cutaneous wound 

models. Compared with vehicle-treated and peptide-treated cutaneous wounds, the application 

significantly promoted early-stage wound healing by accelerating re-epithelialization, notably reduced 

inflammatory cell infiltration, and prominently enhanced fibroblast proliferation. These findings 

support our hypothesis that the PPFLMLLKGSTR motif acts as a very effective wound healing 

accelerator by enhancing re-epithelialization. 

 

3. Hard Tissue Engineering 

 

Bone deficiency in oral surgery and periodontology is one the most common challenges that the 

clinician has to face and overcome in order to succeed in a coherent treatment plan both from the 

functional and the aesthetical point of view; thus, bone grafting procedures have become increasingly 

important as valuable methods to make up for the deficiency. Grafts may derive from the patient’s own 

body (autograft), from human donors (allograft), from animals (xenograft) or from engineered 

materials. The aim of bone tissue engineering is to optimize the resources offered by materials 

engineering and biological sciences in order to enhance the regeneration of new bone. Engineered 

materials include bioceramics, biopolymers, metals and composites. Each material has peculiar 

properties of resorption, reactivity and biocompatibility [25]. The versatility of biopolymers in oral 

surgery and periodontology has already given proof of itself in a wide range of clinical situations of 

bone deficiency, regardless of the etiology. Anorganic bovine bone (ABB) is widely used for 

implanto-prosthetic rehabilitation both in the maxilla and in the mandible [26-28]. Many authors report 

long-term stability for implants positioned after maxillary sinus lift or alveolar ridge augmentation 

with ABB in association with other engineered materials, such as scaffolds or membranes or with 

autologous or homologous grafts [29,30]. Bioceramics also provide similar results, given a correct 

therapeutical indication and clinical application [31-33]. Some trials and reports also support the use of 

biomaterials for the treatment of infrabony defects in periodontitis, describing, for Guided Tissue 

Regeneration (GTR) in combination with biomaterials, greater clinical attachment level gain and 

probing depth decrease than GTR alone [34]. Moreover, some authors also reported a successful use of 

ABB in peri-implantitis [35]. As far as histology and the formation of new bone are concerned, most 

studies describe a consistent tissutal regeneration both for ABB and bioceramics, although autologous 

grafts seemed to be more osteoconductive [36,37]. Anyway, the achievement of adequate 

osteoinductivity and osteoconductivity is strictly dependant on correct indications and the definition of 

a coherent treatment plan with regards to the expectations and needs of the patient.  
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3.1. Single-Phase Scaffolds 

Having only one constituent, single-phase materials do not display properties to allow use in all 

implants.  

 

Metallic alloys containing Cobalt (Co), chromium (Cr ) or molybdenum (Mo) are in the majority of 

implants currently utilized in bone surgery. These alloys are used as artificial hip and knee joints. The 

study by Lewis, et al. [38], demonstrated a 98% survival rate with a minimum follow-up of two years 

for 50 patients receiving Cobalt-Chrome femoral heads in primary total hip arthroplasty. Co-Cr-Mo 

alloy or ultrahigh molecular weight polyethylene is used for the sockets. Co-Cr-Mo alloys are all 

nickel-free. Metals were chosen as suitable material thanks to their good mechanical properties, for 

example, stiffness, which makes them especially suitable for load-bearing implants. However, they do 

not match the mechanical properties of natural bone, as they are more rigid and weighty [39]. Another 

possible consequence is the corrosion that metals could undergo in the environment of body fluids, 

releasing cytotoxic or immunogenic metallic ions. To prevent this event, peptide amphiphiles 

nanofibers (PA) were explored to enhance bioactivity of these metal implants. A nickel-titanium alloy, 

that is frequently used for bone plates, was modified through covalent attachment of PA nanofibers 

using standard silanization and cross-linking chemistry [40,41] and in in vivo models did not show any 

adverse events. 

Special attention must be put on alloys such as titanium. Chen, et al. [42] used titanium mesh coral 

composite scaffolds for jaw reconstruction. In this experiment, segmental bone grafts were engineered 

in a predetermined shape via seeding osteoblast precursor cells into titanium mesh-coral composite 

scaffolds. Then, the composites were implanted subcutaneously into the backs of nude mice and 

incubated in vivo. Two months after implantation, the animals were killed and new bone formed in the 

scaffolds was investigated by gross inspection, X-ray examination, histological observation and 

mechanical testing. The results showed that newly formed tissue was red and presented the gross 

appearance of bone, and kept the original shape of the column. Titanium mesh was situated on the 

surface of the bone graft. Histological observation demonstrated a large amount of new bone formed 

and integrated well with titanium mesh. Mechanical testing showed that new bone improved the 

mechanical property of the graft significantly. In conclusion, a titanium mesh-coral composite scaffold 

with osteoblast precursor cells is an efficient means to engineer segmental bone, possessing the desired 

shape and mechanical strength. 

With the same alloy, Ryan, et al. [43] reports a multi-stage rapid prototyping technique that was 

successfully developed to produce porous titanium scaffolds with fully interconnected pore networks 

and reproducible porosity and pore size. The scaffolds porous characteristics were governed by a 

sacrificial wax template, fabricated using a commercial 3D-printer. Powder metallurgy processes were 

employed to generate the titanium scaffolds by filling around the wax template with titanium slurry. 

Three-dimensional reconstruction enabled the main architectural parameters such as pore size, 

interconnecting porosity, level of anisotropy and level of structural disorder to be determined. The 

titanium scaffolds were compared to their intended designs, as governed by their sacrificial wax 

templates. Although discrepancies in architectural parameters existed between the intended and the 
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actual scaffolds, overall the results indicate that the porous titanium scaffolds have the properties to be 

potentially employed in orthopaedic applications. 

 

Bioceramics are highly biocompatible. They are prepared from calcium phosphates or sulfates. Due 

to the apatitic structure of natural calcified tissues, apatites appear to be the most comprehensively 

investigated of the available calcium orthophosphates [44]. Calcium orthophosphates are interesting 

hard tissue engineering biomaterials because of their similarity to the mineral component of 

mammalian bones and teeth. They are non-toxic, biocompatible, and, most importantly, integrate into 

living tissue using the same processes as healthy bone. Moreover, calcium orthophosphates support 

osteoblast adhesion and proliferation. Even so, major limitations to the use of calcium orthophosphates 

are their brittleness and poor fatigue resistance. As they cannot be used as biomedical applications in 

repairing large osseous defects, calcium orthophosphates are used primarily as fillers and coatings. 

Recently, nanosized crystal and particles have demonstrated their relevance in the formation of hard 

tissues in animals. Nanosized and nanocrystalline calcium orthophosphates can mimic the dimensions 

of constituent components of calcified tissues. Thus, they can be utilized in biomineralization and as 

biomaterials due to their improved biocompatibility [45]. Nanohydroxyapatite based products now 

commercially available for bone filling, are NanOss, Ostim and Vitoss. NanOss is a bone filler from 

Angstrom Medica considered to be the first nanotechnological medical device. It is mechanically 

strong and osteoconductive. Ostim is a ready-to-use injectable bone matrix in paste form. Vitoss, a 

beta-tricalcium phosphate bone, may find clinical application as a filler [46].  

Calcium sulfate is an interesting salt obtained from inexpensive and abundant raw materials. It has a 

longer history of clinical use than most currently available biomaterials and is widely recognized as a 

well-tolerated material with applications in bone regeneration [47]. In vivo there is not a significant 

inflammatory response. Commercially available products are pellets for filling bone cavities in 

orthopedic applications. Examples of these products include PerOssal and calcium sulfate paste. 

PerOssal calcium sulfate pellets are mixed with nanocrystalline hydroxyapatite and a calcium sulfate 

paste and are available for oral use [48]. 

 

Polymers present an enormous variability in their properties. Their common feature is the 

compatibility with human body. Disadvantages are excessive softness and elasticity. They are also not 

able to carry the weight load on their own. The ideal polymer for an orthopedic application would have 

the following properties: (1) does not evoke an inflammatory/toxic response, disproportionate to its 

beneficial effect; (2) is metabolized in the body after fulfilling its purpose leaving no trace 

components; (3) is easily processed into the final product form; (4) has acceptable shelf life; and (5) is 

easily sterilized [49]. 

Some polymers have become interesting carriers for the delivery of bone morphogenetic proteins 

(BMPs). These cytokines have promising potential for clinical bone repair because of their strong 

effect on it. Indeed they are probably the most important growth factors in bone formation and healing. 

Having powerful osteoinductive properties, BMPs have become particularly interesting in orthopaedic 

and dentistry surgery. Current applications include recombinant human BMPs (rhBMPs) loaded in 

delivery systems made of synthetic or natural polymers and the differentiation of transplanted stem 

cells from the patient with rhBMPs for later body implantation [50]. The delivery system has the main 



Polymers 2011, 3                            
 

518

role of retaining these growth factors at the site of injury for a prolonged time. Cells attach to this 

initial support and form regenerative tissue. 

There are several natural polymers that may be used as carriers for BMP delivery. These include 

collagen, starch-based polymers, chitosan, hyaluronans, and poly(hydroxyalkanoates). These polymers 

have received considerable attention to be used in tissue engineering thanks to their biocompatibility, 

biodegradability and hydrophilicity. Natural polymers may present risks of immunogenic reactions and 

disease transmission. A clinical trial by Jung et al. [29] reported the effectiveness of ABB in maxillary 

sinus lift with the association of rhBMP-2, resulting in a marginal difference of one level from baseline 

with a five-year follow up in 11 patients. 

Collagen is a key protein for the maintenance of biologic and structural integrity of ECM. It is 

made up of three polypeptide strands (alpha chains) each possessing the conformation of a left-handed 

helix. The fibrillar type I collagen is responsible of tensile strength of the bone. Collagen’s good 

properties are: excellent biocompatibility, easy degradation into physiological end-products, favorable 

influence on cellular infiltration, and suitable interaction with cells and other macromolecules. 

Collagen carriers have historically been and remain the primary delivery system for BMPs to clinical 

defects [51]. 

Chitosan is a linear polysaccharide composed of randomly distributed β-(1-4)-linked  

D-glucosamine (deacetylated unit) and N-acetyl-D-glucosamine. Chitosan and its derivatives are very 

attractive candidates as scaffold composites because they apparently degrade as new tissues are 

formed, without inflammatory reactions or toxic degradation [52]. Kim et al. [5] noted that chitosan 

has been extensively used in bone tissue engineering because of its capacity to promote growth and 

mineral rich matrix deposition by osteoblasts in culture. Also, chitosan is biocompatible and 

biodegradable. 

Alternative natural polymers potentially interesting for bone regeneration may be starch-based 

polymershyaluronan, hyaluronan, and poly(hydroxyalkanoates). 

Starch is a carbohydrate consisting of a large number of glucose units joined together by glycosidic 

bonds. Starch-based polymers have been demonstrated to be potentially useful for tissue engineering 

of bone because of their interesting mechanical properties.  

Hyaluronan (or hyaluronic acid) is an important extracellular matrix glicosamminoglican (GAG) 

composed of a linear sequence of D-glucuronic acid and N-acetyl-glucosamine. It has been used in a 

variety of trials as a delivery vehicle for recombinant human BMPs.  

Poly(a-hydroxy acid) polymers represent a versatile class of biodegradable materials suitable for 

use in bone tissue engineering, particularly in combination with BMPs [51]. 

Bone morphogenetic protein (BMP) is known to require a suitable carrier to induce ectopic bone 

formation in vivo. To evaluate the suitability of DegraPol-foam, a degradable, elastic, and highly 

porous polyesterurethane foam, as a carrier for BMP-induced bone formation, a fraction containing all 

the active BMPs (BMP cocktail) was combined with DegraPol-foam and implanted subcutaneously 

into rats by Saad et al. [53]. DegraPol-BMP scaffolds were found to induce osteogenesis two weeks 

after implantation as evidenced by morphological and biochemical observations. In addition, the 

osteoblast-compatibility of DegraPol-foam was examined. In vitro, primary rat osteoblasts and 

osteoblasts from the human cell line (HFO1) attached and proliferated preferentially on the surface of 

the DegraPol-foam. Both cell types exhibited relatively high attachment and low doubling time that 
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resulted in a confluent cell multilayer with spindle-shaped morphology on the surface of the foam. 

Osteoblasts produced high concentrations of collagen type I and osteocalcin, and expressed increasing 

levels of alkaline phosphatase (ALP) activity. Taken collectively, both osteoblasts from rat tibia and 

from the human cell line HFO1 showed high cell attachment and growth, and preserved their phenotype. 

The geometrical structure of DegraPol is a suitable carrier for BMP for the induction of bone formation. 

Use of BMP-2 for bone tissue engineering is reported by Kang et al. [54] who developed a multi-head 

deposition system (MHDS), a form of solid freeform fabrication, as a method for fabricating scaffolds. 

In this study, the surface of a scaffold fabricated using MHDS was coated with a mixture of fibrin and 

hyaluronic acid (HA) and used as a vehicle for delivery of both bone morphogenetic protein-2 (BMP-2) 

and adipose-derived stromal cells (ASCs). Fibrin/HA coating of the scaffold significantly enhanced 

initial cell attachment. Importantly, the transplantation of undifferentiated ASCs inoculated on  

BMP-2-loaded, fibrin/HA-coated, scaffolds resulted in improved bone formation and mineralization than 

did the transplantation of undifferentiated ASCs seeded on uncoated scaffolds or on fibrin/HA-coated 

scaffolds without BMP-2, but containing BMP-2 in the cell suspension medium. These results show that 

BMP-2-loaded, fibrin/HA-coated, scaffolds fabricated using MHDS may be useful in stimulating bone 

regeneration from undifferentiated ASCs in vivo. 

Another growth factor important for bone reconstruction is PDGF. In this context,  

Hee Soon et al. [55] performed a study conducted to determine the effect of different kinds of bone 

substitutes and collagen on the concentration of platelet-derived growth factor (PDGF) and 

transforming growth factor beta-1 (TGF beta-1) in platelet-rich plasma (PRP). PRP was treated with 

thrombin, hydroxyapatite (HA), and thrombin, HA alone, collagen-grafted HA, calcium 

metaphosphate (CMP), and collagen-grafted CMP. The concentrations of PDGF-AB and TGF beta-1 

were measured. After PRP treated with HA and CMP, the concentrations of PDGF and TGF beta-1 

were not significantly different from the concentrations of them in PRP alone. The concentration of 

PDGF in PRP with collagen-grafted HA and collagen-grafted CMP was significantly higher than that 

of PRP with HA and CMP. The concentration of PDGF and TGF beta-1 in PRP with collagen-grafted 

CMP was higher than with collagen-grafted HA. The results of multiple regression analysis showed 

that PDGF increased with the use of collagen and thrombin, and was higher in native whole blood with 

higher platelet counts. However, PDGF decreased with the use of HA.  

Having a high mechanical stability, polymers of acrylate are widely used for fixation of total joint 

prothesis, vertebroplasty and for craniofacial bone defects.  

Other popular biodegradable synthetic polymers include poly(α-hydroxy acids), especially 

poly(lactic acid) (PLA), poly(glycolic acid) (PGA) and their co-polymers, poly(ε-caprolactone) 

(PLGA), poly(propylene fumarate), poly(dioxanone), polyorthoesters, polycarbonates, polyanhydrides 

and polyphosphazenes. Particularly interesting are PLA e PGA polyesters which are extensively used 

in biodegradable implants, tissue engineering, and drug delivery.  

3.2. Composite Scaffolds 

Multi-phase materials (composites) have two or more different constituents. The major advantage 

of composites utilization is the creation of new constructs having desirable properties distinct from 

original single materials. The mechanical properties of the composite material depend not only on the 
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type of combined materials, but also on the volume fraction and shape of the heterogeneities (particles, 

fibers, whiskers, platelets, etc.), according to which they are classified into certain groups [39]. 

 

Polymers/bioceramics are another type of composite. Beta-tricalcium phosphate (β-TCP) and 

hydroxyapatite (HA) of chitosan-calcium phosphates (CP) bioceramics are excellent candidates for 

bone repair and regeneration because of their similarity in chemical composition with inorganic 

components of bone [5]. Nanosized hydroxyapatite (HA) crystals can anchor type I collagen 

framework in collagen/HA composites. The addition of nano-crystalline HA to natural polymer scaffolds 

has been shown to improve mechanical properties compared to polymer control scaffolds [56] and the 

presence of HA may potentially reduce adverse effects associated with the degradation of some 

synthetic polymers [57]. 

Several clinical trials reported the efficiency of these materials in humans. Jung et al. [29] reported 

that bovine-derived HA is an effective graft material for bone defects in the posterior mazilla and 

mandible both when used in association with PEG hydrogel membrane and standard collagen 

membrane, resulting from a randomized clinical trial of 37 patients with a six-month follow-up.  

De Vicente et al. [26] described similar results from 34 patients receiving 90 implants in rehabilitated 

maxillas, and evaluating the survival rate of the implants and the histologic features of the tissue found 

in the sinuses nine months after surgery. A prospective study with a larger number of patients was 

carried out by Ferreira et al. [27] observing implant survival rate and histologic features of new bone 

in 314 patients undergoing 406 maxillary sinus lifts and 1,025 implant placements. HA combined with 

collagen membrane led to an excelent implant survival rate, together with significant bone formation 

histologic signs after a three-year follow-up. In the treatment of infrabony defects in periodontal 

disease, Stavropulous et al. [34] published the results of a randomized clinical trial evaluating GTR 

with or without bovine derived HA with a six-year follow-up. 36 patients were available for the whole 

control, demonstrating that GTR with HA provided a greater clinical attachment level than GTR alone. 

Even though there are no published clinical trials at the moment, HA with collagen membrane has 

been reported to be effective also in the treatment of 20 patients affected by peri-implantitis [35] over a 

four-year follow-up, demonstrating a consistent probing depth reduction. 

Fibers embedded in a matrix made of other proteins or proteoglycans attempt to recreate the 

organization of natural bone, which is basically a collagen-hydroxyapatite composite. Both scaffold 

components are closely associated with the inorganic component of the bone. Fibers are natural 

(e.g., collagen, chitosan) or synthetic (polylactide, polyglycolide and their copolymers) polymers. 

Promising and interesting matrices are chitosan, hyaluronic acid, polylactides and their copolymers  

with glycolides. 

Recent important findings were obtained with nanostructured scaffolds. Gomoll et al. [58], for 

example, used a polymethylmethacrylate (PMMA-) based bone cement containing micrometer-size 

barium sulfate or zirconium oxide particles to radiopacify the cement for radiographic monitoring 

during follow-up. Considerable effort has been expended to improve the mechanical qualities of 

cements, largely through substitution of PMMA with new chemical structures. The introduction of 

these materials into clinical practice has been complicated by concerns over the unknown long-term 

risk profile of these new structures in vivo. The authors investigated a new composite with the well 

characterized chemical composition of current cements, but with nanoparticles instead of the 
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conventional, micrometer-size barium sulfate radiopacifier. The nanocomposite cement showed a  

two-fold increase in fatigue life compared to the conventional, microcomposite cement. In summary, 

nanoparticulate substitution of radiopacifiers substantially improved the in vitro mechanical properties 

of PMMA bone cement without changing the known chemical composition. 

Balasundaram G. et al. [59] created nanometer crystalline hydroxyapatite (HA) and amorphous 

calcium phosphate compacts functionalized with the arginine-glycine-aspartic acid (RGD) peptide 

sequence. Crystalline HA and amorphous calcium phosphate nanoparticles were synthesized by a wet 

chemical process followed by a hydrothermal treatment for 2 h at 200 °C and 70 °C, respectively. 

Resulting particles were then pressed into compacts. For all materials, results showed that the 

immobilization of the cell adhesive RGD sequence increased osteoblast (bone-forming cell) adhesion 

compared to those non-functionalized and those functionalized with the noncell adhesive control 

peptide (RGE) after 4 h. However, surprisingly, results also showed that the adhesion of osteoblasts on 

non-functionalized amorphous nanoparticulate calcium phosphate was similar to conventional HA 

functionalized with RGD. Osteoblast adhesion on nanocrystalline HA (unfunctionalized and 

functionalized with RGD) was below that of the respective functionalized amorphous calcium 

phosphate but above that of the respective functionalized conventional HA.Results of this study 

suggest that decreasing the particulate size into the nanometer regime and reducing crystallinity of 

calcium phosphate based materials may promote osteoblast adhesion to the same degree as the  

well-established techniques of functionalizing conventional HA with RGD. 

Ergun, et al. [60] focussed their attention on the biological properties of calcium phosphate-derived 

materials that are strongly influenced by changes in Ca/P stoichiometry and grain size, which have not 

yet been fully elucidated. For this reason, the objective of their in vitro study was to understand 

osteoblast (bone forming cells) adhesion on nanoparticulate calcium phosphates of various Ca/P ratios. 

Most importantly, results demonstrated increased osteoblast adhesion on calcium phosphates with 

higher Ca/P ratios (up to 2.5). In this regard, this study provided evidence that Ca/P ratios should be 

maximized (up to 2.5) in nanoparticulate calcium phosphate formulations to increase osteoblast 

adhesion; a necessary step for subsequent osteoblast functions such as new bone deposition. 

 

4. Conclusions 

 

Remarkable progress has been made in the field of biomaterials and the combining of scaffolds 

with either adult cells or stem cells gave rise to the birth of tissue engineering; the most promising 

tools for regenerative medicine. There remain some obstacles that could impede immediate clinical 

translation. Researchers will indeed need to better characterize stem cell fate following ex vivo 

manipulation and subsequent implantation. These biological challenges are further burdened by 

constraints of increasing health care costs, regulatory restrictions, and ethical concerns. However, the 

engineering of tissues and organs remains an exciting and dynamic field that requires a collaborative 

multidisciplinary approach [61]. 
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