
 

Heparinized bioactive hybrid scaffolds for 

promoting and improving bone 

angiogenesis  

 

 

 

 

 

 

 

 

Griselda Valeria Nájera Romero  BEng, MSc 

 

This dissertation is submitted for the degree of Doctor of Philosophy  

June 2021 

Engineering Department  

 

 

 



 

 

 

To  

My parents, because they taught me to be persistent; 

My sisters, for their motivation and company when I needed it;  

JM, for his immense patience and love; 

FM, my baby, for sharing with me his endurance and joy.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

òIn nature, there is no separation among design, 

engineering, and fabrication; the bone does it all ó 

Neri Oxman  

 

 

 

 

 

 

 

 

 

 

 

 

 



Declaration  

This thesis has not been submitted in support of an application for another degree at this or 

any other university. It is the result of my own work and includes nothing that is the 

outcome of work done in collaboration except where specifically indicated. Many of the 

ideas in this thesis were the product of discussion with my supervisor  Dr Ihtesham ur 

Rehman.  

Excerpts of this thesis have been published in the following conference manuscripts and 

academic publications. 

Presentation of work in:  

- Engineering Researcher Symposium. (June 2017, University of Sheffield ), poster 

- Tissue Engineering and Regenerative Medicine Society World Congress. 

(September 2018), poster 

- Biomaterials Symposium. (February 2019, Lancaster University), poster 

- Engineering Postgraduate Research Conference. (July 2019, Lancaster University), 
presentation 

 

 

 

Publication:  

- Nájera-Romero, G. V., Yar, M. & Rehman, I. U. Heparinized 

chitosan/hydroxyapatite scaffolds stimulate angiogenesis.  Functional 

Composite Mater 1, 9 (2020). https//doi.org/10.1186/s42252 -020-00012-y 



Awards:  

- Armourers and Brasiers Travel Grant. (March 2018) 

- SMEA, Sheffield Metallurgical and Engineering Association, Travel Grant. (May 

2018) 

 

 

Griselda Valeria Nájera Romero BEng, MSc  

Lancaster University, UK  

 

 

 

 

 



Acknowledgements  

I feel very grateful with:  

My academic supervisor, Professor Ihtesham ur Rehman, for accepting me as 

part of his research group. He allowed me to have freedom in work, but always 

providing me his guidance a nd support. Dr Muhammad Yar, for his help and 

assistance during this research.  

My Mexican and International friends who offered me their company, help, and 

with whom I shared very cheerful moments. Specially I would like to thank 

Ana Isabel, Dr Ricardo Aguilar, Cristina, and Carlos who became my family 

during this journey.  

All members of the research group who helped me with my experiments. 

Specially to Fatma Zehra for her company in the lab and her constant 

motivation and help throughout this research pro ject.  

To everyone in Kroto Research Institute and Hadfield Building, in the 

University of Sheffield, and to the staff of Faculty of Science and Technology in 

Lancaster University, for their assistance and support. 

Additionally, my gratitude goes to Armour ers and Brasiers, and to Sheffield 

Metallurgical and Engineering Association for funding me with a travel grant 

for conferences and presentation of my work.  

Finally, I would like to thank the Mexican National Council for Science and 

Technology (CONACyT) for funding my PhD. 



 
 

Griselda Valeria Nájera Romero ð June 2021 

 

Abstract  

Formation of blood vessels at required number and time  during bone regeneration 

represents a major challenge for tissue engineered constructs. Poor revascularization 

leads to scaffold failure  and consequently, the loss of the implant. There are several 

problems associated with the use of growth factors in clinic such as low stability, 

controlled delivery to the site, and high price. Heparin is known to bind  with 

angiogenic growth factors influencin g the process of new blood vessels formation. The 

aim of the present study was to explore the potential of heparin to produce pro -

angiogenic bone regeneration materials. Heparin was electrostatically loaded onto 

composite materials from porous chitosan/hyd roxyapatite scaffolds. Different 

concentrations of heparin were successfully loaded onto the scaffolds, and the release 

performance of the scaffold was analysed by toluidine blue assay showing that the 

scaffolds loaded with lowest concentration provide a s ustained release. The angiogenic 

activity of the heparin loaded synthesized materials was evaluated by chorioallantoic 

membrane (CAM) assay.  After six day of materials implantation on CAM it was noted 

that overall  low heparin concentrations exhibited a positive effect, with  approximately 

28ȋg per scaffold showed a significant increment in blood vessels. The synthesized 

materials showed no cytotoxic effects when evaluated by using U2OS cell line. Also, 

as showed by the SEM images the scaffolds exhibited that interconnected porosity and 

a pore size able to support osteoblasts proliferation. 

This research provides information about the pro -angiogenic effect of heparin in 

potential bone regeneration materials.  
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1 

Introduction  
 

Bone possesses the capacity to repair itself whenever an injury occurs. Successful bone 

healing depends on several factors that include,  age, nutrition and, type of fracture 

among others 1,2. However, cases such as tumour removal, traumatic fractures, or 

injury infection, are highly prone to become critical size defects, where the loss of bone 

exceeds its self-healing ability. Bone grafting represents the main alternative for bone 

substitution. However, this technique presents some drawbacks that favour the 

investigation of more options for bone regeneration 3ð6. Hence, materials research 

aiming to mimic bone tissue properties constitutes a major subject in tissue 

engineering. The developed scaffolds should fulfil three fundamental functions: (1) the 

scaffold must provide an optimal structure for  bone formation process; (2) it should 

promote the regenerative capacity of the tissue; and, (3) it must match the mechanical 

properties of the implantation site 4,5,7. 

One of the challenges of current bone treatment strategies is how to  stimulat e blood 

vessel development 8,9. Revascularization during bone regeneration is key to a proper 

healing, as blood vessels provide nourishment, excretion pathways, and allow 

progenitor cells to reach from their niches to the injured site. Angiogenesis is the 

generation of blood vessels from pre-existing vasculature. Therefore, tissue 

engineering for bone has investigated a wide range of options to approach the 

limitation of enhancing angiogenesis during bone repair 9,10.  

Currently, delivery of growth factors has been favoured, as they highly influence the 

course of both processes: angiogenesis and osteogenesis. Vascular endothelial growth 
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factor (VEGF) and fibroblast growth factor (FGF) families have been preferred for these 

purposes. However, the direct use of these biomolecules has presented some 

drawbacks such as: high costs, unknown doses, contradictory results or possible 

tumour inducement, which have raised doubts concerning their applicability as a 

completely effective therapy for revascularization during bone regeneration 9ð12. 

Heparin has been widely studied as an aid for the load and release of the 

aforementioned growth  factors 13,14. This glycosaminoglycan binds to several 

angiogenic growth factors, thus, influencing their action 15. 

Regardless of the vast information available regarding the use of heparin to bind 

growth factors to scaffolds, not many studies regarding the angiogenic influence of 

heparin itself on the bone healing process have been reported. Therefore, the purpose 

of this study is to evaluate the angiogenic effect of heparin concentration present on 

bioactive scaffolds fabricated by employing  chitosan and hydroxyapatite.  

1.1 Project Aim  

The aim of this project is to obtain a material  capable of improving and promoting the 

process of angiogenesis during bone regeneration.  

1.2 Hypothesis  

Our hypothesis is based on the potential of heparin to bind with several angiogenic 

factors 15. Therefore, it is assumed that it will interact wi th the angiogenic growth 

factors from the surroundings  and will induce a pro-angiogenic response. 

Additionally, the precise amount to achieve the purpose of promoting angiogenesis 

should be determined. 



Chapter 1: Introduc tion  
 

28 
Griselda Valeria Nájera Romero ð June 2021 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 Schematic representation of the proposed heparinized scaffold. Ideally, the scaffold is to be 

inserted on the bone defect zone, heparin then will interact/bind with the angiogenic growth factors 

from the surrounding bio -environment, inducing an angiogenic response. 

 

1.3 Objectives  

- Production of freeze -gelled  scaffolds  

Fabrication of stable scaffolds from chitosan and hydroxyapatite using freeze -

gelation method, suitable to be used as bone regeneration scaffold.  

- Heparin loading onto the scaffolds  

To obtain a material containing heparin , by forming a chitosan /hydroxyapatite  

and the heparin composite scaffold.  
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- Determine the presence of heparin in the scaffolds   

Using toluidine blue assay the amount  and distribution of the heparin in the 

scaffold can be estimated. 

- Characterization of the morphology of the obtained scaffolds  

Determining the surface characteristics of the obtained materials by Scanning 

Electron Microscopy (SEM). Ideal scaffolds should exhibit an interconnected 

porous structure.  

- Characterization in sim ulated body fluid (SBF)   

Bioactivity is assessed by the observation of apatite formation in the scaffold 

after immersion in SBF. 

- Evaluation of cytotoxicity   

Using A lamarBlue® assay viability test in osteosarcoma cell line, to carry 

an assessment of any possible noxious effects by the combination of 

these compounds, prior the evaluation on CAM assay.   

- Evaluation of angiogenic potential   

To observe blood vessel formation and infiltration in the material implanted i n 

the chick-embryonic membrane, by means of a CAM (chorioallantoic 

membrane) assay. 

1.4 Outline  

This work has been divided into four major chapters: literature review, materials and 

methodology, results and discussion, and conclusions. 

In general, the literature review includes relevant informatio n regarding bone and 

bone healing, to present the ideal function of this tissue. Then, the common challenges 

in bone regeneration and revascularization, as well as the current alternatives for this 



Chapter 1: Introduc tion  
 

30 
Griselda Valeria Nájera Romero ð June 2021 

problem in tissue engineering are presented. Lastly, the available information 

regarding the use of heparin for revascularization techniques  is also introduced in this 

chapter.  

The materials and methodology chapter describes the main materials used for scaffold 

preparation: chitosan, hydroxyapatite, and heparin; providing a complete description 

of their characteristics. Likewise, this chapter contains a stepwise description of the 

methodology followed to prepare the scaffolds as well as detailed information 

regarding the characterization methods used. This chapter also contains a full account 

of the procedure followed to define the final approach to produce the scaffold, 

justifying the use of our final methodology.  

Within the results and discussions chapter a detailed description of the results 

obtained by the characterization methods is provided.  A comprehensive explanation 

on every result is included , for instance: explaining the reasons why a certain porosity 

and microstructure we re observed on the SEM images. 

Finally, the conclusions chapter presents a summary of the findings and the main 

contributions produced from this work. This chapter also contains suggestions on how 

to improve this research project and what other perspectives could have been 

considered to improve the possibilit ies on bone revascularization. 

1.5 Summary  

Revascularization of bone has been widely investigated through several techniques 

and materials. As described in the following chapters , the challenges include the 

generation of a structure similar to functional bone tissue, as well as to generate the 

appropriate microenvironment to induce angiogenesis in the zone. Hence, the need for 

different approaches to achieve a successful revascularization of bone is required.   
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2 

Literature Review  
 

This chapter provides the signific ant background of the research that has been 

conducted in this study . Initially, a general description of bone and its composition, 

necessary information related to the research aim and healing process during bone 

regeneration is described. Therefore, after describing boneõs composition and how its 

healing process normally occurs, a general overview of abnormal healing and its 

consequences is mentioned. This leads to the current therapies that are being 

addressed and reported in literature to tackle this important aspect of bone repair and 

regeneration. Different approaches have been introduced and discussed in this chapter 

with the main emphasis on angiogenesis and the agents (i.e., growth factors, etc.) 

studied to stimulate angiogenesis. A number of agents have been used to encourage 

angiogenesis and one of them is heparin, which is the main focus point of this study. 

To understand it fully, f inally, the heparin characteristics are outlined with the ai m to 

explore its full potential for promoting bone repair and regeneration . 

 

2.1 Bone Tissue 

Bone is a specialized connective tissue that constitutes a main part of the skeletal 

system. 16ð18. Due to boneõs complex composition, it is seen as a composite from the 

materials point of view 19.  Bone consists of mainly two matrices and water, altogether 

contributing  to this important tissue its complex biomechanical behaviour. 18,19.  
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Osseous tissue also possesses an extraordinary remodelling capacity, which keeps this 

tissue fit according to the needs of the bone site and the individualõs activity 18,20. This 

healing ability allows bone to restore itself when an injury occurs, though this process 

can be limited by the size of the bone loss 21. 

The next sections will describe the most remarkable aspects of bone tissue, focusing on 

those that are more relevant to its auto-repairing activity and how tissue engineering 

aims to assist this process.   

 

2.1.1 Bone composition  

Bone consists of cells and extracellular matrix (ECM), in the same way like  most 

connective tissues, however, ECM in bone is mineralized 16,17. From a material point of 

view , bone is considered an anisotropic composite which is mainly made of two 

matrices: an organic matrix and an inorganic matrix, as well as a water content 1,18ð20,22. 

Bone matrices are responsible for the biomechanical properties of this tissue, the 

inorganic nature allows bone  to be resistant, while  the organic portion gives bone its 

characteristic tensile strength and elasticity 23,24. 

2.1.1.1. Organic Matrix  

During bone formation, os teoblasts secrete a material named osteoid which mainly 

consists of collagen, various proteoglycans, and glycoproteins 16,25. This material 

undergoes a mineralization process prompted by the mineralizing sacs, also released 

by osteoblasts 16,23.  

Majority of the organic matrix of bone is comprised of type I collagen (90% of its 

content) 18,23,25. The structure of collagen I is described as a triple helix , which is 

stabilized by hydrogen bonds among them. These triple helical fibres may also 

incorporate other types of collagen; such as type V in bone tissue 1,26. The characteristics 
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of bone collagen are defined by its posttranslational modifications and hydroxylation 

array. Likewise, bone collagen is affected by its mineralization pattern , which can be 

intrafibrillar (apatite crystals are deposited within t he collagen fibrils) and interfibrillar 

(apatite crystals are between the collagen fibrils)  22,24,26. During bone formation, woven 

bone is formed mainly by haphazard collagen fibrils, which are min eralized 

subsequently by deposition of inorganic component among and within them . 

According to Olszta et al (2007), Ferreira et al. (2012) and Wang et al. (2012) collagen is 

able to activate, spread and orient the mineralization process in woven bone 22,27,28. 

Defects in collagen structure, fibre orientation, stability , and mineral distribution have 

a major impact on the mechanical properties finally achieved by bone tissue 29. 

Osteoblasts secrete several macromolecules other than collagen to form bone matrix. 

Among them: glycoproteins, proteoglycans, fibronectin, osteonectin, bone 

sialoprotein, osteopontin , and bone morphogenic proteins (BMPs). All of t hese 

molecules have importa nt roles on signalling processes that impact mineralization, 

formation , and remodelling of bone 1,18,30. 

2.1.1.2 Inorganic Matrix  

Bon is comprised of approximately 70% of inorganic matrix  1,25. It consists of calcium 

phosphate crystals distributed orderly in the organic matrix 1,31. Chemical composition 

of this calcium phosphate resembles the structure of geological hydroxyapatite (HAp), 

Ca10(PO4)6(OH) 2. Thus, it is constantly referred as ôbiological apatiteõ. However, it 

contains different ions which include magnesium, potassium, strontium, sodium, 

carbonate, and fluoride among others 1,32.  

The process by which bone mineral is formed, is still not well elucidated 16,30. However, 

it is known that osteoblasts secrete osteocalcin and mineralizing vesicles. Osteocalcin 

attracts calcium ions and the matrix vesicles release alkaline phosphatase, among other 
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enzymes. Therefore, the surrounding media acquires the necessary ion concentration 

and with the aid of several biomolecules, the formation and deposition of apatite 

crystals is possible 16,33. This mineralization process takes place along different sites of 

the collagen fibrils, thus,  the mineral crystals can be considered as fillers on the organic 

matrix providing rigidity to this tissue 1,32,34. Due to findings of traces of different 

amorphous calcium phosphates in biological apatite , it is hypothesised that during 

mineralization process in vivo, the nucleation begins with an amorphous crystal 

growing . These amorphous crystals act as precursor of a more stable hydroxyapatite 

found in mineralized  tissue such as bone 22,28,33.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     

The mineral phase grants hardness to bone tissue, but its distribution and amount play 

a major role, since over-mineralized bone can be very brittle and prone to fracture 32. 

2.1.1.3 Bone Cells 

Though bone matrix is crucial and endows bone tissue with its main characteristics, 

bone cells are the organisms directing  the how and when all  of the decisive processes 

are going to take place in bone. The following  main cells define the pathway to be 

followed , from formation and maintenance to remodelling  of bone. 

2.1.1.3.1 Osteoblasts 

These marrow -derived cells are responsible for producing the material to build bone 

both during human growth and maturity 35. As aforementioned, osteoblasts secrete the 

osteoid, collagen, glycoproteins and other protein s, as well as the matrix sacs that 

finally will help to create the appropriate environment for the mineralization of bone 

1,18,35. Likewise, osteoblasts express cytokines and enzymes, like  alkaline phosphatase, 

that influence critical events during bone repair and remodelling, such as bone 

resorption, mineralization and osteoprogenitor recruiting. Once their life cycle is 

completed, these cells can turn into osteocytes or die via apoptosis 35. 
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2.1.1.3.2 Osteocytes 

These branched cells distribute throughout the mineralized bone matrix. As 

mentioned before, osteocytes proceed from osteoblasts that ended up embedded in the 

bone matrix inside cavities named lacunae. While becoming osteocytes, the cell-

precursors developed dendrites which form a communication system among them 

known as canaliculi. These channels also allow cell nourishment and substance 

exchange 16,18,23,35. The well recognized function of osteocytes is to uphold the state of 

bone by receiving and transmitting signals. Osteocytes can detect several different 

hormones and allow bone adaptation to mechanical stimuli through remodelling 

process, that ultimately define its density and mechanical functionality 18. Likewise, 

these cells intervene in bone regeneration detecting the interruption communication 

when an injury takes place 35.  

Osteocyte survival depends on the vascularization of the zone they are allocated and 

they are able to live for years providing this st ate is preserved 23. 

2.1.1.3.3 Osteoclasts 

Osteoclasts are multinucleated cells of large size and are found on bone tissue surface. 

These cells are in charge of bone resorption by acidic degradation of its matrix 1,36. This 

process is triggered and regulated by a series of molecules among them: hormones, 

proteins and enzymes, such as RANK (receptor activator of nuclear factor ȉ), RANKL 

(receptor activator of nuclear factor  ȉ ligand), parathyroid hormone (PTH), cathepsin 

K and calcitonin 18,23,36,37. Therefore, bone resorption is a process that helps to regulate 

calcium availability within the body . However, this process is very active during the 

first stages of bone remodelling and bone repair, in which old or damaged bone 

respectively, are removed to giv e rise to new bone formation 18,36. Thus, osteoclasts 

play a very important role in preserving functionality of bone, since a lack of resorption 
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or an excess of it may lead to serious diseases such as osteopetrosis or osteoporosis, 

respectively 16,37. 

2.1.1.3.4 Other bone cells 

Cell precursors, such as pre-osteblasts and pre-osteoclasts, are also found in bone. 

Likewise, bone lining cells are inactive osteoblasts located in the bone periphery and 

though their functions remain unclear, it is presumed that they are involved in the 

regulation of bone resorption 18,23,37. 

 

2.1.2 Bone structure and properties  

Bone function within the body can be summarize d mainly in three types:  

- Metabolic: If necessary, diverse ions can be released from this tissue. Ions 

such as calcium and phosphate are essential for various biological 

processes 16,24. 

- Protector: Bones form the skeleton structure, which protects the internal 

organs, i. e. brain, heart, and lungs. Likewise,  this tissue shelters bone 

marrow, which provides hematopoietic cells 16,19,20.  

- Mechanical: As important elements of the skeletal system, bones help to 

provide support and maintain the shape of the body, allowing 

displacement 16,18ð21. 

Hierarchical models have been proposed to study boneõs architecture and function,  

while explaining  the particular biomechan ical properties of this tissue 22,33,38,39. A 

variety of  models have been suggested, however they all share their focus on the 

different fe atures exhibited from the nano- to the macro-organization of the bone 

components 22,33,38. Weinkamer & Fratzl (2010) explain the hierarchical structure of 
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bone tissue according to the distribution of its components at different  scales: At a 

nanometric scale, bone is formed by collagen molecules with apatite mineral 

distributed among them  (Figure 2.1 part 1). Mineralised collagen fibrils arrange  

themselves in patterns named bone lamellae, which in time form  bone layers of the 

osteons and an intricate framework called trabeculae (Figure 2.1 parts 2 to 5). The 

micrometric sizes of these structures round between 10-6 and 10-4m. The macrometric 

scale represents the organization  and distribution  of trabecular and compact bone in a 

complete bone structure (Figure 2.1 part 6) 40.  

 

 

Figure 2.1.  Hierarchical structure of bone tissue: (1) Mineralized collagen fibres; (2 and 3) Microarray of 

mineralized collagen  into lamellae; (4 and 5) Flat arrangement (trabecula) and cylindrical arrangement 

(osteon) of lamellae; (6) Complete bone structure (femur) formed by compact and trabecular bone. Picture 

taken from Weinkamer & Fratzl (2010) 40.   

 

2.1.2.1 Microstructure of bone tissue  

During bone formation, collagen fibres organize into flat layers once its mineralization 

is achieved. These layers, better known as lamellae, take part of the two different stages 

of bone configuration at a microscale level 38,39. On one side, woven bone is mainly 
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comprised by collagen fibres randomly orga nized and exhibit ing poor mineralization 

patterns. This type of bone is mostly observed during embryo ossification, infantõs 

growth , and early stages of bone regeneration in adults, which later  is replaced with 

lamellar bone 1,23. On the other side, lamellar bone consists on a well-structured array of 

the mineralized sheets (lamellae). Usually the lamellae organize in a cylindrical 

structure better known as osteon, though parallel arrangement is also found . The 

channel around which the osteon is built is called Haversian channel, therefore this 

structure is also identified as Haversian system 16,39. Figure 2.2 shows the structure of 

the Haversian system and its relation with the resultant macrostructure of bone 18. It is 

important to highlight how blood vessels and nerves travel axially through the 

Haversian channels and transversely through the Volkmann channels in this system 

16. Rho et al. (2016) emphasize the impact of the osteonõs inner arrangement on its 

biomechanical properties, as lamellae disposition defines the mechanical resistance 

achieved by the osteon, and ultimately influences the one reached by the tissue itself 

39.  

2.1.2.2 Macrostructure of bone tissue  

On a macroscopic level, bone is classified in two types: trabecular and cortical. Trabecular 

bone, also known as cancellous or spongy bone, is mainly formed by a complex porous 

framework of lamellae. This particular array named trabeculae, is not as randomly 

ordered as it may seem, since it has been proven to be strategically organized to 

support loads, providing the distribution of its pores and the lamellae orientation 18,39. 

On the other hand, cortical bone, also called compact bone, is mainly formed by 

mineralized sheets tightly packed and is generally identified to be formed by the 

Haversian system 18 described in section 2.1.2.1.  
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Majority of bones within the body are comprised by both types of bone, cortical and 

trabecular, and this composition is defined depending on their location and 

consequently their function 30. Long bones such as femur, humorous or clavicles exhibit  

a thick cortical component, surrounding the trabeculae portion that wraps the marrow 

canal 23,30. Whereas small bones such as vertebrae and those of the craniofacial skeleton, 

consist on a large section of trabecular bone enclosed by a slight fraction of cortical 

sheets 23,30. Figure 2.2 depicts the common disposition of these types within a large 

bone structure 18.  

Mechanical properties exhibited by cancellous and cortical bone depend on the 

distribution and content of inorganic and organic constituents, as well as on the 

arrangement of both osteons and trabeculae. Cortical bone possesses an anisotropic 

elastic modulus, being its mean value higher than that of cancellous bone, this is 

mainly attributed to the porosity of the latter 41. 

 

2.2 Bone repair  

The integrity of bone tissue depends on several factors, such as: the location of the 

bone, the individualõs gender, health, genetics, diet, and activity. Remodelling process 

deals with most of the damage of the bone structure throughout an individualõs life. 

However, sometimes the rate or efficiency at which the bone is replaced is lower than 

the loss of tissue and its mechanical properties turn  defective, therefore fractures may 

ensue 1,2,21. 
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Figure 2.2. Structure of a large bone. Cortical and trabecular bone distribution with the vascular system 

running through them  18.  

 

Bone possesses the ability of repairing itself without scar formation whenever an injury 

occurs or an absence is produced, limited, however, by the size of the loss 6,21. Bone 

fractures can be produced by two main causes: 1) Acute damage, is when the applied 

load or the direction in which is inflicted to the tissue exceeds its limits . 2) Fatigue, if 

there is an accumulative microdamage on the osseous tissue the cracks are able to 

propagate, which leads to failure 2,42,43.  

Bueno et al. (2011) and Prendergast et al. (2001) coincide on describing bone repair by 

two main processes: primary and secondary healing. During primary restoration, 

ossification takes place through intramembranous formation. In this process, osteoclasts 

resorb the tissue at the edges of the fracture, followed by osteoblasts secreting osteoid.  

Thus, forming woven bone, which is later replace by lamellae, in a common 

remodelling pattern. This type of healing is observed if the fracture is perfectly fixed 
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and requires very stable conditions to occur, therefore, is less observed than secondary 

healing 1,6.  

Secondary repairing is a process of various steps which requires the synchronized 

interaction of several biological factors and routes to produce a proper bone 

restoration, achieved ultimately by endochondral ossification 1,6. When an injury 

occurs, there is an immediate interruption of communication through that specific part 

of the bone, as vascularity and tissue continuity are disturbed. As part of the healing 

process, this disruption causes necrosis and hypoxia at the bony edges. 1,9,10. This 

activates the hypoxia-inducible factor (HIF) which attempts to remediate thi s state by 

regulating gene activation and stimulating different pathways and growth factors , 

such as Vascular Endothelial Growth Factor (VEGF) 10,11,44. Likewise , the blood 

coagulation cascade responds forming a clot around the injured site, due to the platelet 

aggregation 10.  

From the resulting haematoma, platelet derived growth factor (PDGF) and other 

signalling carriers are liberated, and the inflammatory response ensues 10,11. On this 

stage, the fibrin mesh established by the haematoma allows inflammatory cells to 

arrive. Neutrophils are the first polymorphonucl ear cells to reach the site, followed by 

the macrophage 11. Macrophage and osteoclasts deprive the injured site from debris 

and necrotic osseous tissue. Likewise, inflammatory cells release more signalling 

molecules to attract mesenchymal stem cells (MSC), fibroblasts and osteoprogenitor 

cells (OPC) 9ð11.  

With the aid of the aforementioned growth factors , the transforming growth factor 

(TGF), the bone morphogenic proteins (BMP), and the fibroblast growth factor (FGF) 

mediate the differentiation process of the MSC and OPC into chondrocytes and 

osteoblasts. These cells then produc e the extracellular matrix (EC M) 10,45,46. Thus, 

endochondral ossification takes place throughout the fracture breach ultimately 
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joining it s edges. This soft callus (cartilage) is only provisional as it subsequently 

becomes mineralized by the osteoblast population (hard callus formation)  10,11. At the 

same time, intramembranous ossification advances from the inner periosteum 

assisting bone formation towards the fracture breach 1.  

During the hard callus formation , blood vessel ingrowth increases due to the 

coordinated action of various biochemical signals released mainly from the apoptosis 

of chondrocytes, thus improving blood flow for the healing to continue 11. Ultimately, 

once the cartilage becomes completely mineralized, it undergoes the normal 

remodelling process. This restores the anatomical composition of bone and 

consequently its mechanical stability and complete functionality 1,9ð11.   

 

2.3 Angiogenesis in bone repair  

Angiogenesis is the process by which pre-existing blood vessels give rise to new ones 

15,47. Figure 2.2 clearly illustrates the distribution of blood vessels within the bone 

structure. It is possible to observe how vascularization travels from the surface 

(periosteum) to the interior of the trabeculae;  spreading all over the osteon system 

throughout the Harversian channels and connecting from osteon to osteon through the 

Volksmanõs channels 16. Therefore, angiogenesis is crucial during repairing and 

regeneration processes, not only for bone, but for mostly all the body tissues (except 

for cartilage, as it is not vascularized). The term ôangiogenic-osteogenic couplingõ has been 

coined to refer to the fact that without a proper vascularization, osteogenesis is 

compromised. Similarly , key factors and processes during blood vessel formation are 

also determined and regulated by osteogenesis development 44,48. 

In bone, blood vessels provide nourishment, gas exchange, and waste product 

elimination 9,10. A vast variety of biomolecules circulate throughout the blood vessels . 
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Among them we can name growth factors, enzymes, vitamins, ions, proteins, and 

hormones. These biomolecules play key roles in the development and maintenance of 

this tissue 9ð11,46. Likewise, blood vessels are the conduits by which OPCs and MSCs 

are transported from their niches to the fracture site , when they are needed for 

regeneration processes 44. Thus, vascularity helps to modify and maintain the 

metabolic microenvironment of bone, providing the angiogenic and osteogenic 

elements during its repair 10,44.  

In their reviews, Saran et al. (2014) and Hankenson et al. (2011) highlight the relevance 

of angiogenesis in bone repair. They reference examples of different studies where 

diminished or complete lack of blood supply in the injury lead to healing problems. 

Among them : fracture non-union (healing is not achieved) and delayed union (the 

injury takes a long time to heal). Furthermore, the failure of implanted scaffolds can be 

also attributed to the deficiency of blood vessel formation within the structures  9,10. 

Likewise, Lafage-Proust et al. (2010) emphasize the relationship between bone blood 

flow  and bone mass. It has been observed that blood flow can decrease with the 

lowering of bone mass; in the same way, bone mineral density lessens in patients with 

peripheral artery disease. These and other examples point to a close, though non-

linear, relation between bone vascularization and boneõs maintenance and repair 49.  

 

As reviewed in section 2.2, there are several signalling molecules influenc ing bone 

repair . Moreover, many of these have shown an angiogenic effect as well. Table 2.1 

presents some of the most relevant of these biomolecules with dual effect. 
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Important biomolecules in bone repair  

Factor 

Osteogenic or 

angiogenic 

effect  

Function  

HIF  Both 
Activation of genes and pathways involved in angiogenesis, 

erythropoiesis, increase VEGF expr. 

VEGF Both 
Recruitment of osteoblasts, MSC and EC. Influence in another 

GF 

TGF-ȁ Both MSC recruitment, Differentiation of Osteoblasts  

PDGF Both Stimulation of osteoblasts 

FGF Angiogenic  Mitogenic factor for EC, MSC and osteoblasts 

BMPs 

Both 

(Angiogenic 

Indirectly)  

Differentiation osteoblast -like cells, recruitment for 

neighbouring EC  

RANK 

& 

RANKL  

Osteogenic 

Recruitment of bone cells and osteoclasts 

 

Table 2.1. Important Biomolecules in Bone Repair. Abbreviations: GF: Growth factor, EC: Endothelial 

Cells, MSC : Mesenchymal Stem Cells. Factors: HIF : Hypoxic Inducible Factor/ VEGF: Vascular 

Endothelial Growth Factor/ TGF-ȁ: Transforming Growth Factor Beta/ PDGF: Platelet Derived Growth 

Factor/ FGF: Fibroblast Growth Factor/ BMPs: Bone Morphogenetic Proteins/ RANK : Receptor 

Activator of Nuclear Factor -Kappa B/ RANKL : Receptor Activator of Nuclear Factor-Kappa B Ligand. 

(Adap ted from: Loi et al. (2016), Saran et al. (2014) and Maes & Clemens (2014)).  

 

2.4 Current approaches to improve vascularization during 

bone repair  

Bone tissue engineering research has investigated a wide range of strategies to 

overcome the limitation of e nhancing neovascularization during bone repair. The use 

of one technique, or a combination of them, have been explored as means of improving 

vascularization during bone regeneration. Nevertheless, the search for the most 
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optimal combination of techniques a nd materials to achieve maximum regeneration is 

still in progress .  

The aim of the following subsections is to present general information regarding the 

current approaches to improve vascularization during bone repair. This, just to 

provide a general scenario of how tissue engineering is facing this issue, we are not 

using all these techniques in our research.  

2.4.1 Porous synthetic scaffolds  

Autografts represent t he golden standard when it comes to bone tissue substitu tion . 

However, though autografts show exceptional biocompatibility and wound healing 

properties, their  low  availability, morbidity of donor site and long -term pain mean 

serious disadvantages for their use in bone tissue engineering 3,6. 

Therefore, the chance of using scaffolds made of biomaterials for bone substitution has 

been extensively studied. From the bone tissue engineering point of view, a scaffold 

can be defined as a three-dimensional structure that provides the needed healing 

environment allowing new bone formation 50. Ideally the scaffold should allow cells to 

grow, proliferate and differentiate; provide mechanical stability and strength; promote 

vascular infiltration and growth; and it should not unchain a cytotoxic response 10,50. 

To date, a variety of natural and synthetic polymers have been used in bone tissue 

engineering studies, for example, collagen, gellatin, fibrin, chitosan, PLA (polylactic 

acid), PGA (polyglycolic acid), PCL (polycaprolactone), among others. These 

materials, depending on the fabrication technique, have been able to produce porous 

scaffolds with interconnected matrices. However, natural polymers exhibit poor 

mechanical properties or inadequate degradation characteristics. On the other hand, 

synthetic polymers  exhibit low bioactivity or unsatisfactory cell interaction 9,10,50. 

Moreover, most of the scaffolds produced are unable to meet the vascularization 
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requirements once implanted, i. e. vascular infiltration in situ is deficient which leads 

to the failure of the implant 9. 

Thus, the use of different materials polymers, ceramics, and their combination, is 

currently analysed. Furthermore, the combination of scaffolds and the addition  of 

many biomolecules has improved the perspective in the use of biomaterials for 

improving vascularization in bone tissue engineering.  

2.4.2 Growth factor delivery  

As described in sections 2.2 and 2.3, bone healing is a series of coordinated events that 

culminate in the restoration of the bone tissue without leaving a scar. The final outcome 

of the healing process will be determined by the mechanical stimulus and the 

biological environment of the injured zone 10,11.  Growth factors are secreted molecules 

that affect (mediate) various processes of the cells. Depending on the range and 

receptors present, these biomolecules will finally aid to regulate the local environment 

in the fracture 50. It is not surprising that r esearch aiming to understand their functions 

or to exploit their influence, has been very active. Among the growth factors used with 

therapeutic purposes in bone tissue engineering we can include: VEGF (Vascular 

Endothelial Growth Factor), FGF (Fibroblast Growth Factor), TGF-ȁ (Transforming 

Growth Factor Beta) and PDGF (Platelet Derived Growth Factor), as well as BMPs 

(Bone Morphogenetic Proteins). These particular growth factors brought attention to 

research due to their action along the different stages of bone healing 9ð11,51,52. 

Regarding their improvement of angiogenesis during bone regeneration, Hankenson 

et al. (2011), Saran et al. (2014) and Hu & Olsen (2016) reference various studies 

concerning the administration of  the aforementioned growth factors (single growth 

factor or combination of growth factors), the results from the cited publications present 

contradictory conclusions, no matter the growth factor used. The use of exogenous 
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growth factor was able to provide positive angiogenic and healing effects, however, in 

some findings, the quality of the bone was not adequate. Moreover, even when blood 

vessel formation may be able to be induced, malformed vessels were present 9,10,46. This 

is mainly due to the effect of the in vivo environment (extracellular matrix, cell 

signalling, general health of the test subject) on the action of the growth factor.  

Yu et al. (2015) explain how the influence of the growth factors is naturally regulated 

through the cell secretion if needed, which explains why some of them intervene at 

different stages of the bone healing process. This undoubtedly represents a challenge 

for therapeutic growth factor deli very, since not only the carrier should be effective to 

reach the treated site, but also a maintained release needs to be achieved without 

exceeding the necessary dosage to its effectiveness, becoming toxic 51. Another 

drawback of this therapy is t he order of application, since, biologically, the secretion 

of growth factors is a response of the stimulus sent to the cells during the healing 

process. However, in a therapeutic delivery, this is not yet adjustable and the outcomes 

of applying a growth f actor when not needed can be unsuitable 9,51,52. Moreover, most 

of the information available regarding the effects of  growth factors in bone healing 

resides in analysing the effects of the absence of the growth factors or blocking its 

receptors, rather than the application of the substance itself 53.  

Lastly, the incorporation of growth factors into a scaffold as its delivery system has 

represented another difficulty,  mainly due to the abovementioned reasons: controlled 

and sustainable release. Inclusion of heparin or heparan sulphates have presented 

viable alternatives for growth factors such as VEGF and FGF 54ð56, which increases the 

already expensive cost of the growth factor delivery therapy. Nonetheless, the research 

to improve growth factor delivery is ongoing in bone tissue en gineering, aiming to 

improve delivery systems to achieve accuracy and regulation in growth factor release. 
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2.4.3 Cell scaffolds  

Bone tissue engineering has also focused its attention on the use of cells that can 

promote osteogenesis as well as angiogenesis. Primary studies show the use of 

Mesenchymal Stem Cells (MSCs) coming from the bone marrow, under the premise 

that they would stimulate both bone and vascular growth 9,57,58. On different in vitro 

studies MSCs have shown the ability to differentiate into osteoblasts or chondrocytes, 

moreover, MSCs can also be precursor for endothelial cells that ultimately will give 

rise to vascularity 9,57. According to Garc²a & Garc²aõs (2016) review in vivo 

experiments, MSCs show a positive effect on both processes when done separately, i. 

e. MSCs where able to differentiate into osteogenic line or to exhibit an endothelial 

potential to promote vascularization, the use of growth factors to stimulate the latter 

effect should be highlighted as the unknown dose and order of application of these 

give rise to other issues 57.  

The use of more than one cell line has also been tested, as some examples of these, we 

can mention co-cultures of: MSCs and endothelial progenitor cells (EPC), Osteoblasts 

and endothelial Cells (ECs), osteoblasts and human umbilical vein endothelial cells 

(HUVECs), among others. Results from most of these co-cultures in vitro show a good 

capacity of both cell lines to produce osteogenic and angiogenic effects. However, 

when translating to in vivo studies, mixed results are exhibited. Some researches show 

positive vascular infiltration and bone formation, compared to studies using only one 

cell type 57. On the other hand, studies like Koob et al. (2010) and Sharma et al (2018) 

using HUVECs and Bone Marrow Stromal Cells respectively  show that though proper 

vascularization can be achieved, bone formation was not enhanced or defective 59,60.  

One of the main drawbacks for the use of any of the previously men tioned cell lines is 

their limited availability 10,61. Recent findings culturing MSCs from different sources, 
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such as adipose tissue, are ongoing with promising results. However, it has also been 

observed that the nature of the cell source determines its behaviour for regeneration 

potential. Moreover, factors such as cell culture protocols, culture media, number of 

cells used, animal model chosen, among others have been proven to highly influence 

the outcome of the study 57. In view of this discrepancy of results among different 

studies, it seems very obvious that further investigation is required before any 

definitive conclusions regarding the delivery of osteogenic and vasculogeni c cells into 

bone defects. 

2.4.4 Gene therapy  

The main purpose of using gene therapy for bone and angiogenic regeneration is to 

modify the cells in order to have a stable expression of the target growth factor. Thus, 

having an expression of this molecule in response to the physiological needs, both 

vasculogenic and osteogenic 51,57,62. If successful, this would eliminate the use of 

external doses of growth factors 51.  

There are two main forms to deliver genes, using viral vectors or non -viral vectors. The 

use of viruses as a vehicle to transfer nucleic information to the target cells has 

presented the most efficient results, but their limitation for feasible clinical trials stems 

from their potential risks of immune responses in the hosts 10,51,57,62. On the other hand, 

non-viral vectors, consisting on a variety of options going from polymers, phosphates 

to liposomes 51,57. This type of delivery vehicle presents a low efficiency due to their 

non-specificity to the cells with which they interact 62.  

Regardless of the transfection method the major concern remain for the influence on 

the cell nucleus may have latent modifications in their DNA, which could lead to 

uncontrolled protein expression, unwanted effects or atypical tissue healing 10,51,57,62.  
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Current results from these type of therapy, howeve r, show successful formation and 

differentiation of basic vascular structures, developing of microvasculature on 

implantation and improvement of bone hea ling process 10. It is important to highlight 

that most of the work has been performed on rats or mice models, with varied induced 

defects (calvarial, femoral, or muscular injection). Equally important is to mention that 

there have been some studies showing irregular cell expression prior re-implantation 

on the subject. These type of results keep this therapy from being feasible for clinical 

applicatio n yet 10. 

 

2.5 Heparin and revascularization improvement  
 

Heparin possesses an anionic nature due to the presence of sulphate ion groups on its 

structure (see section 3.1.4). Along with a variety of macromolecules, mainly with 

growth factor families, heparin influence in neovascularization processes has attracted 

a lot of attention.  

Chiodelli et al. (2015) published an extensive review on heparin and heparan sulphate 

proteoglycans molecular interactions related to neovascularization. In this review, the 

authors highlight heparin ability to bind with angiogenic growth factors (AGFs), 

which include both inhibitors and promoters. The balance between these two is the 

way heparin aids neovascularization regulation. Likewise, they present available 

information about the specific heparin sulphate groups that interact with angiogenic 

regulators 15, a summary is presented in Table 2.2.  

Furthermore, Bhakuni et al. (2016) and Rema et al. (2003) address the fact that 

molecular weight of heparin plays an important role on its angiogenic activity 63,64. 

According to Rema et al. (2003) and Collen et al. (2000), low molecular weight heparin 

(LMWH) has shown to inhibit angiogenesis when compared to high molecular weight 



Chapter 2: Literature Review 

51 
Griselda Valeria N§jera Romero ʄ June 2021 

heparin (HMWH) on a chorioallantoic membrane assay (CAM assay) 64,65. In a similar 

way, Ito & Welshõs (1999) study presented dual effects of heparin effect in the affinity 

of VEGF for its receptors, observing a difference in the action according to length of 

the polysaccharide unit  13. Nonetheless, this behaviour seems to be completely 

dependent on the angiogenic regulatorõs affinity and molecular requirements.  

 

Heparin sulphate groups interaction with angiogenic regulators  

Angiogenic Regulator  Sulphate groups  

VEGF-A  6-OSO3  

FGF2 2-OSO3  NSO3 

TGF-ȁ   NSO3 

PDGF 2-OSO3 6-OSO3 NSO3 

FGFR1, FGFR4  6-OSO3  

Heparanase   NSO3 

 

Table 2.2. Specific Heparin sulphate groups interact ion with angiogenic regulators. Abbreviations: VEGF-

A : Vascular Endothelial Growth Factor A/ FGF2: Fibroblast Growth Factor  2/  TGF-ȁ: Transforming 

Growth Factor Beta/ PDGF: Platelet Derived Growth Factor/ FGFR1: Fibroblast Growth Factor  Receptor 

1/ FGFR4: Fibroblast Growth Factor  Receptor 4. (Adapted from: Chiodelli et al. (2015)). 

 

Though currently heparin is mostly used to bind with growth factors and aid its release 

in various systems 54,66ð71, its action in wound healing and angiogenesis is still explored 

in the field of vascular tissue engineering 72ð75.  

 

2.5.1 The use of heparin in bone healing techniques  
 

Although the use of heparin has been mainly for releasing growth factors from 

functionalized matrices, in this study  the use of heparin alone inducing vascularization 

has been studied. Yar et al (2017) has reported heparin successfully loaded onto 

chitosan scaffolds to improve poorly vascularised wound beds 56. Similarly, Shahzadi 

et al. (2016) have bonded heparin to chitosan-PVA scaffolds to improve 
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neovascularization 76  and Gibliobianco et al (2015) reported layer by layer heparin 

coating to a PLA scaffold 77.  

Regarding the use of heparin for bone tissue engineering has been previously studied. 

Almodovar et al. (2013) reported the use of chitosan/heparin polyelectrolyte 

multilayers built on modified cortical bone pieces. Their main aim was to take 

advantage of the antibacterial properties of chitosan in bone healing. However, they 

also highlight the resultant sites to bind growth factors, ensuing from the inclusion of 

heparin into the scaffold, this helps with their release and availability to attract 

mesenchymal stem cells attachment, improving bone regeneration 75.  

Similarly, Yang et al. (2014) produced hydroxyapatite mineralized heparin/gelatin 

nanoparticles. They obtained a material enough stable to be used for growth factor 

release. The authors suggest their use with injectable hydrogels, so they can be 

delivered in situ during the bone healing 72.  

Similarly, GümüĦderelio lu & Aday  (2011), functionalized freeze-dried chitosan 

scaffolds with heparin for bone tissue engineering. They tried two types of bonding: 

electrostatic interactions and covalent bonding. Their scaffold was able to release 

heparin for 20 days. Their findings focus ed mainly on bone growth, showing that 

covalent bonding presents better results in regards of in vitro  osteoblast proliferation. 

This was explained that heparin was providing an enhancement of BMP activities. 

However, this team did not discuss concrete inf ormation regarding the ideal amount 

of heparin for promoting osteogenesis, nor effect on angiogenesis was mentioned 78.  
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2.6 Summary  

Bone is a complex skeletal tissue, which is bioactive and is changing all the time due 

to the impact of loading and unloading. The challenge is to find a biomaterial that can 

mimic its properties. The balance between its mineral and organic matrices provides a 

challenge for bone tissue engineering. In addition, as our understanding of the bone 

impr oves, researchers are appreciating the importance of having a good blood supply 

for bone repair and regeneration. Angiogenesis, and consequently, revascularization 

during bone repair endows bone with the ability to maintain its nourishment and its 

complete function ing. However, as it is described in the following chapter, natural 

materials, such as, chitosan and hydroxyapatite have proven to provide positive 

results in bone regeneration.  Similarly, t he use of heparin rises the possibility of 

improving angiogenesis process during bone repair.  
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3 

Materials and Methods  

 

In this chapter, the materials used for the scaffold preparation are described in detail, 

including their main physicochemical characteristics and how they are expected to 

influence the outcome of this research project. At the end, a list of the particular 

materials, their sources and suppliers are provided.  

The development and/or optimization of the methodology used to prepare the 

proposed bioactive scaffold for improving bone angiogenesis is presented in detail in 

chapter 5, Section I. As a result of the experiments carried out during those trials, the 

following protocol  was obtained. Stepwise descriptions of our freeze-gelation protocol 

are provided. Additionally, t he process of loading heparin onto the scaffolds in order 

to functionalize them for vascular infiltr ation purposes, is described.  

 

3.1 Scaffold Materials  

The following sub -sections describe in detail the materials involved in the process of 

preparing the scaffolds. The description includes their main physicochemical 

characteristics, which finally influence on the expected the outcome of the project.  

3.1.1 Chitosan 

There are several reviews regarding chitosan and chitosan-derivatives and their 

biomedical applications due to its outstanding biocompatibility and biodegradability 
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characteristics 79,80,89ð91,81ð88. This section attempts to describe, in general terms, the most 

important characteristics of this material.  

Chitosan is a polysaccharide derived from the deacetylation of chitin. Its chemical 

structure, shown in Figure 3.1, is well described by Levengood & Zhang (2014) as a 

linear polysaccharide consisting of glucosamine and N-acetyl glucosamine units 

linked by ȁ (1-4) glycosidic bonds 79.   

 

 

 

Figure 3.1 Chemical structure of chitosan. [Adapted from Mourya, V. K. et al (2008) 83] 

It is worth highlighting its naturally derived form, since chitosan is obtained from 

natural sources: the animal source consisting mainly in crustaceans and the vegetal 

source formed by certain fungi.   

In arthropods, chitin is part of their protection structures (cuticle) along with proteins 

and calcium carbonate 90. Being an important part of crustaceanõs shells, chitosan 

production from this source is the most common since seafood industry provides a 

good source from its scrap 81,90. Croisier & Jérôme (2013) claim that chitosan obtained 

from vegetal sources presents a more consistent reproducibility and is favoured over 

crustacean chitosan for its use in healthcare 80.  Also research teams such as Kaya et al. 

(2015) and Mesa et al. (2015) have reported optimal biomedical -quality chitosan 

obtained from naturally abundant fungus 92,93. Despite all this, the main source of the 

available commercial chitosan remains to be crustaceans. 
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3.1.1.1 Fabrication of Chitosan  

The general process to obtain chitosan, whether the source is animal 90 or vegetal 93, 

can be summarized in the following  five steps. The first step is the priming of the 

material , through homogenizat ion in the case of fungi and decalcification of shells in 

the case of crustaceans. Secondly, a process of decomposition of proteins is followed , 

it is mainly performed using sodium hydroxide (NaOH) and heat. The next step is the 

treatment to remove the organic residues, regularly achieved through alkaline 

substances. However, according to Mesa et al. (2015), this is not required for fungi 

source. The fourth  phase is pigment removal, and finally t he last step is the 

deacetylation procedure 90,93. The deacetylation process modifies chitosanõs 

crystallinity, structure, and functionality endowing  it the potential to be used in several 

applicati ons when compared with chitin. Although chitin is naturally abundant, it is 

not soluble in many solvents, which complicates its handling and use.  

Thus, chitosan is generally obtained by the alkali treatment of chitin, which involves 

the hydrolysis of the amino acetated positions on chitin backbone. This is usually 

achieved using NaOH and a thermal treatment ca. 80- 120 °C for approximately 5h. 

However, Dash et al. (2011) also refer the use of potassium hydroxide, anhydrous 

hydrazine, and hydrazine sulphate  for this phase 81. This process can also occur by 

enzymatic hydrolysis through the action of a chitin deacetylase 81. Likewise, Yaghobi 

& Hormozi (2010) and Domard (2011) describe deacetylation protocols consisting in 

treating chitin with the alkaline substance more than once, in order to obtain a 

maximum level of deacetylation 86,94. These authors also suggest that the hydroxide 

concentration plays a major role in this process. Most protocols show a degree of 

deacetylation of 70- 95%, while a 100% deacetylated chitosan can be achieved with 

their multistep processes 80,81,83,87.  
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3.1.1.2 Chemical, physical, and biological properties  

Besides its natural origin, the most remarkable features of chitosan noted among all 

the reviews are: biocompatibility, biodegradability, antibacterial nature, low -toxicity, 

haemostatic behaviour, the wide variety of chemical modifications it can undergo , and 

its ability to promote cell attachment and proliferation 79,80,89,90,81ð88, such characteristics 

place on chitosan high expectations to be consider in various biomedical and 

pharmaceutical applications.  

Many authors coincide that, the degree of deacetylation (DD), the molecular weight 

(MW) and the number and position of amino groups present in its backbone conf er to 

chitosan its properties and behaviour.  

For instance, Alves et al. (2008), Mourya et al. (2008), Pillai et al. (2009), and Dash et al. 

(2011) state that the number of cationic sites formed via protonation of amino groups 

by acids along the chitosan chain increases its solubility, giving rise to a water -soluble 

polyelectrolyte.  However, if the pH rises up to around 6 and 6.5, the amines lose their 

positive charge, becoming insoluble. Therefore, although this pro tonation of amino 

groups confers to chitosan one of its most remarkable capabilities (ionic charge) it can 

also limit  its applications as it is only soluble in some acidic solutions 81ð83,85,86. It is 

important to notice that the DD determines the number of amino groups available on 

the chitosan structure, modifying its crystallinity, which plays a major role in the 

solubility of any substance. 

The polycationic nature of chitosan also elucidates certain abilities that are very useful 

in bone tissue engineering. Chitosan is able to form stable ionic complexes with various 

water-soluble anionic molecules, which can improve its mechanical properties and 

enhance cell attachment. Park et al. (2013) and Resende et al. (2015) reported a positive 
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impact on chitosan flexibility and mechanical strength when combined with anionic 

biopolymers such as alginate or glycosaminoglycans (GAGs) 3,95. On Kim et al. (2008) 

and Levengood & Zhangõs (2014) reviews this last combination is especially remarked 

since GAGs help to regulate important processes in bone regeneration 79,89. On the 

other hand, Mourya et al. (2008) and Croisier & Jérôme (2013) consider that the cell 

permeation improvement of chitosan can be explained by its interaction with the 

negative portions of the membranes, which modifies their communi cation channels 

80,83. Similarly, Dash et al. (2011) and Usman et al. (2016) deem that the anionic adhesion 

of chitosan is also reflected on its haemostatic activity, since erythrocyte membranes 

are negatively charged 81,84.  

Biocompatibility is also affected f or the DD, the aforementioned ability of chitosan to 

interact with cell membranes depends upon the ionic charge throughout the chitosan 

chain which is highly related to the DD. And as stated by Croisier & Jér ôme (2013), as 

the number of positive charges augments, the interplay cell -chitosan increases, and this 

tends to enhance biocompatibility 80. Numerous studies have analysed the influence of 

chitosan in cell viability, proliferation and attachment . Though these properties are 

highly related to the chosen system, chitosan has demonstrated to provide an adequate 

environment for cell ad hesion and growth, especially when combined with 

compounds that help the system to emulate cell matrix 79ð83,85ð89. 

Mainly, D D and MW affect  the degradation rate of chitosan. Chitosan exhibits 

maximum levels of crystallinity when it reaches values near to 100 % of DD, this 

influences its biodegradation rate as low crystallinity implies  a higher degradation rate 

and vice versa. On the other hand, MW shows the opposite effect as the higher the MW 

the lower degradation rate, due to the length of the chitosan chains. Biodegradation 

also depends upon the distribution of the acetyl residues throughout the chitosan 



Chapter 3: Materials and Methods 

59 
Griselda Valeria Nájera Romero ʄ June 2021 

chain, for example, it has been found that the more alternated the position of these 

groups the lower the rate of enzymatic degradation 79ð81,83,85. Regarding the 

degradation by -products of chitosan, they are non-toxic and can be integrated into 

different metabolic pathways 3,79. However, Svirshchevskaya et al. (2016) claim that a 

high hydrophobic substitution of chitosan can give rise to a toxicity growth 96, so 

attention must be paid when analysing such chitosan derivatives.  

Further noteworthy characteristics of chitosan  include antifungal, antimicrobial , and 

antioxidant activity 80,83,89,97. Chitosan is also an FDA (US Food and Drug Administration) 

approved material for use in wound dressing and haemostasis treatments 98. 

3.1.1.3 Processing of  Chitosan  

Chitosan can be processed to obtained a wide variety of forms such as porous scaffolds 

79ð81,83,85,87ð89, micro/nanopa rticles or micro/nanospheres 79ð81,85, micro and nanofibers 

79ð82,87,88, hydrogels 79,80,90,81ð83,85ð89, films and membranes 80,81,85ð89 and IPN 

(interpenetrating networks) 81. In order to achieve these structures different methods of 

processing can be employed, such as, freeze-gelation 79ð81,85, freeze-drying 79ð81,85,87ð89, 

gas foaming 79, emulsion droplet 81, coacervation 81, ionotropic gelation 80,81,85, spray 

drying 81, phase separation 79, wet-spinning 79,80,82, electrospinning 79ð82,88ð90, layer-by-

layer deposition 80, wet casting 79,80, solution casting 79,89, chemical crosslinking 79ð

81,83,85,86,89, and ionic and polyelectrolyte complexes formation 80ð82,85ð87,89. These are by 

no means an exhausted list of processing and new methods are being discovered as 

the understanding of the properties of chitosan is growing.  

Chitosan scaffolds are most commonly obtained by freeze-drying  procedure. 

However, alternative meth ods like freeze gelation are gaining recognition within the 

biomaterials field.   
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The porosity achieved with these processes confers the structure its mechanical 

properties, i. e. size and shape of pores, along with their distribution regulate 

mechanical strength of the resultant scaffold. Likewise, these characteristics dictate the 

scaffold behaviour associated with angiogenesis and cell ingrowth and proliferation 

79,81,89. Most of the authors generally place emphasis on the ability of chitosan of 

forming structures with interconnected porosity; hence, it results propitious in bone 

tissue engineering applications. However, it has been observed that the larger the pore 

diameter and interconnectivity, the more fragile the res ultant scaffold would be 79,89. 

None of the freeze-dried and freeze-gelled scaffolds developed to the date are suitable 

for load -bearing bone tissue regeneration, because the mechanical properties of these 

scaffolds are far from matching those of this type of bone, even though they show 

adequate characteristics for cell ingrowth. Ruiran et al. (2011) proposed freeze-gelled 

scaffolds made of chitosan and ȁ-tricalcium phosphate (ȁ-TCP). Likewise, Park et al. 

(2013) analysed freeze-dried apatite -coated scaffolds of chitosan and chondroitin 4 -

sulfate. In both cases, though the mechanical properties of the scaffolds improved 

when compared to pure chitosan, they are far from matching the values exhibited by 

bone and show dependence on the concentration of their components 3,99. 

3.1.2 Hydroxyapatite  

As mentioned in section 2.1.1.2, the major component of inorganic matrix of bone is 

comprised by a calcium phosphate, better known as biological apatite. This material 

possesses a structure and a composition very similar to hydroxyapatite . Thus, 

hydroxyapatite  has been a widely exploited material for bone substitution and 

regeneration, working under the premise that this calcium phosphate is able to 

emulate the characteristics of bone inorganic matrix. 
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The following segments attempt to describe the main characteristics found in the 

liter ature related to this ceramic, as well as its significance in bone restoration 

applications. 

3.1.2.1 Properties 

Hydroxyapatite is a calcium phosphate with the main composition Ca 10(PO4)6(OH) 2. 

Its stoichiometric ratio is 1.67, which means the molecular relation between Ca and P 

(Ca/P) is of this value 100. There are two main spatial distributions of hydroxyapatite  

identified: (1) monoclinic classified with a space group P2 1/b and (2) hexagonal  with 

a space group P63/m. However, for biological purposes, only the latter is used due to 

its stability 101,102. Gruselle (2015) presents a depiction of the hydroxyapatite  structure, 

showed in Figure 3.2. Calcium ions distribute among the phosphate groups within the 

structure bonding with its oxygen atoms, and the hydroxyl groups align in the c -axis 

of the arrangement 100.  

 

 

 

 

 

 

 

 

Figure 3.2 Hydroxyapatite spatial distribution. [Adapted from: Gruse lle (2015)] 

 

Gruselle (2015) also highlights the particular proneness of hydroxyapatite  (and 

apatites in general) to establish ionic interactions, describing the main catalytic 

OH 
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behaviours derived from these charge exchanges. The presence of anionic groups such 

as OH- or PO4 and cationic groups like Ca2+ ion, within the hydroxyapatite  structure 

allow this material to participate from a variety of surface and structural modifications, 

which ultimately bestow hydroxyapatite  with its major qualities 100. 

Bioactivity describes the interaction (chemical bonding) between a material and the 

tissue where is implanted 103. This interaction would be ma inly the result of a well -

orchestrated ion exchange between cell-biomolecules and material surface ions 100,103. 

Kokubo (1991) proposed the current standard evaluation of bioactivity in simulated 

body fluid (SBF) 104. After the evaluation of biomaterials for bone applications, it was 

observed that if a proper correlation between the tissue and the material occurs, apatite 

formation would be present in the implant. This is mainly a result of the proliferation 

of osteoblasts around the bioactive surface 105. Along with new apatite formation, 

bioactivity also implies a successful bonding between the existent biological apatite 

and the new apatite formed 104,105. Hydroxyapatite  has proved to induce apatite 

formation when implanted, and this particular quality has been widely exploited as 

bone implant coating 106.  

Bioresorption refers to the ability of a mat erial to dissolve within the biological 

environment 107. In the same way bone is naturally resorbed by the action of the 

osteoclasts, it is important for a material intended for bone regeneration aid to possess 

the ability of being resorbable. Thus, it will provide the mechanical support needed for 

the tissue to develop during the healing process just long enough for the new tissue to 

fulfil this task by itself, as a proper regeneration works 108. Solubility plays a major role 

for resorption rate of apatites and it can be modified with various ionic substitutions 

101. Among the available calcium phosphates used for bone defect treatment, 

hydroxyapatite  possesses a low solubility in biological environment . However, several 
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ionic substitutions have been tested, which  modif y the lattice structure and ultimately, 

hydroxyapatiteõs crystallinity and solubility 5,109. 

In addition, it is important to consider that once the material disintegrates, the by -

products generated should not have an adverse effect in the biological environment. 

Hydroxyapatite  is well recognized for being bioc ompatible, as the ions liberated 

during its resorption (Ca 2+, PO4- and OH -) are not harmful for the body 101,110. 

It is worth mentioning that these characteristics are mainly product of the different 

substitutions within the hydroxyapatite  lattice structure and they may vary from one 

to another. Ionic substitution in hydroxyapatite  will be discussed on subsequent 

sections.  

3.1.2.2 Synthesis of Hydroxyapatite  

There are several methodologies for the preparation of hydroxyapatite  according to 

the targeted property to be modified, i.e. particle size, shape, and/or ionic substitution. 

For instance, some of the methods mentioned in the review by Sadat-Shojai et al. (2013) 

include chemical precipitation, solid -state synthesis, hydrothermal method, flow 

method and sol-gel method 111. Despite of the method chosen, the ratio Ca/P of the 

product must preserve the value of 1.67 in order to obtain a hydroxyapatite  structure 

112.  

After  critically appraising  of the literature, it became apparent that flow method and 

sol-gel method are preferred synthesis methods to be employed in our studies. This is 

because they allow control over particle size, shape, and form of the resulting 

hydroxya patite.  

As well described by Lakshmi et al. (1997), sol-gel synthesis implies the formation of a 

gel from the aggregation of suspended colloidal particles, which after heat treatment 

produces the entailed material 113. This method allows the obtainment of 
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hydroxyapatite  of more uniform structures 111,112, process settlement is simple 114, and 

large surface area of the crystals obtained can be achieved 111. A range of shapes such 

as regular and irregular spheres, or filaments result from this process 111. 

On the other hand, hydrothermal method involves the reaction of the precursors at 

high temperature and pressure 111. Hydrothermal flow method consists in a system 

pumping the precursor solutions through separate pipes that eventually will meet in 

piece called òTeeó mixer. Afterwards, the blend keeps flowing through the pipe, which 

is now immerse in reactor with high temperature media. Ult imately, the obtained wet 

particles can be heat- or freeze-dried 115. This method not only allows to synthesize  

hydroxyapatite  in a quick process, but also to have much control of properties like size 

and shape of the structure 111,115.  

3.1.2.3 Ionic Substitutions in Hydroxyapatite  

Though commonly described as hydroxyapatite , biological apatite differs from the 

synthetic form of this ceramic due to the presence of various different ionic 

substitutions 31,102. In their analysis of biologic al apatites from different sources, Liu et 

al. (2013) describe the most common natural substitutions found in biological apatites 

when compare to synthetic hydroxyapatite . Elements like Mg2+, Sr2+, K+ and Na+ are 

found in the cationic place of Ca2+. Instead of P, the presence of C, As and V can be 

observed. And regarding the hydroxyl (OH -) site, evidence of CO32-, F- and Cl- are 

reported 31. This explains why hydroxyapatite  has been used as predecessor of several 

substituted -apatites, aiming to produce phosphates with a w ide variety of properties 

and biological applications, from improving solubility 102,109 to providing antibacterial 

properties 116. 

The most common substitution observed in biological apatite is carbonate substitution. 

Carbonates distribute in two different sites within hydroxyapatite  structure: (1) 
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substituting the hydroxyl group (A -type substitution) and (2) the so-called B-type 

substitution, taking position of the phosphate group 101. According to Ibrahim et al. 

(2010) the substitution can vary in an A/B ratio circa 0.8 109. This substitution influences 

significantly the solubility of hydroxyapatite  due to lower bond energy between Ca2+ 

and the carbonate group (CO32-) 31,101.  

Hydroxyapatite  chemical composition is Ca10(PO4)6OH, this means that within 

hydroxyapatite  lattice structure there are 10 atoms of Ca2+ for unit cell. From Figure 

3.2, it is noticeable that these atoms arrange in two different sites, marked as Ca(I) and 

Ca(II). As explained on Ģupov§õs (2015) and Boaniniõs et al. (2010) reviews, within Ca(I) 

sites four ions in total are harboured, aligned with c -axis of the hexagonal structure. 

Regarding the Ca(II) sites, six ions per unit cell are admitted in this position and they 

form a space known as anion channel, which can be occupied by monovalent as well 

as bivalent ions. Usually Ca(II) positions allocate cations bigger in size than those 

found in Ca(I) 101,102. As regards to the substitution in these sites, cations such as Na+ 

and Mg 2+ have been incorporated in the lattice. Sodium has been explored to improve 

cell adhesion properties 101, whereas magnesium substitution is studied for cell 

proliferation promotion 101,117, though this latter can produce unstable hydroxyapatite  

101.  

3.1.3 Chitosan and Hydroxyapatite scaffolds  

As mentioned in the review by Levengood & Zhang (2014), chitosan and 

hydroxyapatit e are among the most promising materials for bone tissue engineering. 

A wide variety of combinations between the two materials have been studied, as they 

can be physically mixed or co-precipitated 79. The reported combinations have showed 

favourable results in many r espects: biological, mechanical, and physicochemical.  
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Tu et al. (2017) reported the fabrication an asymmetric nano-hydoxyapatite/chitosan 

composite membrane fabricated by solvent evaporating in vacuum with the ability to 

promote biomineralization by osteo blasts and accelerate bone regeneration 118.  

Likewise, Ruixuin et al. (2017) described the formation of porous nano-

hydroxyapatite/chitosan scaffolds and micro -hydroxyapatite/chitosan scaffolds 

prepared by compression moulding and particulate leaching method. The scaffolds 

exhibited remarkable poros ity and pore interconnectivity which make them very 

suitable for guided bone regeneration. Similarly, the authors evaluated the enzymatic 

degradation behaviour by means of PBS (Phosphate Buffer Solution) and lysozyme, 

showing no noticeable degradation unti l week 8 of the experiment which can be 

translated into outstanding mechanical properties of the combination 119. 

These are just some examples of the prolific use of chitosan and hydroxyapatite, and 

most of the reviews of both materials provide many proved cases. The success of use 

of both materials lies in the fact that the combination of both materials promotes cell 

attachment and osteoinductivity, biomineralization, osteogenic response, structural 

stability, and notable degradation behaviour 79.  

3.1.4 Heparin 

Heparin is a sulphated glycosaminoglycan (GAG) discovered in the early 1900õs 120,121. 

The structure of this GAG is very complex. As described by Rabenstein (2002), heparin 

is formed by repeating subunits of uronic acid -(1Ƃ4)-D-glucosamine. The uronic acid 

substitutes may be the following: Ȁ-L-iduronic (IdoA) or ȁ-D-glucuronic acid (GlcA), 

which may contain sulphate moieties. The ȁ-D-glucosamine portion can be N-

acetylated or N-sulphated 120. Figure 3.3 shows the typical structure of heparin as 

depicted in Linhardtõs (2003) review, containing the aforementioned subunits. As 

observed in the first half of the repetitive structure, it can contain a highly sulphated 
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disaccharide. However, as shown in the other half, there is an under-sulphated part 

which can be substituted with X= sulphate or H, and Y=sulphate, Ac or H 121.  

 

 

Figure 3.3. Heparin structure. [Adapted from: Linhardt (2003)]  

 

Heparin is synthesized firstly as a proteoglycan which aft erwards becomes a 

polydisperse blend of polysaccharides expressed and store in the mast cells (mostly in 

the surface) 120 with a relative molecular mass of around 5000 and 25000 121. 

3.1.4.1 Heparin sources 

Normally, heparin can be found in organs such as liver, intestines and lungs 121, and it 

can be synthesized from different animal tissues, such as porcine and bovine 120. This 

biosynthesis represents the current standard of fabrication of heparin; however, more 

synthesis methods are also under investigation 122. The pharmaceutically obtained 

heparin can be fractionated considering its degree of sulphation and chain length. But, 

isolation of discrete sequences is not possible, therefore, the obtained heparin is the 

result of the blend of similar chains and its characterization is the representative results 

for these common structures 120,121. Heparin obtained from different tissues, exhibit 

differences in their structures, it has been observed that porcine intestinal heparin is 

very similar to human heparin from mast cells 121. 

Among the alternatives currently analysed to produce heparin we can find the 

production from Chinese hamster ovary cells, which naturally produce heparin 

sulphates, like heparin in structure but without the anticoagulant properties of it. 
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These cells have a lower production rate, which requires the use of aid substances, such 

as cysteine, or gene modification techniques. Though there has been a great 

advancement in the use of mammalian cells for production of heparin, there is still 

much work to b e done on the field122. 

3.1.4.2 Heparin properties  

Heparin is mostly recognized by its anticoagulant property 120,121, however, Chiodelli 

et al. (2015) also highlight  mechanical functions as well as cell proliferation and 

differentiation influence 15. The main reason for this variety of activities is the 

interaction of heparin with a wide variety of biomolecules, such as cytokines, enzymes, 

and growth factors .  

Anticoagulant activity of heparin is elucidated mainly by its interaction with 

antithrombin and heparin cofactor II, serpins that regulate coagulation cascade by 

inhibiting thrombin and other enzymes 15,63,121. Therefore, it has been widely exploited 

for the treatment of thromboembolic diseases 120. 

Rabestein (2002) explains the interaction of heparin with various proteins through its 

anionic nature. This characteristic is mainly due to the sulphate groups allocated along 

its backbone 120. The ion exchange produced through this interaction allows heparin to 

bind with the positive domain of several macromolecules. Linhardt (2003) remarks the 

following: (1) Proteins like FGF family, VEGF family, chemokines, and serpins, 

infl uencing their activity in cell recruiting, proliferation, and development during 

processes like inflammation, coagulation or angiogenesis 63,121. (2) Enzymes such as 

prokaryotic heparin lyases (heparanase), which also influences its activity in tumour 

growth, tissue healing, and neovascularization 121. And (3) viruses like Dengue, 

interacting with the sulphate groups of the superficial heparin in cells, consequently 

being important for the evolvement of the disease 121.  
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Functionalization of heparin, in terms of it s molecular weight, has been possible due 

to different depolymerization and purification methods, during its preparation. 

According to any or both of these, we can find low molecular weight heparin (LMWH), 

high molecular weight heparin (HMWH) and ultra -low  molecular weight heparin 

(ULMWH). Their coagulation properties vary according to the interaction with 

antithrombin, due to the differences in their sulphated groups. It has been observed a 

better pharmacokinetic and dosage regulation with LMWH, while ULMW H show 

more sites that bind with antithrombin. These modification of weight and size in 

heparin also influence the way it interacts with other biomolecules such as growth 

factors and enzymes 123. 

 

3.1.5 List of Materials  

- Chitosan molecular weight 100,000-300,000, DD Ó90%. ACROS 

OrganicsTM, Lot: A0376581. 

- Hydroxyapatite sintered powder. Purchased from Captal S® Batch 

P220S. Particle size varied from 0.5Ñ 0.2 ȋm to 12 Ñ 1 ȋm. 

- Heparin sodium salt, from porcine intestinal mucosa, unfractionated,  

IU>=100/mg . Alfa Aesar. Lot: A16198. 

- Acetic acid glacial Ó99.85%. ACROS OrganicsTM. Lot: A0375749. 

- Sodium hydroxide (NaOH) 98% pellets. ACROS OrganicsTM 

- Phosphate buffered Saline Tablets. OxoidTM  

- Ethanol absolute. AnalR NORMAPUR  

- Deionized water  
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3.2 Methodology for s caffold preparation  

A complete description of the methodology employed to prepare the proposed 

bioactive scaffold for improving bone angiogenesis is presented in the subsequent 

sections. The development and/or optimization of this process is presented in detail 

in chapter 5, Section I. As a result of the experiments carried out during this part, the 

following protocol was obtained. Two main phases can be considered: the preparation 

of the scaffold via freeze-gelation and the process of loading heparin onto the scaffolds 

to functionalize them for vascularization  infiltration purposes.  

3.2.1 Freeze-gelation  

As described in section 3.1.1.3 the most common method to produce chitosan scaffolds 

is using freeze drying techniques, however, Ho et al. (2004) hold the view that freeze-

drying can be replaced by freeze-gelation due to various advantages of the latter, such 

as less time and energy consuming, less remaining solvent and no surface skin 

formation 124. In the same way as in freeze-drying, during freeze gelation chitosan 

solution is froz en using a regular cooling rate to obtain the desired porosity. Pore 

dimension and interconnection are dependent mainly on thermal rates as well as 

chitosan amount; bigger pores can be obtained with lower freezing rates 79ς81,125. Once 

chitosan solution is frozen, it is subsequently immersed in a precooled aqueous 

solution to induce its gelation. Since the gelation takes place below the freezing point, 

the chitosan frozen solution does not dissolve again, which prevent the structure of 

losing i ts shape and porosity while drying at room temperature  79,124,126,127.  

The methodology to prepare the scaffolds is based on Qasim S. B. et al (2015) 126  

methodology to produce porous membranes for periodontal regeneration, with slight 

modifications due to the addition of heparin sodium salt , and result from the trials 

described in chapter 5, section I. 
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3.2.1.1 Optimized freeze -gelation methodology  
 

Distilled water was  warmed to 50°C in a 250 mL volumetric flask.  7.5 g of chitosan 

were added to this flask and the mixture was stir red for 1 hour. When this time  had 

passed, heat was turned off and dropwise addition of glacial acetic acid began (at an 

approximate rate of 1mL/5min).  To achieve a solution 0.3M, 4.3 mL of glacial acetic 

acid were used. Obtained chitosan solution was a golden colour viscous liquid . The 

magnet was removed, and the solution was diluted to 250 mL with deionized water 

while maintaining stirring for another 6 hours.  

Subsequently, 7.5 g of hydroxyapatite powder were added, and the mixture was 

stirred overnight (approximately 13 hours).  

On the following day, the solution was poured into  plastic petri dishes, adding the 

necessary amount according to the required scaffold thickness. The containers were 

placed into the freezer at 4°C for 1.5 hour. After this period , the temperature was 

gradually decreased in -4°C per hour  until a final temp erature of -20°C. The frozen 

solution was kept at -20 °C for further 12 hours. 

On the next day, the frozen discs were carefully removed from the petri dishes by 

pressing the edges of the mould and gently applying pressure at the bottom of the dish . 

A 3M NaOH/ ethanol solution was poured into glass petri dishes and the frozen discs 

were placed into them, more NaOH solution was poured into the glass petri dish to 

cover completely the frozen disc. All the immersed discs were place at ð20°C for 12 

hours. 

After 12 hours of immersion in the gel li ng solution, the discs were taken out and 

washed as follows: 15 minutes with distilled water, 5 minutes with PBS, 15 minutes in 

80% ethanol solution and 15 minutes in absolute ethanol.   
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Finally, the obtained product was left to dry in the fume cupboard overnight 

(approximately 13 hours), until all moisture was removed. 

3.2.2 Heparin Coating  

Scaffolds were cut into cylinder shapes of approximately 5 mm of diameter using a 

hole puncher or a cork borer. 

50 mL of different aqueous solutions of heparin with concentrations of 0.5, 1, 2 and 5 

mg/mL were prepared by dissolving heparin sodium salt in the correspondent 

amount of deionized water  (details of the amounts are presented in Table 3.1). With 

the purpose of all the material having undergone the same procedures, scaffolds 

without heparin, were put in distilled water alone, so they can be submitted to freeze -

drying after heparin loading as well as the other scaffolds.  

Concentration  

(mg/mL)  

Heparin content  

(mg) 

Distilled water  

(mL) 

0 0 50 

0.5 25 50 

1 50 50 

2 100 50 

5 250 50 

 

Table 3.1.  Amounts of heparin according to the loading concentrations.  

 

Subsequently, the scaffold cylinders were immersed in the heparin solution  for 1.5 

hours at room temperature. 

After this time,  the material was removed from the heparin solution and  any excess of 

solution was blotted. Following by a removal of the moisture from the loading 

procedure by freeze drying the product at -25 °C, for 24 hours. 
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3.3 Summary 

The materials chosen in this study have demonstrated good proangiogenic potential, 

making them excellent materials for bone repair and regeneration. Chitosan provides 

outstanding biodegradable and biocompatible characteristics, enable them to act as a 

useful organic matrix. On the other hand, hydroxyapatite has been the material of 

choice for years to serve as the inorganic matrix of bone in tissue engineering scaffolds 

due to its similar composition with the one of real bone. The combination of these two 

materials has been amply studied and documented with positive results.  

Freeze-gelation was used to produce a good method to fabricate bioactive scaffolds for 

achieving the required structure characteristics, such as, interconnected porosity, pore 

size, bioactivity and hydroxyapatite particle distribution within the polymer matrices.  

The characterisation methods are described in the following chapter. 
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4 

Characterisation  

 

The following sections and sub-sections describe in detail the methodology employed 

to characterize the chitosan/hydroxyapatite/heparin scaffolds.  

The methods used for characterisation of the samples are outlined in detail . How each 

characterisation technique that was used as well as the procedures developed 

are described. Parameters that were used (finalised or altered according to 

requirements), such as time, settings, reagents amount, and general protocols 

are explained in detail, not only in this chapter but also addressed in the 

following chapte r. Once the full chemical, biological, physical, and mechanical 

characterisation was achieved and the best materials identified, CAM assay was 

used and this has been explained fully, as this is a critical aspect of this thesis 

to assess angiogenesis in relation to natural materials on their own and in 

combination with heparin.   

 

4.1 Structural characterisation  

4.1.1 Scanning Electron Microscopy (SEM)  

The morphology of the scaffolds was analysed by scanning electron microscopy (SEM). 

Using a Jeol JSM 7800F microscope. Another set of images were obtained with a Vega3 

Tescan, under the same conditions. The cylindrical samples were observed from top, 

bottom, and side faces as pointed in Figure 4.1. Each sample holder was prepared with 
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3 samples of the same heparin concentration: one sample is placed with the top face 

facing up (chitosan side), another scaffold with its bottom face facing up 

(hydroxyapatite side) and the third scaffold was  transversally cut in a half to place the 

edge of the scaffold facing up (4.2). 

 

 

 

  
Figure 4.1 Scaffold orientation and faces. 

 

Once placed in the holder, the scaffolds needed to be gold sputtered, with a 10 nm 

thickness. 

 

 

 

 

 

 

 

 

 

Figure 4.2 Scaffold arrangement for SEM analysis. Scale bar is 2 mm.  

 

 

 

From the obtained images, porosity of the samples was determined by measuring the 

pore diameters of selected pores in the image using ImageJ®. Figure 4.3 shows an 

example of this process, though less pores are presented in this image with the purpose 

of allowing to see the measures. 

Upper face 

(chitosan side) Lateral edges 

of the scaffold 
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line 
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(hydroxyapatite  

Top face 
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Side view  
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Figure 4.3 Example of representative porosity measurement using ImageJ® (less pores than usually 

measured are showed to provide an example). Scale bar is 200 µm. 

 

4.1.2 EDX analysis  

Additionally, Energy Dispersive X -Ray (EDX) spectroscopy was performed on the 

scaffolds. This technique allows the acquisition of a compositional analysis of the 

sample. The purpose was to verify the presence of the sulphate on the scaffold. This 

was performed by using a Jeol JSM 7800F microscope. 

4.1.3 In-vitro degradation study  

The procedure for the in-vitro degra dation study was based on Qasim S. (2017) 128. 

Four time-intervals were evaluated: 1 day (T1), 7 days (T2), 14 days (T3), and 21 days 

(T4). 

The media solution used for this in - vitro degradation study was prepared by 

dissolving 500 mg of lysozyme powder (Alfa Aesar) into 500 mL of a sterile PBS 

solution. This solution was kept in the fridge at 10 °C.  

The study consisted of 3 experiments with 3 replicates per each sample.  
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Every sample (and replicate) was individually weighted, and its weight was recorded 

as W i. Once the samples were weighted, pictures of the first sample of each group next 

to a ruler were taken as a reference of their initial appearance. 

Every test tube was labelled with the composition of the scaffold (indicating the 

heparin content), experiment number and the number of sample and/or replicate. The 

samples were placed individually into the test tubes followed by the addition of  3 mL 

of the media solution. All the tubes were placed into an oven at 37° C. 

Individual set of samples was set for each designed interval, i. e. 45 samples were 

placed for T1 interval, 45 samples for T2 interval, etcetera.  

Samples were taken out of the oven according to the designed intervals. The pH of the 

media for the first sample of each group was measured (while waiting for the pH 

measurement to take place, the samples were kept on a hot plate adjusted to 37 °C).  

The rest of the samples from each group were taken out of the oven one by one and 

washed three times with 1 mL of deionized water each time. Next, each sample was 

placed on a two-layer tissue, labelled with its identification. Every sample was left on 

the tissue for 30 seconds for each side to remove most water from its surface.  

After, every sample was transferred to an individual clean vial for a 24 hour -drying in 

an oven at 37 °C. 

Once the samples were dried, they were taken out of the oven and individually placed 

on a tissue paper, applying gentle pressure 2 times on each sample to remove the 

surface water. 

Finally, the samples were weighted, recording this data as W f. After the weight 

measurements, pictures of the first sample of each group were taken for comparison.  
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The following equati on was applied using the data from the weight measurements. 

This equation determines the degradation, which is expressed as % Dry weight: 

Ϸ Ὀὶώ ύὩὭὫὬὸ ὶὩάὥὭὲὭὲὫ 
ὡ

ὡ
ρππ 

NOTES: 

1) All the test tubes with samples in lysozyme media, were swirled 1 time 

a day manually.  

2) The lysozyme solution was replaced with fresh solution every week . 

4.2 Physicochemical characterisation  

4.2.1 FTIR-ATR  

FTIR characterisation was performed using a Nicolet iS50 FT-IR spectrometer, in 

conjunction with the Attenuated Total Reflectance (ATR) sampling accessory 

equipped with a diamond crystal, which allows to analyse surface of the sample . 

Spectra from the top and bottom surfaces of the scaffolds were obtained for 

comparison. Spectra were obtained at 4cm-1 resolution by accumulating 128 number of 

scans using OmnicÊ 9 software. 

4.2.2 Heparin determination  

Toluidine Blue assay is a method based on the process developed by Smith P. K. et al 

(1980) 129. The assay is based on the change from blue to purple produced when 

Toluidine Blue interacts with a heparin solution. A heparin -dye complex is formed 

which can be removed by adsorption in an immiscible organic solvent, the absorbance 

of the remaining dye is then read in a spectrophotometer. The purple shade and the 

amount of heparin -dye complex produced depend on the concentration of heparin, 
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thus the presence of heparin is not only visibly  determined, but it also can be quantified 

by comparing with a calibration curve.  

4.2.2.1 Calibration Curve  

The calibration curve is necessary to compare the results of the absorbance of the 

samples against the absorbance of known concentrations.  

A solution 0.05% of toluidine blue was  prepared. For this purpose, 0.2 g of NaCl were 

dissolved in a 100 mL flask using deionized water. Once the NaCl was dissolved, 1 mL 

of HCl 1 N was added and let to stir for at least 10 minutes. Finally, 5 mg of toluidine 

blue (TB) dye were added and kept under stirring for another 15 minutes. The solution 

was diluted to 100 mL with  deionized water.   

A set of 12 concentrations of heparin solution, from 0 to 140 µg/mL, were used for the 

preparation of the calibration curve. To prepare these solutions, 8 mg of heparin 

sodium salt were dissolved in 8 mL deionized water, stirring at room  temperature. To 

prepare 50 mL of a solution with a concentration 160 µg/mL, the 1 mg/mL heparin 

solution was dissolved in a 50 mL volumetric flask. Next, a series of dilutions from this 

solution were prepared by adding the necessary amount of the 160 mg/m L solution 

and deionized water, as shown in Table 4.1. 

A set of clean 5 mL bijou container labelled according to the heparin concentration 

were prepared. 750 µL of TB solution were added to each tube. Subsequently, 250 µL 

of heparin solution were added to the corresponding concentration container and the 

mixture was swirled. These mixtures were left to rest for 30 minutes. Next, 750 µL of 

n-Hexane were added into each container, followed by a vigorous shake of the 

container for at least 30 seconds. The aqueous part of this mixture (bottom liquid) was 

taken out and placed it in a 96 well plate to be read. At least 2 replicates of each 

concentration were taken. 
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The absorbance of the well plate was read in a plate reader at 630 nm. 

Concentration  
(ȋg/mL) 

Heparin 
solution  

(mL)  

Water 
(mL) 

0 0.00 5.00 

10 0.3 4.7 

20 0.6 4.4 

30 0.9 4.1 

40 1.3 3.8 

50 1.6 3.4 

60 1.9 3.1 

70 2.2 2.8 

80 2.5 2.5 

100 3.1 1.9 

120 3.8 1.3 

140 4.4 0.6 

 

Table 4.1. Dilutions performed to prepare calibration curve.  

  

The following calibration curve was obtained.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.4 Calibration curve for heparin quantitative determination.  
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Along with the calibration curve, the equation for the tendency line was obtained, this 

equation was used to interpolate the concentration values by solving for x (Eq. 4.1):  

ὼ
ώ ρȢφτυψ

πȢπρπχ
 

4.2.2.2 Quantitative Heparin determination protocol  

The study consisted of 3 sets of experiments with 2 replicates per each sample 

concentration. 

For this evaluation, a 0.05% toluidine blue solution was used. This solution was 

prepared in 100 mL volumetric flask by dissolving 5 mg of toluidine blue dye in an 

aqueous solution containing 0.2 g of NaCl and 1 mL of HCl 1 N.  

Seven time-intervals were tested according to the data show in Table 4.2. The same set 

of samples (which includes all the heparin concentrations) was evaluated on each 

designed interval . 

Interval ID  Time 

T1 30 minutes 

T2 60 minutes 

T3 90 minutes 

T4 150 minutes 

T5 210 minutes 

T6 24 hours 

T7 48 hours 

T8 5 days 

 

Tabl e 4.2. Intervals for toluidine blue assay.  

 

The cylindrical scaffolds were individually placed into test tubes adding 1 mL of 

deionized water into each tube, followed by incubation at 37 °C according to the test 

intervals mentioned before.  

The samples were taken out of the oven when the first time -interval was concluded. 

As soon as every time interval was finished, 250 µL of the incubation water were 

extracted from every sample tube ** and added into correspondent tubes containing 

Eq. 4.1 
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750 µL of Toluidine Blue solution. Every tube was carefully swirled, so the incubation 

water is completely mixed with the Toluidine Blue solution. This process was followed 

by a 30-minute rest, after which 750 µL of n-Hexane were added into every tube and 

the mixtures were vigorously shaken for  at least 30 seconds. The aqueous phase 

(bottom liquid) was removed and transferred into a clean 96 well plate for its reading. 

The absorbance of this phase was measured at 630 nm using a plate reader, the 

readings were compared to the results of a calibration curved previously elaborated. 

To obtain the correspondent amount of heparin Equation 4.1 was solved for x. The 

results for the scaffolds without heparin were considered as background, therefore, 

they were subtracted from the result.  

 

**NOTE: Once the 250 µL of incubation water were extracted, the samples were 

changed to new testing tubes with clean deionized water and taken back to the oven 

to complete the following time interval of the experiment until it is concluded, and the 

process was repeated.  

4.2.2.3 Qualitative Heparin determination protocol  

Another set of scaffolds, two per each heparin concentration, was separately immersed 

in 1.5mL of the 0.05% toluidine blue solution. The scaffolds were left to rest for 5 

minutes, followed by a wash with de ionized water until no rests of the dye are 

observed in the washing water. The scaffolds were carefully dried using a tissue paper. 

Pictures of each scaffold were taken to verify the presence and distribution of the 

heparin on the scaffold by observing the purple shade. 

4.2.3 pH determination  

pH was measured using a Mettler Toledo GmbH, Analytical, FiveEasy Plus TM bench 

meter. The electrode was rinsed with distilled water, blotting the excess between every 
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use.  Subsequently the electrode is introduced in the solution until the pH value 

appears on the bench meter screen. 

4.3 Biological characterisation  

4.3.1 Cell viability  

Cell viability was evaluated through Alamar Blue assay. This method tests cell health 

and viability under the premise that living cells reduce the non-toxic reagent resazurin 

(blue and non-fluorescent) to resorufin (red and fluorescent). Therefore, an estimation 

of the living cells on time is performed by measuring the absorbance of their media.  

The cylindrical scaffolds were disinfe cted using 70% ethanol and 1 hour under UV 

light.  

Resazurin 1mM solution was prepared by dissolving 57.3 mg of Resazurin in 250 mL 

of sterilized PBS. 

 After disinfection, 30,000 cells of the line U2OS were seeded onto the scaffolds in a 24-

well plate. On days 1st, 4th, 9th and 14th  an Alamar blue  ® assay was performed by 

changing the media where the scaffolds were suspended and adding the reagent (10% 

of the sample volume). By using a plate reader, the absorbance of each sample was 

obtained reading at 570 nm. Viability percentage was estimated considering the 

resultant absorbance for the cells growing in the well -plate without heparinized 

scaffold as the 100% of metabolic activity and the result for the media alone as the 0% 

of metabolic activity.  

Once the assay was performed, the solution was removed from all the wells of the well -

plate. Each scaffold was carefully washed three times with PBS to remove the colour 

from the Alamar Blue® assay. New cell media was added into each well and the well 

plate was returned to incubation.  
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During the test, media was weekly changed and after every cell viability evaluation, 

being replaced for fresh cell media. 

4.3.1.1 Cell culture 

The methodology to preserve the U2OS cells used for this evaluation was as described 

next. All these procedures must be performed inside a cell culture cabinet and using 

all the protective equipment, as well as performing the applicable disinfection 

protocols. 

4.3.1.1.1 Medium preparation  

For this particular methodology of cell culture, we use the DMEM (Dulbeccoõs 

Modified Eagle Medium) with 10% of additives.  

 50 mL of the DMEM are taken out of the bottle. Subsequently the following additives 

are incorporated.  

- 50 mL of FCS (foetal calf serum) previously unfrozen. 

- PS (penicillin-streptomycin, 5 mL vial)  

- Glu (glutamine, 5 mL vial)  

The media should be gently mixed and kept stored in the fridge until use.  

4.3.1.1.2 Cell passage 

The media was completely removed from the T75 flask containing the cells. 

Subsequently, the T75 flask was washed twice using 5 mL of PBS each washing.  

Afterwards, Trypsin - EDTA solution was added into the flask and taken back to the 

incubator for 5 min. The purpose of this step is to remove the adhered cells. 

The flask was taken out of the incubator and observed under the light microscope, it is 

possible to gently shake the flask, if necessary, to help the detachment of the cells from 

the flask surface. 
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The cell containing Trypsin -EDTA is taken out of the T75 flaks and poured into a 

universal tube containing 5 mL of DMEM. Then, this tube was centrifuge at 1000 rpm 

for 5 min. During this process, a cell pellet should be formed at the bottom of the 

universal tube.  

The DME was carefully r emoved from above the cell pellet. Later, 5 mL of DMEM were 

added to softly resuspend the pellet, at this point, attention must be paid to avoid the 

creation of bubbles or foam during this process. 

10 mL of DMEM were poured into a new and clean T75 flask. Put the necessary volume 

of cell solution (according to the cell counting). The T75 flask was incubated at 37.5 °C. 

4.3.2 Angiogenic response ex-ovo  

During ex-ovo CAM assay (CAM stands for chorioallantoic membrane) the scaffolds 

were implanted on live chicken embryo. This assay provides an overview of the 

performance of the material in a live environment. The followed procedure was based 

on Mangir et al (2019) and Eke G. et al (2017), 130,131.  

Fertilized chicken eggs were carefully cleaned with 20% IMS solution prior i ts 

incubation at 37.5°C in a humidified chicken incubator. On the third day of incubation, 

the eggs were carefully cracked, the embryo was transferred into a sterilized petri dish 

containing 2mL of penicillin - streptomycin and kept in a humidified cell incubator at 

37.5°C (no carbon dioxide or any other gas was used in the cell incubator).   

The survival of the embryos as well as the consistency of the parameters (temperature, 

humidity)  were daily checked and registered during the experiment.  

On the 6th day, the scaffolds were sterilized using 70% ethanol and 1 h under UV light . 

The implantation of the sterile scaffolds within the CAM of the embryo was performed  

on the 7th day by taking each egg one by one out of the incubator and placing individual 

scaffolds on the CAM space of the embryo as mentioned by Mangir et al. (2019).  
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Sample pictures were obtained on the 10th day and on the sacrifice day (13th day), using 

an electronic PC microscope.  

4.3.3 Histology  

To retrieve the samples, it was necessary to carefully cut the CAM tissue surrounding 

the scaffold. This has to be done as fast as possible to avoid the scaffold to be bled. 

Immediately afterwards the chicken embryo wa s sacrificed.  

Subsequently, the scaffolds were immersed in a bijou container with 5 mL of 3.7 % 

Formaldehyde solution for at least 12 hours. The fixed scaffolds were then slice-cut by 

using cryo-embedding technique (Leica), obtaining 10 ȋm slices. The slices were then 

stained using a regular haematoxylin & eosin protocol.  

Observation under light microscope was performed to examine vascular infiltration.  

4.4 Summary 

All the characterisation methods are focused on highlighting and evaluating the main 

characteristics of our system to ensure it is a suitable structure for bone regeneration. 

For instance, SEM provides useful information regarding the structure of the scaffolds, 

such as pore size and distribution. Likewise, toluidine blue assay offers a remarkable 

tool to quantify the net amount of heparin loaded during the study, which represents 

one of the main findings of this research. Finally, CAM assay allows to test the material 

in a living environment, which ultimately translates to a preliminary in vivo 

performance of the scaffolds.  

The next chapters contain the results obtained from these evaluations. 
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5 

Results and Discussion  

Section I:  

Exploring  methodologies for fabrication of 

hydroxyapatite /chitosan composites enabling 

vascular infiltration  
 

Chitosan-hydroxyapatite composites have been reported in literature, however , to 

fabricate the architecture of the scaffold that would enable vascular infiltration and 

bone growth , it was important to test different methodologies and adapt them to 

satisfy our current requirements.  

Detailed description s of the methodologies are described and alluded to as 'Trials', 

under the different approaches attempted.  The first 5 'Trials' relate to the inclusion of 

carboxymethyl cellulose and the influen ce of pH, whilst 'Trials 6 -9' describe and 

discuss the effect of freeze drying and freeze gelation methods and the suitability of 

these systems for incorporation of heparin.  

The final method used to fabricate the scaffolds was selected based on the results from 

these different trials, and it has been fully described in Chapter 3, section 3.2. 

 

5.1 Defining solution content: trials with carboxymethyl cellulose  

The use of carboxymethyl cellulose in combination with chitosan has been previously 

reported with successful results 132ð136. The purpose of mixing the two polymers  is 

mainly to improv e mechanical properties of chitosan structures. Liuyun et al. (2009) 

reported scaffolds from nano-hydroxyapatite/chitosan/carboxymethyl cellulose for 
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bone tissue engineering. Their results show interconnected porosity, good mechanical 

strength and they allowed cell attachment and proliferation.  

Additionally, Chen et al. (2015) described the preparation of a biodegradable scaffold 

made from bioactive glass/chitosan/carboxymethyl cellulose for bone haemostasis 

and bone regeneration, exhibiting successful results for reconstruction of bone defects.  

For their part, Jiang et al. (2010) presented an option for preparation of a polyelectrolyte 

complex from chitosan/carboxymethyl cellulose/nano -hydroxyapatite for guided 

bone reconstruction with successful preparation results.  

In the following trials the results obtained from reproducing  some reported 

methodologies are described, in order to adapt them to the purpose of creating a good 

scaffold for bone regeneration and incorporation of heparin to improve angiogenic 

performance. It is important to highlight that, since freeze -drying and f reeze-gelation 

methodologies were considered for the preparation of the scaffolds, the formation of a 

solution that was completely homogeneous in appearance was crucial in these trials. 

Therefore, any result that did not appear homogeneous, was immediately  discarded.  

5.1.1 Trial 1 

Scaffold preparation based on Liuyun, J. et al., J. Biom. Sci. (2009) 132 

A  hydroxyapatite (HA) slurry was prepared by adding 4 g of HA into 146 mL of 

distilled water. It was left under stirring approximately  for  1 hour. Meanwhile, 3 g of 

chitosan and 3 g of carboxymethyl cellulose powder s were weighed and mixed in a 

flask. 

 Once the powders were evenly mixed and the slurry was homogenous in appareance, 

the powders mixture was carefully added into the slurry  keeping the stirring . A big 
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lump  was immediately produced from the addition of the polysaccharide powders  

(Figure 5.1). 

The mixture was kept under stirring for approximately 3 hours, until the lump was 

finally dissolved, and a homogeneous mixture was achieved.  

Subsequently, 3 mL of glacial acetic acid were added. Formation of small lumps was 

instantly observed (Figure 5.2). 

 

  

 

 

 

 

5.1.2 Trial 2 

The purpose of this study was to use freeze-drying or freeze -gelation methodology to 

prepare a porous scaffold. Therefore, a homogenous slurry is necessary to assure that 

the same composition can be found in any part of the scaffold. From the first trial, it 

was not possible to obtain a homogeneous slurry, due to the formation of lumps after 

the addition of acetic acid to the mixture of chitosan, hydroxyapatite and 

carboxymethyl cel lulose. It was considered that the addition of acetic acid might have 

been very abrupt, therefore, for this trial this process was modified.  

Figure 5.1.  Slurry preparation of chitosan, 

hydroxyapatite and carboxymethyl cellulose.  
Figure 5.2.  Formation of small lumps within the 

slurry, after acetic acid addition.  
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This trial is based on scaffold preparation following Liuyun procedure. Liuyun, J. et al., 

J. Biom. Sci. (2009) 132 

To prepare a HA slurry, 1 g of HA was slowly added into 36.5 mL of distilled water. 

The solution was left to stir for approximately 2.5 hours. In another beaker, 1 g of 

carboxymethyl cellulose was dissolved in 34.5 mL of distilled water, by the gradual 

addition of the polysaccharide. After  the carboxymethyl cellulose was dissolved, 1 g 

of chitosan powder  was slowly added to this solution with a spatula . Once the chitosan 

was completely and homogeneously distributed in the carboxymethyl cellulose 

solution (approximately 1 hour of stirring), this solution was carefully added into the 

HA slurry  with the aid of a dropping funnel  (Figure 5.3). 

 

 

 

 

 

 

 

After adding all the carboxymethyl cellulose/ chitosan solution in the H A 

slurry , this mixture was let under stirring  for approximately 1 hour, until a 

completely homogenous solution was obtained . Then 1 mL of glacial acetic acid 

was slowly added, with the aid of a burette, keeping the stirring  (Figure 5.4).  

Figure 5.3.  Addition of chitosan and 

carboxymethyl cellulose solution to 

the hydroxyapatite slurry.  
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Before the addition was completed lumps were  formed around the stirrer  

(Figure 5.5). 

 

 

 

 

 

 

 

 

 

5.1.3 Trial 3 

Despite the slow addition of acetic acid, clumps were formed in trial 2. To avoid an 

abrupt change of pH due to the addition of glacial acetic acid, it was decided to reduce 

its concentration by preparing an aqueous solution. Therefore, a 2% acetic acid 

aqueous solution was prepared. Additionally, chitosan was previously dissolved in 

this 2% acetic acid aqueous solution prior its mixing with carboxymethyl cellulose.  

This trial is based on Liuyun, J. et al., J Mater Sci: Mater Med (2009). 137 

Using 50 mL of an acetic acid solution 2%, 1 g of chitosan was dissolved under constant 

stirring. At the same time, 1 g of carboxyethyl cellulose was dissolved in 50 mL of 

distilled wa ter at room temperature, by slowly adding the powder to the water.  

Figure 5.4.  Addition of acetic acid to the slurry.  Figure 5.5.  Final slurry full of lumps.  




