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      FOREWORD


    


  




  

    This eBook provides an expert and up-to-date overview of the use of biopolymers in the design of smart therapeutic delivery systems, tissue-engineered scaffolds, implants and devices. It also covers future trends in the design and application of biopolymers and their overall potential benefits. The versatility of biopolymer technology and modification is channelled towards the development of advanced drug delivery systems for the treatment of various diseases as well as the elaboration of nanoscale structures for scaffolding. The various chapters of this eBook with contributions from polymer chemists, pharmaceutical scientists, chemists, biomedical and chemical engineers and other allied disciplines show that multi-disciplinarity is key for spanning the frontiers in biopolymer synthesis, modification and applications. The presentation of state-of-the-art research in the biopolymer area should be most helpful not only to researchers in the field but also to graduate students. Finally, the consolidation of ideas within this eBook, evident through the sterling credentials of the Editor Prof Viness Pillay, generates a unique viewpoint for the conceptualisation of novel biopolymeric systems in future.


  




  




  




  

    

      PREFACE


    


  




  

    The biopolymer landscape is undergoing a revolution and illuminates the propensity of certain multifunctional biomaterials to change the way biopolymers are synthesized and applied for the design of scaffolds in tissue engineering, controlling the spatial and temporal release of bioactives into the human body as well as to modulate the physicochemical and physicomechanical properties of therapeutic systems for enhanced form and function. For example at the Wits Advanced Drug Delivery Platform (WADDP) (http://www.wits.ac.za/waddp) we focus on specialized biopolymers that allow us to design therapeutic systems that can perform functions outside their range of conventional capability and into the blue skies realm, including 3D printability. The mechanized uniqueness of biopolymers is embodied not only in their macroscopic structural changes, but also in their ability to respond to varying stimuli, reversibly change their shape or even behave as in vivo tissue or organ surrogates. Such biopolymers have been applied in a vast array of biomedical applications that include stimuli-sensitive bioactive delivery systems, intelligent medical and surgical devices, tissue engineering, or implants for minimally invasive surgerybib7. In this eBook, we provide a topographical view of the tortuous biopolymer landscape and elaborate on the fundamental molecular mechanisms and physical dynamics of polymer behavior that bring about their advanced function. Furthermore, we highlight the diverse stimuli that instigate biopolymer function and discuss those that have undergone modification, functionalization and customization for specialized biomedical applications. We would like to thank the experts who have made immense contributions to the various Chapters within this eBook and have emphasized the fact that certainly the biopolymer landscape is far from flat. The future is exciting.


  




  




  




  

    

      Cationic Polymers for Biotechnological Applications


    


  




  

    

      INTRODUCTION




      Most of the naturally existing polymers are either neutral or negatively charged. There is only one cationic polysaccharide (chitosan), the rest being proteins




      which, although having the possibility to express a net positive charge at neutral pH, are zwitterions. This is most probably the reason why cationic polymers were the last to arrive to scientific literature. Most of the research related to basic and applied properties of cationic polymers dates from the last 20 years.




      In the case of proteins, their biotechnological applications are mostly based on their specific interactions that give rise to their biological functions. In this sense, they have been mostly used as active ingredients. There are many excellent reviews on protein based biotechnological applications. Therefore, we will focus this chapter mostly on cationic polysaccharides (natural and synthetic) and will include wholly synthetic cationic polymers that have been found to have interesting bioactive properties.




      The presence in their structure of functional groups that allow further modification renders cationic polymers attractive for many biological applications. The initial extensive studies were mostly focused on their interaction with anionic biomolecules and proteins through electrostatic interactions. More recently, several research groups have disclosed that they may have antioxidant, anti-tumor, antimicrobial, anti-inflammatory and immunomodulatory activities as well as many different non biological properties such as stimuli responsiveness (pH- or temperature-dependent structural changes), that give them highly promising potential utility.




      While some of the most widely studied cationic polymers possess intrinsic cationic charges, others have also been developed by introducing cationic groups to otherwise neutral polymers such as cationic cyclodextrins and dextrans. In this chapter, we will focus particularly on the properties and applications of three representative cationic polymers: chitosan (polysaccharide bearing primary and secondary amines), Eudragit E100 (with tertiary amine groups in its structure) and cationic cellulose SC240C (with quaternary amine groups). In the first section, we will give a brief description of the chemical nature and general properties of these cationic polymers and in the subsequent parts we will highlight recent advancements in applications, providing an overview of the interrelationships between structural and chemical properties and interactions of cationic polymers with other molecules or structures.




      We expect to give the reader a broad picture of the current state of the art of cationic polymer biotechnological applications and the different avenues that research in this field has explored with its surprising findings.




      

        Chemical Structure and General Properties of Cationic Polymers




        

          Chitosan




          Chitin is the second most abundant natural biopolymer as it is the main component of the exoskeletons of insects and crustaceans. Its chemical structure is similar to that of cellulose with monomers of N-acetylglucosamine attached via β(1, 4) linkages [1]. Chitosan is the low acetylated form of chitin (Fig. 1a). It can be found in nature in the cell walls of yeasts and fungi [2]. However, due to its low abundance in nature, most of the chitosan that has been used for technological and industrial applications is prepared by partial deacetylation of chitin. The presence of primary and secondary amine groups confers chitosan water solubility at acidic pH. In this regard, chitosan deacetylated in large proportion (at least 85%) is easily soluble up to pH 6.5, but as the deacetylation degree decreases, the solubilization also declines. With an increase in the deacetylation degree more positively charged amine groups are present which gives the polymer an intrinsic possibility to interact electrostatically with negatively charged molecules. It has also been shown to interact with several metals and metal oxides, a property that has been used in several technological applications (as detailed later in the chapter).




          Because of the presence of reactive amine and hydroxyl groups in its structure chitosan has been frequently modified using cationic molecules or grafting small molecules of other polymers to attain a desired function. Quaternization of chitosan has been used to provide the polymer a pH independent cationic character which results in an improvement of the stability of ionic complexes with negatively charged molecules [3, 4].


        




        

          Cationic Cellulose




          Cellulose is the most naturally abundant polysaccharide throughout the world. Cationic cellulose derivatives have been synthesized by several groups with the aim of designing novel biodegradable materials for cosmetic and therapeutic applications [5 - 7]. In this context, by reacting trimethyl ammonium substituted epoxide with a hydroxyethyl cellulose backbone, positively charged cellulose containing quaternary ammonium groups has been synthesized and is commercially available under different brand names: PQ-10, SC-230, SC-240C, Sensomer 10M, etc (Fig. 1b). This cationic cellulose has been designed for use in cosmetic and hair care products. Due to its pH independent cationic character it is highly water soluble, giving clear viscous solutions.
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            Fig. (1))




            Chemical structure of: (a) chitosan; (b) cationic cellulose PQ-10 and (c) Eudragit E100.


          


        




        

          Cationic Methacrylates




          Although not strictly biopolymers, because of their wide and growing uses for biotechnological applications, we will include a brief summary of a synthetic cationic polymer derived from polyacrylates. Copolymers of methacrylates based on dimethylaminoethyl, butyl and methyl methacrylate have been prepared to be used as pharmaceutical excipients. Among these polymers, a series of derivatives known as Eudragit® have been introduced in the pharmaceutical market more than fifty years ago by Rohm GMB & Co. A series of polymers with different molecular weights are available for different applications.




          As with most cationic polymers, modifications of the structure have been investigated. Several chemical modifications have been characterized in order to search for special properties, i.e.: inhibition of aggregate formation by grafting of PEG, improvement in pH and temperature responsiveness by grafting chitosan, improvement of biodegradability by the introduction of esther linkages and so on [8 - 10]. We will describe below recent applications of one of these polymers, Eudragit E100, a cationic aminoacryl methacrylate copolymer containing a tertiary amine group that was developed to be used in the pharmaceutical industry to mask flavours and to avoid drug crystallization (Fig. 1c) [11, 12].


        


      




      

        Biotechnological Applications




        

          Food Applications




          

            Chitosan




            Chitosan has been shown to have interesting nutritional and physiological activities. It has been described that chitosan acts as a dietary fiber with important hypocholesterolemic effect, reducing lipid absorption and enhancing cholesterol elimination [13 - 15]. In the food industry, this biopolymer offers a wide range of applications including food products [16 - 18], food preservation [19 - 23], biodegradable films [24 - 29], recovery of waste material [30 - 37], water purification [38 - 43] juice clarification and deacidification [44 - 48] and its use in texture controlling, emulsification and stabilization [42]. In the dairy industry, chitosan has been used to remove milk fat, proteins and peptides from cheese whey [32, 35, 49].




            Many of its properties have been related to some degree to the fact that it is a positively charged polymer. In this sense, the high content of electronegative domains in casein micelles offered an attractive model to explore not only the interactions but also on the specific properties of the complex [50 - 56].




            As can reasonably be expected, chitosans of different mean molecular weight (MMW) promote a selective coagulation of casein micelles from whole and defatted milk. Not as obvious though, it was found that the process involves not only electrostatic but also hydrophobic interactions (Fig. 2). The coagulation process is similar to that observed using rennet or acid coagulation methods and, although it was demonstrated that chitosan interacts and modifies the stretching of the phosphate bond in caseins, the coagulation does not depend on the presence of phosphates or milk fat [51]. On the other hand, although lipolytic enzymes only hydrolyze about 50% of the triglycerides present in the aggregates, the complexes between chitosan and caseins are very well hydrolyzed by gastrointestinal proteases, releasing soluble peptides at a rate similar to that produced by acid or rennet, rendering the additional benefit of low fat absorption after ingestion [52].




            Networks of casein micelles result from the aggregation of stable micelles caused by a reduction of repulsive forces [54, 55]. On this basis, it was demonstrated that the aggregation of caseins induced by chitosan involves electrostatic and hydrophobic interactions that contribute actively to the association [52 - 56].




            Another applications of chitosan are based in its antimicrobial activity at pH <6 against bacteria and fungi [42, 53, 57]. Although the mode of antimicrobial action of chitosan is not completely understood, it is well established that the molecular structure of chitosan is a prerequisite for its antimicrobial activity [58, 59]. The polycationic characteristic of chitosan in acidic medium is the main factor contributing to the antimicrobial activity.




            Due to the positive surface charges at acidic condition, chitosan interacts with anionic components on bacteria surface, such as negatively charged lipopolysac-charide in the outer membrane of Gram negative bacteria and peptide glycan and teichoic acid in the cell wall of Gram-positive bacteria [60, 61]. More recently, it has been shown that chitosan microparticles display antimicrobial activity even at neutral pH through the interaction via hydrogen bonding with the outer membrane protein OmpA [45]. The interactions between chitosan and OmpA disrupt bacterial membrane thus causing their death. Of more importance, this activity seems to be exerted against a broad-spectrum of pathogens like E.coli O157:H7, V. cholerae, S. enterica, K. pneumoniae and S. uberis [62].




            In this connection, and in relation to the results described above on the interaction between chitosan with casein micelles, it is worth mentioning that, although the polymer shows a dose dependent antibacterial activity, its inhibiting effects were greatly reversed when it was incubated with milk before its exposure to bacteria. Therefore, it was possible to use the milk curds obtained using chitosan in cheese-making [53].


          




          

            Eudragit E100




            As with chitosan, upon addition of E100 to milk a coagulation process occurs almost immediately after addition of the polymer [63]. However, upon increasing the concentration of E100 a complete solubilization of the precipitate was observed. Upon incorporating an excess of E100 a reduction in turbidity and light scattering of milk or casein solutions confirmed that at high concentration E100 dissociates casein micelles into submicelles or casein oligomers [63]. Fig. (2) summarizes the events that take place upon mixing E100 with milk.
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              Fig. (2))




              Schematic representation of the effect of the different cationic polymers on lactic casein. The biphasic effect of E100, with a first precipitation stage followed by a second of redissolution of the aggregates at higher concentrations, is observed. However, the addition of Chitosan or SC-240C to the micelle suspension results in formation of aggregates that do not dissociate with increasing polymer concentration.


            


          




          

            Celquat SC-240C




            The cationic hydroxyethylcellulose, Polyquaternium-10 (PQ10) also known as Celquat® SC-240C (Fig. 1c), has been also shown to destabilize and precipitate casein micelles through electrostatic interactions between its quaternary ammonium groups and the negatively charges of casein micelles [64]. However, in this case, the casein aggregates can be simply resolubilized through the addition of low ionic strength (Fig. 2) [64]. Interestingly, the resuspended micelles retain most of the original calcium present and only around 10% of the lactose [64]. It can also be seen as a simple method for casein concentration which retains most of the calcium content of the original milk. Furthermore, the presence of this polymer does not affect the activity of gastrointestinal lipases and proteases and growth of milk fermenting bacteria, opening the possibility of using Celquat® for preparing fermented dairy products fortified in fiber [64].




            Regarding the mechanism of action, it is clear that there is a general trend from completely electrostatic associations (Celquat®) to a combination of electrostatic and hydrophobic interactions (chitosan and E100) [50]. In the case of E100, the intrinsic amphipaticity of the polymer favors a disruption of the micelles at high polymer concentrations [63]. On the other side, for the quaternary ammonium containing polysaccharide Celquat®, its association with casein micelles is basically electrostatic in nature (Fig. 2).


          


        




        

          Biomedical Application of Cationic Biopolymers




          

            Hydrogels for Space Filling and Drug Delivery Applications




            There is an increasing interest in biocompatible hydrogels for a variety of therapeutic uses. The most obvious is in the design of drug-delivery systems, but the possibility to attain different stress-related responses make them attractive for the development of space-filling applications. Furthermore, the possibility to exploit their bioactive properties makes them interesting as scaffolds for the design of tissue replacement products.




            Natural or synthetic polymers have been used in the preparation of cationic polymer based hydrogels [65 - 67]. Although chitosan-based hydrogels are the most widely studied, cationic cellulose derived ones have recently been synthesized as part of a strategy to develop new biomaterials [68, 69]. In the case of hydrogels made using charged polymers there are two main preparation alternatives: a) covalent crosslinking or b) electrostatic complexation. In the latter case, reversible hydrogels are formed, which allows the preparation of an environmental multi-responsive material that changes its properties depending on the ionic strength, pH or other molecules.




            Irradiation of aqueous solutions of a quaternary ammonium -substituted hydroxyethyl cellulose (Celquat SC240 from National Starch & Chem. Co.) resulted in the formation of intermolecular crosslinks and also in the sterilization of the material [69].




            Within the known hydrogels are those that arise from the combination of a cationic biopolymer with oppositely charged polymers. This combination is referred to as polyelectrolyte complexes, whom have been subject of thorough research during the last decades. These complexes have huge potential for many practical applications because they are naturally available and have a good biocompatibility. For instance, the electrostatic complexes between chitosan and negatively charged polymers have been extensively studied [70 - 76]. The hydrogels thus formed exhibit pH responsiveness, what makes them “rheologically smart” for drug delivery applications. Polyelectrolyte complexes betweeen polycationic celluloses and carbopol [77] or glycosaminoglycans have been used in the development of personal care applications [78, 79].




            Recently, we found that PQ-10 interacting with chondroitin 4-sulfate (C-4S) displays rheological properties that make the complex a potential candidate as a replacement o synovial fluid for osteoarticular therapy [80]. Furthermore, glycosaminoglycans (GAGs) are natural components of cartilage and have been shown to exert a positive effect on chondrocytes that promote cartilage repair [81 - 83].




            However, although positive outcomes have been observed using intra-articular injections of hyaluronic acid or chondroitin sulfate, the unresolved problem is still that they are removed in a few months, giving rise to the need of frequent treatments. In our work, the combination of C-4S with PQ-10 would give the support for a longer residence time at the site of application (trials under course).




            Polycations are also employed in ophthalmic drug delivery. Chitosan, among others have been frequently used to prepare highly viscous ophthalmic solutions, that also take advantage of its strong adhesion to epithelial tissues and its known activity as a penetration enhancer [84 - 87].




            Various synthetic cationic polymers have been also studied as positively charged nanoparticles that electrostatically interact with the ocular surface [84]. Several groups demonstrated that positively charged acrylate copolymers are well tolerated and do not induce inflammation and/or discomfort in the rabbit eye [85, 87, 88]. Another example of polymeric nanoparticle suspensions is Flurbiprofen (FLU) loaded in Eudragit RS 100 and RL 100 which have been shown to be effective in preventing myosis induced during extracapsular cataract surgery [86]. Soluble inserts are also made with chitosan and Eudragit RS for veterinary applications [89].




            Due to the possibility to interact electrostatically with nucleic acids, cationic polymers have been extensively studied as potential gene delivery systems. In this section, we will review some recent reports in their use for different therapeutic applications.


          




          

            Metal Complexion Activity of Chitosan- its Application in a Mouthwash




            As stated above, the presence of primary amine groups in chitosan confers upon it the possibility to form stable complexes with several metal ions. This property has been used to stabilize a redox couple formed by ascorbic acid and Cu2+. Numerous studies support the antimicrobial activity of ascorbic acid [90, 91]. It is also known that this antimicrobial activity is increased by the presence of Cu2+ which not only catalyzes the oxidation of ascorbic acid but also increases its antimicrobial activity with a synergic effect. The antimicrobial activity of chitosan on Streptococcus mutans added to its ability to form complexes with Cu2+ were the basis for the development of a mouthwash [92]. Curiously, a formulation containing Cu2+, ascorbic acid and chitosan also displayed antimicotic activity against Candida albicans, the most frequent pathogen that induces oral micosis [92]. It is well known that aqueous solutions of CuSO4 have a long stability. On the other side, ascorbic acid is stable as a solid and is rapidly hydrolyzed when dissolved in water. Our results demonstrate that in the presence of 0.1% (w/w) chitosan aqueous solutions of ascorbic acid retain their antimicrobial activity for at least 2 months. Furthermore, one of the main concerns of using a redox couple between ascorbic acid and Cu2+ was the extremely low stability caused by the catalytic activity of Cu2+ on ascorbic acid oxidation. As expected, complexation of Cu2+ with chitosan increased the stability of ascorbic acid from less than 1 min to more than 1 h [92].


          




          

            Virus Inactivation




            The thermodynamic characterization of the interaction between E100 and casein micelles previously described, led to the suggestion that the polymer could have amphipathic properties [93]. This behavior was observed only with Eudragit E100, a cationic polymer with tertiary ammonium groups but not with other polymers with primary and secondary amine groups (chitosan), and quaternary ammonium compounds like cationic cellulose (see above).




            Studies using model membrane systems revealed that the hydrophilic / lipophilic balance of the molecule E100 is an essential factor in the amphipathic behavior of the polymer and that the interaction of E100 with different biological and synthetic structures involves electrostatic and hydrophobic forces. The balance of hydrophilic and hydrophobic residues in E100 allows this polymer to interact with different supramolecular structures [94]. Furthermore, the strong interaction of E100 with biological membranes produces a dramatic disruption of membrane permeability. These results were the basis for studies aimed to evaluate if E100 could have an effect on the infectivity of enveloped virus. The basic strategy (outlined in Fig. 3) was based on the idea that if the polymer-virus interaction is strong enough but there are still positively charged groups it would be possible to design a simple protocol to remove the polymer from the solution either by its interaction with a cation exchange chromatography column or by its precipitation from the solution after its positively charged groups are neutralized by a subtle change in pH (Fig. 3). The results revealed that after treatment with E100, infectious titers were reduced to values below the detection limit of herpes virus (VHS), vesicular stomatitis virus (VSV), bovine viral diarrhea virus (BVDV) and measles virus (MV) using both remotion strategies (Table 1). In addition, molecular biology studies with the immunodeficiency virus (VIH) and hepatitis C virus (VHC) confirmed that the interaction of E100 with virus allows removing the virus particles from the media (Table 1). Interestingly, the treatment of plasma components or biopharmaceuticals with E100 did not affect significantly the biological activity of most proteins studied (Table 2) [93, 94].


          




          

            Modulation of Inflammatory and Immune Response




            

              Wound Healing Activity




              From its discovery, chitosan has been widely used in the treatment of wounds because of its hemostatic properties and also because it stimulates healing, has antimicrobial activity and is harmless and biodegradable. Many in vitro studies addressed applications of chitosan in wounds and burns. Formulations studied include chitosan and its derivatives with other molecules. For these applications, chitosan was processed as fibers, membranes, gels, beads, and sponges [95 - 105].




              Chitin and chitosan promote wound healing and a good-looking skin surface through the activation of neutrophils and macrophages present at wounded sites [106 - 108].
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                Fig. (3))




                Summary of E100 interactions with virus and their inactivation and remotion by either ion exchange chromatography or precipitation by pH change (for details see Alasino et al. [93,94]).


              




              

                Table 1 Summary of viral reduction by E100 and cation exchange chromatography.




                

                  

                    

                      	Virus



                      	Virus Characteristics



                      	Virus Inactivation (log10)

                    




                    

                      	Family



                      	Genome



                      	Size(nm)



                      	E100



                      	CEC



                      	TR

                    


                  



                  

                    

                      	HSV



                      	Herpes



                      	dsDNA



                      	120-200



                      	
> 7.2(a)




                      	
> 5.0(a)




                      	
> 12.2(a)


                    




                    

                      	BVDV



                      	Flavi



                      	+ssRNA



                      	50-70



                      	
> 6.5(a)




                      	
> 5.0(a)




                      	
> 11.5(a)


                    




                    

                      	VSV



                      	Rhabdo



                      	-ssRNA



                      	70-170



                      	
> 7.7(a)




                      	
> 5.0(a)




                      	
> 12.7(a)


                    




                    

                      	MV



                      	Paramyxo



                      	-ssRNA



                      	150-300



                      	
> 5.0(a)




                      	nd



                      	____

                    




                    

                      	HCV



                      	Flavi



                      	+ssRNA



                      	40-60



                      	bdl(b)




                      	bdl(b)




                      	____

                    




                    

                      	HIV



                      	Retro



                      	+ssRNA



                      	80-100



                      	bdl(c)




                      	nd



                      	____

                    


                  

                




                

                  E100: Incubation with eudragit E100 (10 mg/ml) for 60 min at 37 ºC and removal of the polymer by rising pH to 8.5 and centrifugation a 5000 x g during 10 min.




                  CEC: Cation Exchange Chromatography.




                  TR: Total Reduction of combined treatments.




                  nd: Not determined bdl: Below Detection Limit




                  (a) TCID50/ml (b) 600 IU/ml (c) 50 copies/ml


                




              




              

                Table 2 Concentration of lipids and proteins in human plasma treated with E100.




                

                  

                    

                      	



                      	
Level in plasma


                      (Control without E100)




                      	Level in plasma treated with E100 - 10 mg/mL)



                      	Percentage remaining

                    


                  



                  

                    

                      	Cholesterol (mg/dl)



                      	149 +/- 9



                      	51 +/- 4



                      	34%

                    




                    

                      	Triglyceride (mg/dl)



                      	174 +/- 10



                      	63 +/- 5



                      	36%

                    




                    

                      	Protein (mg/dl)



                      	6.1 +/- 0.5



                      	6.0 +/- 0.4



                      	98%

                    




                    

                      	Glutamic oxalacetic


                      transaminase


                      GOT (IU/dl)



                      	13 +/- 1



                      	13 +/- 1



                      	100%

                    




                    

                      	Glutamic pyruvic


                      transaminase


                      GPT (IU/dl)



                      	11 +/- 1



                      	10 +/- 1



                      	91%

                    




                    

                      	Lactate dehydrogenase LDH (IU/dl)



                      	292 +/- 26



                      	282 +/- 27



                      	97%

                    




                    

                      	Alkaline phosphatase (IU/ml)



                      	154 +/- 14



                      	137 +/- 13



                      	89%

                    




                    

                      	Anti-D titre


                      (IU/dl)



                      	1:32



                      	1:32



                      	100%

                    




                    

                      	Antithrombin III


                      (recovery post treatment)



                      	90



                      	88



                      	98%

                    


                  

                




              




              In this connection, the activation of mannose receptors of neutrophils and macrophages is responsible for the primary inflammatory reaction [107, 109 - 111]. Afterwards, they increase the production of the anti-inflammatory cytokine transforming growth factor β (TGF [112, 113].




              At the molecular level, it is also known that L-Arginine metabolic products are important modulators of the wound healing process. Two distinct enzymes participate in this process. On the one side, arginase converts arginine into urea and ornithine, the precursor for polyamines which promote proliferation in various cell types acting as a positive stimulus for wound healing. On the other side, inducible nitric oxide synthase (iNOS) that catalyzes the formation of nitric oxide (NO) which is an important signal for collagen accumulation and wound strength [114]. In this context, we showed that LMW chitosan enhances arginase and iNOS activity in resident macrophages, with a more marked effect on the activation of arginase in inflammatory macrophages [108]. It has been demonstrated that the hydrolysis of L-arginine by arginase is the main pathway in maturating wounds [115]. Therefore, an enhanced arginase activity could be an important effector of the healing activity of positively charged polymers like chitosan [108].




              These results clearly demonstrate that chitosan, and other cationic polymers, can be used for the treatment of wound and burn infections not only because of their ability to deliver extrinsic antimicrobial agents and growth factors to wounds and burns, but also by virtue of their intrinsic properties to modulate the main physiological pathways involved in healing. Altogether, these results indicate that cationic polysaccharides will certainly be used in the development of new technological products for the management of wounds and burns.




              Another polycation of synthetic origin that has begun to be used in patches is E100, in combination with cohesion promoters, and secondary polymers such as Eudragit RL or RS which are also polycations. These facilitate the release of the drug incorporated for controlling anaerobic infections in chronic wounds [116].


            


          




          

            Modulation of Mucosal Immunity




            As stated above, one of the most studied applications of biopolymers is on drug delivery. Cationic polymers have been used as hydrogels, drug conjugates (via covalent hydrolysable bonds) or polyelectrolyte complexes [65 - 67]. It has been proposed that complexes with protein/peptide APIs (active pharmaceutical ingredients) chitosan prevents their degradation by intestinal proteases [117]. Despite all the claimed benefits of as drug delivery vehicles, it has been recently established that biopolymers, can exert modulating activities on gut associated immune system [117 - 120]. In this regard, microspheres of chitosan have shown adjuvant properties against diphtheria and Bordetella bronchiseptica increasing antibody levels after intranasal or oral administration [121, 122].




            Although it is generally accepted that the oral route is tolerogenic, oral administration of an antigen can result in local and systemic priming or tolerance, and the basis of this dichotomy is poorly understood [123, 124].




            Recently, we found that after a single oral dose of chitosan, either alone or combined with proteins, there is an increase in the production of anti-inflammatory cytokines at the level of mucosal sites [117, 118]. We demonstrated that upon feeding, the polysaccharide is taken by cells present at Peyer’s patches (PP) and mesenteric lymph nodes (MLNs) [119]. We also demonstrated that the co-administration with type II collagen enhanced the oral and systemic tolerance toward this antigen, reducing the symptoms in experimental arthritis [119, 124]




            Rats fed type II collagen (CII) in association with chitosan had reduced levels of immunoglobulin G anti-CII, a limited proliferation in draining lymph nodes and a lower release of interferon- γ (IFN-γ) after re-stimulation with CII.




            In summary, oral co-administration of chitosan with proteins can promote their uptake and distribution modifying the profile of cytokines and chemokines not only PP and MLN but also in the spleen of treated animals [117].




            Curiously, chitosan itself elicited signals at the epithelial lining that stabilized the homeostatic non-inflammatory microenvironment in gut mucosa [125]. Upon chitosan feeding the epithelium maintained the constitutive expression of injury markers suggesting that, at least orally, chitosan is not an inflammatory stimulus [125]. Moreover, following chitosan administration, the levels of the anti-inflammatory cytokines IL-10, IL-6 and TGF-β increased. Altogether, after chitosan feeding, a mild activation of IECs occurs which is followed by an increase in the production of regulatory factors that are responsible for its immunomodulatory effects (Fig. 4).




            From all what is known, it is clear that gut epithelium is an active component in the modulation of intestinal microbiota and homeostasis through the production of mucus and peptidic factors and also through a complex signaling mechanism that involves the mucosal immune system [126, 127]. In this context, detection and response to the presence of microbes are very important in maintaining gut homeostasis. Recognition of microbial pathogen-associated patterns is performed by Toll-like receptors (TLRs). These receptors bind to molecules associated to threats, most of which are negatively charged molecules like lipopolysaccharides (LPS) and nucleic acids. As expected, cationic polymers can interact electrostatically with these molecules independently of their sequence, therefore acting as a kind of “molecular scavenger” with anti-inflammatory activity [128, 129].
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              Fig. (4))




              Chitosan main effects on the epithelian lining and immune cells located beneath enhance the regulatory environment. The polysaccharide protects complexed protein antigens from protease degradation (#1), promoting the induction of oral tolerance (#6). Chitosan is able to stimulate the epithelial lining inducing arginase activity (#4) and triggering chemoattractant signals (#2) that recruits immature dendritic cells (#3). The biological activity of this cationic polymer elicits a stream of regulatory signals (#5) that contribute to the intestinal homeostasis.


            


          


        


      


    




    

      CONCLUDING REMARKS AND FUTURE PERSPECTIVES




      From the countless biotechnological applications in which cationic biopolymers have been studied we selected just a few to stress several of the major points that should be kept in mind when attempting to use any of them, either alone or combined with other molecules, for the design of novel products or processes.




      When dissolved cationic polymers generally increase the viscosity of the solution, a property shared with neutral and negatively charged polymers. Although for some applications this is a desired effect, viscosity should be carefully controlled when preparing a solution of the polymer as an intermediate step in a process that requires further interactions of the cationic polymer with other molecules. The presence of several positive charges within a single molecule is the dominant force for establishing electrostatic interactions, which take place extremely fast. Therefore, it is frequently seen that complete mixing of components is difficult and should be carefully controlled. Otherwise, the structures formed will be unstable and not easily reproducible in their properties (water retention, degradability, etc).




      When studied in applications in which the most obvious effects would be those derived from the electrostatic interactions with negatively charged structures (either individual molecules or complexes like casein micelles or cellular membranes) the first point that the reported results stress is that although electrostatic interactions are always present and may be important for the initial approaching the final result will depend on the balance between hydrophilicity and hydrophobicity of the polymer structure. We have shown several examples in which the hydrophobic component of the interaction ends up acting as a determinant of the overall result (i.e. dissociation of casein micelles into monomers or lysis of cell membranes).




      A couple of examples have shown that the possibilities to form complexes with either small ions (Cu2+) or large polymers (chondroitin sulfate) can be used to stabilize and prolong a desired effect.




      The possibility that cationic polymers could have an intrinsic bioactivity has generally been mistreated, ignored or simply denied. We have shown herein the numerous effects that can be induced just by a single oral dose of chitosan, either alone or associated with a protein. It is thus extremely important to stress the point that cationic polymers should never be considered as an inert, biocompatible component of biotechnological applications aimed to interact with living systems (drug delivery systems or hydrogels for space filling applications). In this context, it should also be emphasized that biocompatibility, biodegradability and polymer bioactivities not only depend on their chemical nature but also on the physical structure in which they are presented to biological systems.




      In conclusion, the versatility of properties and the diversity of functions attainable with cationic polymers make it reasonably to assume that we will see more and more biotechnological applications of these marvelous molecules in the near future.
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      ABBREVIATIONS




      

        

          	



          	

        




        

          	APIs



          	active pharmaceutical ingredients

        




        

          	BVDV



          	bovine viral diarrhea virus

        




        

          	CII



          	type II collagen

        




        

          	CD4+



          	lymphocytes

        




        

          	C-4S



          	chondroitin 4-sulfate

        




        

          	DCs



          	mucosal dendritic cells

        




        

          	E100



          	Eudragit, cationic aminoacryl methacrylate copolymer containing a tertiary amine group

        




        

          	GAGs



          	sulfated glycosaminoglycans

        




        

          	ICAM-1



          	Intercellular Adhesion Molecule 1

        




        

          	IECs



          	isolated intestinal epithelial cells

        




        

          	IFN-γ



          	interferon- γ

        




        

          	(Ig)G2a anti-CII



          	immunoglobulin

        




        

          	IL-



          	interleukin

        




        

          	iNOS



          	inducible nitric oxide synthase

        




        

          	LMW



          	low molecular weight

        




        

          	LPS



          	lipopolysaccharides

        




        

          	MHC



          	histocompatibility complex

        




        

          	MLNs



          	mesenteric lymph nodes

        




        

          	MMW



          	mean molecular weight

        




        

          	mRNA



          	messenger RNA

        




        

          	MV



          	measles virus

        




        

          	NO



          	nitric oxide

        




        

          	OmpA



          	outer membrane protein

        




        

          	PEG



          	Polyethylene Glycol

        




        

          	PMN



          	polymorphonuclear leukocytes cells

        




        

          	PP



          	Peyer’s patches

        




        

          	PQ-10



          	Polyquaternium-10 cationic hydroxyethylcellulose, also known as Celquat® SC-240C, containing quaternary ammonium group

        




        

          	SC-230



          	another brand name for PQ-10

        




        

          	SC240C



          	see PQ-10

        




        

          	TFFs



          	trefoil factors

        




        

          	TGF-β



          	transforming growth factor β

        




        

          	TLRs



          	Toll-like receptors

        




        

          	VHC



          	hepatitis C virus

        




        

          	VHS



          	herpes virus

        




        

          	VIH



          	immunodeficiency virus

        




        

          	VSV



          	vesicular stomatitis virus
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      1.. INTRODUCTION




      Early in human development, the capacity of various tissues and organs to regenerate in response to tissue damage or tissue turnover is lost [1, 2]. Blood, liver parenchyma, epithelium, hair, nails, and bone marrow are among the tissues that maintain the ability to regenerate [3]. Conversely, when the wound is larger than a critical size that depends on the tissue (e.g., cartilage, retina, muscle, spinal cord, alveoli, pancreas, myocardium, mucous connective tissue and dermis) is replaced by scar tissue, which is structurally and functionally different to the original one [4]. Some vertebrates grouped as Urodela within the order Caudata, have kept the extraordinary ability to regenerate tissues, appendages and body parts when these structures are lost or injured [5, 6]. Cellular dedifferentiation underlies this capability because differentiated cells present in the injured site dedifferentiate to progenitor cells that will then re-differentiate and synthesize the new tissue required to replace the lost one [7]. Regeneration involves three stages: acute response to the injury, formation of progenitor cells, and morphogenesis of tissues and organs that will replace the missing structure [8]. During regeneration, removal of damaged tissue is accompanied by synthesis and remodeling of new tissue that replaces the damaged or lost one [9]. For this reason, only the formation of new tissues and organs should be regarded as regeneration. Despite this, it is common to consider the compensatory hyperplasia that occurs in mammal glands such as thyroids, adrenals, and liver as regeneration [10].




      Wound healing in adult mammals does not exhibit cell dedifferentiation and morphogenesis [11]. Except epithelia and bone, most mammal tissues do not regenerate like the salamander´s tissues do, instead upon injury they heal with scarring [4, 11]. This process leads to the formation of non-functional contracted tissue that lacks the structure of the injured one [4, 12]. Due to the limited human capacity to regenerate, the most commonly used treatments to address the loss of tissues and organs are transplants, autografts, homografts, and prosthesis. Usual drawbacks of these approaches are the scarceness of graft tissue, creation of wounds in donor areas, and immune rejection. Tissue engineering approaches have been developed to overcome them [13]. Despite their limitations, artificial tissues and organs developed by tissue engineering are becoming an option to promote regeneration rather than fibrotic tissue repair [14].




      The scaffold that serves as an extracellular matrix (ECM) analog is an important component of soft engineered tissues [15]. It has been demonstrated that scaffolds effectively delay wound contraction and induce regeneration when they are bioactive [16]. In recent years, several types of scaffolds have been designed and produced using different biomaterials and methods that influence their bioactivity. In fact, data gathered during in vivo evaluation of engineered tissues indicate that the outcome of wound healing is associated with scaffold composition, biodegradability, mechanical properties, and microstructure.




      Biomaterials used to manufacture scaffolds must be biocompatible, biodegradable and, in most of the cases, pro-angiogenic. They could be natural or synthetic polymers, and can be used alone or in combination [17]. Natural biomaterials are mainly animal proteins constituents of the ECM of mammal tissues that display characteristics that promote cell adhesion, proliferation and migration. Besides being present in the connective tissue, collagen type I underlie the vascular endothelium and its exposure upon endothelium injury is a primary initiator of the coagulation cascade, being this the reason for its use as a haemostatic agent [18]. Due to its biocompatibility, biodegradability, and ease of tailoring in a 3D assembly, it has been extensively investigated as scaffolding material for accelerated tissue regeneration [16, 19 - 21]. The above mentioned advantages have triggered development of substitutes for skin [22], oral mucosa [23], cartilage, tendon, nerve, and vocal fold regeneration based on collagen type I scaffolds. This chapter initially reviews some of the parameters that influence scaffold bioactivity emphasizing on collagen type I scaffolds. Then the major clinical applications of collagen I substrates in soft tissue engineering are discussed.


    




    

      2.. SCAFFOLDS FOR SOFT TISSUE ENGINEERING




      Tissue major components are cells and the ECM secreted by them during tissue morphogenesis. The ECM consists of a complex network of proteins, proteoglycans, and polysaccharides that offer attachment sites for cells and play an important role in cell differentiation, cell migration, cell signaling, regeneration, and repair [24 - 26]. It contributes to the mechanical integrity of the tissue by increasing its resistance to tensile stresses [27], and facilitates transport of nutrients and wastes [28, 29]. Most cells are constantly changing the ECM to sculpt their microenvironment in a dynamic reciprocal communication that conveys intracellular signaling [24, 25], influences the phenotype of cell, induces tissue formation [29], and controls homeostasis [30]. Consequently, cell-ECM interactions are essential in morphogenesis and wound healing.




      In tissue engineering, scaffolds are used as analogs of the ECM during the healing of tissues and organs that have been damaged or lost. Increasing evidence has demonstrated that scaffolds seeded or unseeded with cells, when implanted, can promote tissue regeneration. In fact, we have shown in a lagomorphic model of oral mucosa wound that partial thickness mucosal wounds heal faster and better when grafted either with autologous artificial tissue made from collagen type I scaffolds or with acellular collagen type I scaffolds than those closed by secondary intention [31].




      Ideally, tissue engineered products should promote tissue regeneration over tissue repair; to fulfill this purpose, scaffolds must be designed considering the characteristics of the site to be implanted. In other words, a scaffold intended for soft tissue application will demand a different design than a scaffold that will be employed in hard tissue [32, 33]. Chemical composition, degradation rate, mechanical properties, and microstructure are the four parameters that must account in designing pro-regenerative scaffolds. These characteristics are interconnected and determine scaffold bioactivity, i.e., whether or not regeneration rather than repair will occur when a scaffold is implanted (Fig. 1).
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        Fig. (1))




        Scaffold parameters that influence tissue regeneration. The chemical composition, microstructure, mechanical properties, and degradation rate of the scaffold must be designed to inhibit wound contraction in the specific implantation site.


      




      The biomaterials used to manufacture scaffolds are natural and synthetic polymers and their modification or combination (Table 1). In general, they are easy to tailor in a 3D assembly exhibiting the strength, degradation time, and microstructure demanded by the zone to be implanted.




      One critical feature of the biomaterials used in tissue engineering is biocompatibility; they do not induce adverse responses in animal beings and can interact properly with the living environment to induce tissue regeneration [34]. Scaffolds and artificial tissues synthesized with them are not intended to be permanent in the grafted site [35]. The own cells of the host degrade and replace these products with new tissue similar to the one that has been lost [36]. Consequently, the scaffold material must be biodegradable and the resulting degradation products should be easy to eliminate from the body. They also must be pro-angiogenic because seeded cell survival crucially depends on the rapid establishment of blood supply (except in avascular tissues such as cartilage and the transparent structures of the eye) [37].




      

        Table 1 Polymers used to manufacture scaffold for soft tissue engineering.




        

          

            

              	Biomaterial



              	Reference

            


          



          

            

              	Natural



              	
Decellularized tissues


              Heart valves, human skin, human nerves, porcine intestinal submucosa and bladder



              	[38 - 42]

            




            

              	
Proteins


              Collagen, fibrin, elastin and silk



              	[31, 43, 44]

            




            

              	
Polysaccharides


              Glycosaminoglycan, chitin, chitosan (chitin derivative), starch, cellulose, agar and alginate



              	[45, 46]

            




            

              	
Natural polyesters


              Polyhydroxybutyrate, poly(hydroxybutyrate-co-valerate)



              	[47, 48]

            




            

              	Synthetic



              	
Polyesters


              Poly (epsilon-caprolactone), poly(lactic acid), poly(glycolic acid) and their copolymers.



              	[49, 50]

            




            

              	
Polyanhydrides


              Polymers and copolymers of 1,6-bis (p-carboxyphenoxy) hexane; 1,8-bis (p-carboxyphenoxy) -3,6-dioxaoctane; 1,6-bis (p-carboxyphenoxy) propane; (o-carboxyphenoxy) p-xylene



              	[51 - 53]

            




            

              	
Polyalkylcarbonates


              Structures based on 1,3-trimethylene carbonate



              	[54, 55]

            




            

              	
Polyethers


              Polyethylene glycol



              	[56, 57]

            




            

              	
Synthetic polypeptides


              Self-assembling peptides



              	[58]

            


          

        




      




      Collagen type I fulfills all the above mentioned requirements for a biomaterial with tissue engineering application: one of its major roles is to provide tensile strength, it has cell binding sequences (e.g., RGD motifs recognized by cell membrane integrins), it is degraded by cell secreted collagenases, and it is a highly conserved protein within mammals characterized for being a poor immunogenic biomaterial [59]. In fact, studies in mice and rabbits have shown immune responses to collagen only when immunizations are carried out with adjuvants, and after several expositions during an extended period of time [60]. The main natural sources of this protein are bovine, porcine, murine and human tissues. Currently, one of the most important sources of human collagen type I is the human placenta [61]. Collagen type I clinical application in soft tissue engineered is versatile and widespread. In this chapter we will not discuss decellularized mammal tissues as collagen substrates for soft tissue engineering because they have unknown quantities of other ECM components (e.g., glycosaminoglycans, proteoglycans, and growth factors) [62].


    




    

      3.. MAIN CHARACTERISTICS OF COLLAGEN SCAFFOLDS




      

        3.1.. Degradation Rate and Mechanical Properties




        Tissue engineering scaffolds are temporary devices that facilitate tissue healing and regeneration. After implantation they become degraded and undergo changes leading to a decrease in their mechanical properties [63, 64]. Therefore, scaffold degradation rate might be tuned with tissue turnover to ensure that injured tissue is replaced by new one. Some soft tissue engineering applications such skin and mucosa may require relatively rapid degradation times [16], while other applications like vascular grafts and heart valves may require low degradation rates to maintain their mechanical integrity for months or even years [65]. The lack of tuning between degradation rate and tissue turnover may elicit a foreign body response in which a fibrous layer is formed at the interface between material and tissue.




        Wound healing comprises a sequentially organized series of events that involves inflammation, formation of granulation tissue, and remodeling of the ECM [66]. Ideally, scaffolds must be degraded in vivo when granulation tissue is being formed and ECM is being remodeled. In skin wound models, dermis regeneration is observed when scaffold degradation and new tissue synthesis are approximately equal [66]. Fast degradable collagen-glycosaminoglycan scaffolds do not delay wound contraction therefore they do not improve scarring healing [67]. Degradation rate can be controlled through scaffold physicochemical properties such as hydrophilicity, glass transition temperature, solid content, and porosity. Ideally, scaffolds must undergo surface erosion rather than mass hydrolysis (e.g., polyesters) because the latest process results in the rapid loss of mechanical strength and structure. In this context, scaffold degradation and remodeling by cell produced enzymes is more likely to result in the generation of new tissue.




        Collagen type I degradation rate is controlled through cross-linking, a process in which free lysine amino groups are involved. Several physical and chemical agents are used in the cross-linking treatments. Dehydrothermal treatment and ultraviolet and gamma irradiation are the most used physical procedures while glutaraldehyde, carbodiimides, genipin are the reagents commonly used for chemical procedures. Collagen type I cross-linking not only influences the scaffold degradation rate, it also modifies the scaffold mechanical properties and efficacy in the healing process. For example, the effectiveness of collagen scaffolds to support chondrogenesis of human mesenchymal stem cells has been related to their degradation rate, more than to their chemical composition. Scaffolds made with cross-linked collagen that degraded slowly supported cell differentiation and matrix deposition while the uncross-linked that collapsed rapidly did not [68].




        Scaffolds must provide temporary mechanical support until the regenerated tissue can bear mechanical loads by itself. This means that scaffolds must match the mechanical properties of the biological environment, for instance, a scaffold should not be stiffer than the surrounding tissue because it can cause adverse physiologic responses, such as tissue resorption [69]. Conversely, poor mechanical behavior might lead to rapid scaffold failure. The mechanical properties of a scaffold decrease as a result of degradation. Therefore, an in vivo evaluation can be useful in establishing whether the mechanical properties of a scaffold are appropriate or not for a particular application in tissue engineering. In other words, in vitro experiments cannot replace in vivo ones although, it is worth stressing that in vitro experiments are very relevant from an ethical perspective because they enable the selection of the best candidates and the minimization of the use of animals.




        Mechanical properties of the scaffolds can be modified by changing parameters like biomaterial concentration, porosity, and cross-linking approach and extent [70]. For collagen hydrogels, increased biomaterial concentration results in greater mechanical properties that better withstand mechanical stress [64]. Conversely, the mechanical properties of thermoplastic polymers might be adjusted by means of molecular weight, thermal properties, and crystallinity. Tissue engineered scaffolds exhibit high porosity and low material content, hence their mechanical properties are often dictated primarily by their microstructure [70, 71]. Another approach to achieve this goal is the control of the cross-linking density [72]. Most of the studies on cross-linking influence on the mechanical properties of collagen type I scaffolds for soft tissue applications have been focused on comparing the effect of various cross-linking procedures on the physicochemical properties of the scaffold [73 - 76]. However, studies on the influence of the mechanical properties of collagen type I scaffolds on their in vivo performance are rather sparse.




        The studies reported on this matter have shown that tuning the mechanical properties with a cross-linking procedure affects the outcome of applying a scaffold. To improve stem cell engraftment in cardiac tissue, scaffolds made of bovine collagen type I with different degrees of cross-linking were evaluated in vitro and in vivo in their mechanical properties and biocompatibility. Cross-linked and non-cross-linked scaffolds showed statistical differences in their mechanical characteristics which were also influenced by the degree of cross-linking. Conversely, in vitro evaluation of adipose derived stem cell adhesion and proliferation showed that these biological properties were neither affected by cross-linking nor by the degree of cross-linking. The implantation of the collagen scaffolds in a rat model of myocardial infarction indicated the opposite: the non-cross-linked ones were the scaffolds that adhered to the heart [77]. These results pointed out again the relevance of conducting in vivo experiments and the limitations of the in vitro models. A different work assessing ECM gene expression, secretion profile and growth of endothelial cells seeded into denatured collagen type I matrices cross-linked with different concentrations of carbodiimides, found that the highest growth occurred into scaffolds with intermediate cross-linking. In general, scaffold stiffness affects inhibitory control factors but not the proliferative ones i.e. endothelial cells grown on stiffer scaffolds inhibited T cell but not smooth muscle cell proliferation and ECM production except for elastin [78]. The above mentioned results are contradicted by data from a work that evaluated growth of endothelial cells into collagen type I scaffolds exhibiting different cross-linking degrees attained with a non-enzymatic-glycation procedure which does not affect scaffold microstructure. This study found that endothelial cell spreading and angiogenic sprouts increased in number and length proportionally to the stiffness of the scaffolds [79].


      




      

        3.2.. Scaffold Microstructure




        A major challenge in tissue engineering is mimicking the complex cellular organization and function of the tissues found in the human body [80]. Tissue structure and function are highly interrelated. For example, in tendon, fibrils are highly aligned following a parallel pattern to provide tensile strength [81]. In the skin, the wickerwork pattern of collagen fibers confers mechanical strength [82], while in the lung elastic fibers form a cuplike matrix that shapes the alveoli and sustains the process of gas exchange [80], and collagen fibers confer the function and polygonal arrangement of hepatocytes in the liver [83].




        Microstructure of engineered scaffolds is highly dependent on the fabrication process selected and on the material used. Recent advances have made it possible to create scaffolds with controlled architecture, that is, with defined porosity, pore size, interconnectivity, and orientation. Collagen type I scaffolds that resemble the lung, tendon and skin architecture have been manufactured using different freezing conditions during the freeze-drying procedure [80]. Below we will discuss some of the considerations that several researchers have been made regarding these properties in artificial analogs of extracellular matrix of the connective tissue, stressing in those made with collagen type I.




        

          3.2.1.. Porosity




          Porosity is the measure of the void volume fraction within the scaffold and it defines the amount of solid material. High porosity, typically greater than 90%, is needed for cell seeding and in-growth [84]. However, this property is inversely related to the surface area of the scaffold that defines the total surface of the scaffold interacting with the cells. Consequently, there must be a balance between porosity and total surface to ensure that cell binding sites and mechanical properties of the scaffold are well adjusted and maintained [85]. Porosity also affects the diffusion of nutrients and waste products that allows cell survival inside the scaffold [86]. Overall, data is pointing out that scaffolds with high-porosity are likely to support greater cellular metabolism, cell migration and differentiation, and ECM formation compared to low-porosity scaffolds [87].




          Fibroblast cells preference to grow over porous structures was demonstrated by Daskalova et al. [88]. These researchers used laser beams to create porous rows in a region of a collagen-elastin film while left the rest of the film untreated to have a non-porous surface. After seeding fibroblasts in both porous and non-porous regions, it was found that cells selectively adhered, migrated and proliferated into the porous zone rather than into the non-porous one. Spreading and migration of human foreskin fibroblast have been studied in scaffolds manufactured with 1 to 4 mg/mL collagen suspensions exhibiting porosities between 3.7 and 0.9 μm2. Cell migration increased in function of collagen concentration (lower porosity) and cells on the surface of the scaffolds change from dentritic to flattened and polarized morphology. Results were similar when the scaffolds were cross-linked with gluraldehyde, suggesting that porosity rather than stiffness influences fibroblast migration and morphology [89].


        




        

          3.2.2.. Pore Size




          Studies of collagen type I based scaffolds have shown that pore size must be within a critical range depending upon the type of cell used and the tissue being engineered [16]. The size of the pores must allow cells to migrate into the scaffold, and to adhere to the fibers surface. Therefore, the lower pore size of a scaffold depends upon the size of the cells seeded into it. The upper limit is defined by the surface area accessible to cells for attachment. Major studies carried out with scaffolds based on collagen established out a range of pore size favoring tissue formation: collagen-glycosaminoglycan scaffolds used as skin substitutes had shown not to favor regeneration when the pore size was out of the 20-120 μm range [22]. Other authors have demonstrated that scaffold pore size affects cell attachment, growth rate and viability. A study evaluating cell attachment and viability in relationship with the scaffold structure has shown that collagen-glycosaminoglycan scaffolds exhibiting different pore sizes present different viable cell attachment. The same study also found that cell attachment decreased when the pore size of the scaffolds increased [85]. Moreover, scaffold pore size has been shown to be a critical determinant of the rate of vessel in-growth, which is significantly highest in the scaffold with the largest pores [90]. Pore microstructure affects cell binding and cell migration in vitro and influences cell in-growth into the scaffold in vitro and in vivo. The size of the pore requirements also depend on the biomaterial use for scaffold manufacturing. The critical size of cylindrical pores in scaffolds used for fibrovascularization was found to be above 500 μm in poly(L-lactic acid) (PLLA). Scaffolds for dermis regeneration made of cross-linked collagen and glycosaminoglycans need a pore range between 20 and 120 μm [22], and the range of pore diameters required for collagen scaffolds used in peripheral nerve regeneration is 5-10 μm [91].


        




        

          3.2.3.. Interconnectivity




          Non-interconnected porosity exhibits membrane-like faces between adjacent pores, sealing the environment of one pore from its neighbors. Therefore, the porosity of scaffolds for tissue engineering applications must be interconnected to allow in-growth of cells, vascularization, cell interaction, and diffusion of nutrients and waste material within the construct. The influence of scaffold interconnectivity on the rate of tissue in-growth was studied comparing scaffolds based on poly(ethylene glycol terephthalate)-poly(butylene terephthalate) (PEGT-PBT) copolymer and hybrid scaffolds composed of PEGT-PBT and lyophilized collagen [92]. Due to better seeding efficiency PEGT-PBT scaffolds with similar porosity (75-80%) and pore size range (90–350 μm) and three different interconnectivities were chosen to be studied. Formation of homogenous connective tissue throughout the complete void space was observed in the scaffolds with intermediate interconnectivity (160 ± 56 μm). The scaffolds with the lowest interconnectivity showed formation of tissue but several pores did not present tissue formation, while the ones with the highest interconnectivity (191 ± 69 μm) showed localized formation of dense tissue and many empty areas. In general, it is accepted that scaffold interconnectivity must be not to low and not too high to allow tissue to grow homogeneously. In this revision, similar studies on interconnectivity for collagen-based scaffolds were not found.


        




        

          3.2.4.. Scaffold Fiber Orientation




          Some tissues like tendon, cornea, and nerve are aligned to display their mechanical performance or physiology. Therefore, fabrication of unidirectional scaffolds has been investigated with regard to regeneration of peripheral nerves [93 - 95], spinal cord [93 - 95], tendon [96, 97], cornea [98], and bone [99, 100]. It has been demonstrated in vivo that nerve guidance matrices with longitudinally oriented micro-channels favor regeneration over repair in the same way that an autograft does [95, 101]. Another study showed that scaffold microstructure had an effect on corneal fibroblast cell phenotype and that oriented collagen fibers down-regulated alpha-smooth muscle actin expression in rabbit corneal fibroblasts [98]. These results shown that the phenotype of corneal cells can be controlled in the tissue-engineered environment.




          Commonly, when cells are seeded into scaffolds tissue is formed on the outer edge as a result of limitations on cell migration and poor exchange of nutrients and waste products with the culture medium. Collagen type I scaffolds that favor cell migration and nutrient diffusion to their inner part have been developed incorporating aligned channels into them to overcome this issue. Also, it was found that when compared with random pores, unidirectional pores promoted in-growth of surrounding tissues into the pores [102]. Another interesting example of scaffold designing is the development of modular constructs coated with endothelial cells to provide a more blood-compatible and non-thrombogenic surface [103].




          We have developed oral artificial connective tissue by seeding oral fibroblasts into collagen I scaffolds with multi and unidirectional oriented fibers (Fig. 2). The assessment of protein secretion profile of the artificial tissue showed that secretion of factors that modulate wound healing was higher when fibroblasts were seeded into the unidirectional scaffolds than when they were seeded into the multidirectional ones. Additionally, the histological analysis carried out show that cells exhibit different alignment and morphology in both types of scaffolds [104].
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            Fig. (2))




            Collagen type I scaffolds exhibiting (A) unidirectional and (B) multidirectional oriented fibers. Collagen type I suspensions (5 mg/mL) were frozen following protocols already described to obtain scaffolds (10 cm x 10 cm) with different fiber orientation. (Scale bar: 500 μm).


          


        


      


    




    

      4.. CLINICAL APPLICATION OF COLLAGEN TYPE I BASED PRODUCTS




      Preclinical grafting of artificial tissue made using collagen substrates have been widely reported. Those studies had shed light into the in vivo performance of these products and their impact in the quality of wound healing [31, 105 - 107]. However, the challenge of tissue-engineered products is to demonstrate their efficacy in clinical studies and to get the approval of the regulatory authorities. For that reason, this chapter is focused on describing the most relevant products based on collagen type I, alone or combined with other materials that are clinically available for application in soft tissues.




      

        4.1.. Skin Substitutes Based on Collagen Scaffolds




        Although autologous skin transplantation remains the most common form of treatment in patients with significant skin loss, over the last three decades, development of skin substitutes based on tissue engineering has offered huge potential in treating skin-related disorders like burns and chronic wounds [108]. Different approaches have been pursued to generate skin substitutes that fulfill at least some of the functions of this organ. They involve autologous or heterologous artificial substitutes made using fibroblasts, keratinocytes, and their combination, to acellular substitutes made using biomaterials molded into scaffolds. However, to date, no skin substitute able to replace all the vital functions of native tissue has been developed. The reason for this is that they lack cells (melanocytes, Langerhans cells, macrophages, lymphocytes) and structures (blood vessels, hair follicles and sweat glands) that are present in the skin.




        The first attempt to produce a skin substitute was performed in 1975 by Rheinwald et al. who cultured human epidermal keratinocyte sheets [109]. Later on, the clinical use of cultured keratinocytes in the treatment of burn wounds was published [110]. However, an epidermal sheet alone often fails to restore the skin structure in full thickness wounds because of problems like fragility and poor attachment of the graft, wound contraction, and scar formation [111]. Preclinical and clinical evidence has demonstrated that effective wound healing always requires the presence of the dermis layer in skin substitutes [107]. Hence, one crucial factor for dermis restoration is the construction of a three-dimensional scaffold that serves as the template that guides the restructuration of cells and subsequent host infiltration of the skin graft.




        Collagen type I scaffolds, alone or combined with other biomaterials, have been used as dermal substitutes for the treatment of full thickness wounds [112]. In fact, the first skin-engineered product approved by the Food and Drug Administration of the United States (US-FDA) was Integra® (Integra LifeSciences Corp.) a template of cross-linked bovine tendon collagen mixed with chondroitin-6-sulphate, a glycosaminoglycan, coated with a semi-permeable silicone layer that functions as a semipermeable barrier [113, 114]. This product is considered as a device type III and it is indicated for the treatment of chronic and traumatic wounds that need dermis formation. After Integra® has supported the migration, proliferation and differentiation of dermal cell required for remodeling damaged tissue, the silicone layer is surgically removed and the newly formed dermis is covered by epidermal cells that migrate from the wound bed. In the case of large wounds the silicon layer is replaced by thin skin autografts.




        Within the group of dermal substitutes clinically used is also Nevelia®, a bilaminar medical device that received its CE approval in 2013. Formerly known as Renoskin® is a porous scaffold of cross-linked bovine collagen type I covered with a silicone layer that has been designed and manufactured to promote dermis formation by recruiting cells from the wound bed [115]. As Integra®, it requires an additional surgical procedure to remove the silicone layer and to cover the wound with split-thickness skin autografts. The application of both products, Integra® and Nevelia®, requires two surgical procedures therefore they are considered two-step procedures




        There have been also developed dermal substitutes that can be applied in one surgical procedure such as Matriderm®. It is a biodegradable device made of a mix of collagens (types I, III and V) and elastin, that serves as scaffold for dermal tissue repair [116]. It has been successfully used under split-thickness skin autografts on the hands [116, 117], face [118], and other soft tissue burn wounds [115] with good aesthetic results. This acellular three-dimensional matrix increases skin elasticity parameters after its application [119].




        This chapter aims to describe products that have been approved for human use, and not to conclude about their clinical efficacy. However, it is important to discuss data from clinical studies that compare dermal substitutes to the conventional split-thickness autograft in order to understand the real impact of dermal substitute application in patients. A clinical trial carried out intra-individual comparisons of 42 paired burn wounds and 44 paired scar reconstructions treated with a dermal substitute made from bovine collagen and elastin-hydrolyzate. The study evaluated elasticity, scar contraction, and scar tissue characteristics according the Vancouver Scar Scale in the wounds treated with the engineered product and in the ones treated with the autograft. Results showed that no significant differences were observed between both treatments one year after surgery [120].




        A comparison of the performance of Integra®, Renoskin® (actually known as Nevelia®), Matriderm® in a published preclinical study, showed no significant differences between treatments and between treatments and control (secondary healing) in long-term wound retraction. Because the lack of beneficial effects in the animal model, the authors of the study suggested that results of human testing are required to conclude about the benefits of dermal substitutes [115]. We also believe that clinical data is required to conclude on the efficacy and safety of each of dermal-engineered products. The mentioned study also included ProDerm® described as a 2 mm thick equine matrix made of collagen type I, chitosan and chondroitin sulfate. However, we could not find recent information about this product even in the web site of the manufacturer [121].




        Another group of skin substitutes is those made by culturing fibroblasts into a collagen type I based scaffold. An example of them is TransCyte® (Advanced Tissue Sciences) that was the first cellular skin substitute used in excised full-thickness and partial-thickness burn management approved by the US-FDA. It is made of human neonatal skin fibroblasts cultured into a nylon mesh coated with porcine collagen type I which is covered by a silicone layer. The fibroblasts within the nylon mesh proliferate and differentiate secreting ECM components and growth factors that remain after freezing the product in order to eliminate any cellular metabolic activity. TransCyte® needs to be stored between -70 and -20 °C and must be unfrozen directly before use. After 7 to 14 days of grafting, the TransCyte® will begin to lift off by itself [122, 123].




        The approach of replacing both dermis and epithelium of the skin has led to develop dermo-epidermal substitutes that upon application should function as a barrier to control water loss, infection, and pain. Apligraf® (Organogenesis) was the first product of this nature approved by US-FDA; it is manufactured from human skin fibroblasts and keratinocytes using a collagen I scaffold and it is considered a Class III medical device. This product dermal layer is the result of growing the skin fibroblasts within a collagen type I matrix that then is remodeled and replaced by the extracellular matrix that the seeded cells secrete. The epidermal layer is formed after the artificial dermis has been obtained by culturing keratinocytes onto the dermis and by promoting in vitro epithelium differentiation. Apligraf® is deprived of other cells of the human skin, blood vessels, hair follicles and sweat glands [124]. It is a prescription product not available in pharmacies or online and that must be applied by medical professionals in a Wound Care Center with experience in its management [125]. Apligraf® is indicated for treatment of diabetic foot ulcers and venous leg ulcers that have no responded to conventional therapy [126].







OEBPS/Images/9781681081953-C1_F3.jpg
VIRUS +  EudragitE100  Electrostatic approaching

Ton exchange

.1 pHand

Absence of virus and / or their genetic material into the supernatant





OEBPS/Images/9781681081953-C1_F1.jpg
i,
()

,,,,, sty d m e d oy |
o Tl

2
| TR
M,
o,
R=c, Gt





OEBPS/Images/bentham_logo.jpg





OEBPS/Images/Cover.jpg
elSBN: 978-1-68108-195-3 elSSN: 2352-3921
ISBN: 978-1-68108-196-0 ISSN: 2468-0168

FRONTIERS IN BIOMATERIALS [
Unfolding the Biopolymer Landscape

I VOLUME 2






OEBPS/Images/9781681081953-C1_F4.jpg
1-protects complexed
tiger

o
m N Y.~
P -ny

o
 chem ..mm;.,.....,,_, el
Epl

o

Tara

\ e
= Proeie i | dendricools |

D0
‘ml ® o
o environment So e

1 Giro | Soromotes orl ennce toco-
£ [ adminisisredantigens__| L R





OEBPS/Images/9781681081953-C1_F2.jpg





OEBPS/Images/9781681081953-C2_F2.jpg





OEBPS/Images/9781681081953-C2_F1.jpg
Chemical

Composition

Microstructure

Natural o synthetic materials

which must be biocompatible and
biodegradable

Mechanical
Properties

They must be appropriate for the
ntended application and comparable
tothose of the original tissue

/T Bioactive\\
Scaffold

It depends upon the manufacturing
process and itis defined by pore size,
porosty, interconnectivity and pore
orientation

Degradation
Rate

Must match the turnover rate of the
damaged tissue: a faster degradation
does not lead to tissue regeneration
while a lower degradation could lead
to foreign body response






