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ABSTRACT 

 

Bone tissue is a complex biomaterial composed of proteins and minerals essential for the 

skeleton's structure and function. However, factors such as ageing, trauma, inflammation, 

and genetic disorders can compromise bone integrity. While bones possess a natural 

ability to heal, treating defects remains challenging. Innovative approaches are focusing 

on substances like chondroitin sulphate (CS), chitosan (CH), and hydroxyapatite (HAp) 

for their beneficial properties. In this study, HAp/CH scaffolds with different CS 

concentrations were developed, focusing on bone regeneration. The composition of the 

scaffolds followed the typical proportion of bone, with 70% HAp as the inorganic 

component and 30% CH as the organic component. This combination mimics the natural 

bone matrix and is gradually resorbed by the body, facilitating regeneration. Due to the 

addition of acetic acid for CH dissolution, a purification step was carried out using 

supercritical CO2 (scCO2) to remove it from the final material. Thermogravimetric (TG) 

analyses showed that scCO2 was effective in removing the acid, with extraction yields 

ranging from 55% to 100%, depending on the sample, confirming the scaffolds' biological 

viability. Density and swelling analyses were carried out to characterise the samples. The 

values obtained showed a density of approximately 0.05 g/cm³ and swelling capacities 

ranging from 2.79 to 3.24 g/g, both in line with the data available in the literature. In 

addition, Fourier transform infrared spectroscopy (FTIR) analysis was used to identify 

the functional groups and chemical bonds present in the material, providing a clear view 

of the molecular composition. Cytotoxicity tests showed that the samples were not toxic 

within 48 hours. Thus, the results indicated that the scaffolds incorporated with CS 

showed good structural stability and biological behaviour, making them suitable materials 

for bone regeneration. In addition, the process of obtaining CS is being studied in the 

project “Obtaining, characterising and evaluating the bioactive potential of chondroitin 

sulphate from tilapia scales”, to which this thesis contributes. 

 

Keywords: Scaffolds; Bone regeneration; Chondroitin sulphate; Chitosan; 

Hydroxyapatite. 
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RESUMO 

 

O tecido ósseo é um biomaterial complexo, composto de proteínas e minerais essenciais 

para a estrutura e a função do esqueleto. No entanto, fatores como envelhecimento, 

trauma, inflamação e distúrbios genéticos podem comprometer a integridade óssea. 

Embora os ossos tenham uma capacidade natural de se regenerar, o tratamento de defeitos 

continua a ser um desafio. As abordagens inovadoras estão se concentrando na utilização 

de substâncias como o sulfato de condroitina (CS), quitosano (CH) e hidroxiapatite (HAp) 

dado as suas propriedades benéficas. Neste estudo, foram desenvolvidos scaffolds de 

HAp/CH com diferentes concentrações de CS visando aplicações na área da regeneração 

óssea. A composição dos scaffolds baseou-se na proporção típica do osso que inclui 70% 

de HAp (componente inorgânico) e 30% de CH (componente orgânico). Esta combinação 

imita a matriz óssea natural e é gradualmente reabsorvida pelo corpo, facilitando a 

regeneração. Dada a utilização de ácido acético para solubilizar o CH, a purificação dos 

materiais foi realizado usando CO2 supercrítico (scCO2). As análises termogravimétricas 

(TG) mostraram que o scCO2 foi eficaz na remoção do ácido, com rendimentos de 

extração variando de 55% a 100%, dependendo da amostra, o que aponta para a 

viabilidade biológica dos scaffolds. Para caracterizar as amostras, foram realizadas 

análises de densidade e inchamento. Os valores obtidos indicaram uma densidade de 

aproximadamente 0,05 g/cm³ e capacidade de inchamento que variou de 2,79 a 3,24 g/g, 

ambos os parâmetros de acordo com os dados disponíveis na literatura. Adicionalmente, 

a análise de espectroscopia de infravermelho por transformada de Fourier (FTIR) foi 

usada para identificar os grupos funcionais e as ligações químicas presentes no material, 

fornecendo uma visão clara da composição molecular. Os testes de citotoxicidade 

mostraram que as amostras não foram tóxicas para um período de 48 horas. Assim, os 

resultados indicaram que os scaffolds incorporados com CS apresentaram boa 

estabilidade estrutural e comportamento biológico, tornando-os materiais adequados para 

uso na regeneração óssea. Adicionalmente, o processo de obtenção de CS está sendo alvo 

de estudos no projeto “Obtenção, caracterização e avaliação do potencial bioativo do 

sulfato de condroitina de escamas de tilápia”, para o qual esta tese contribui.  

 

Palavras-chave: Scaffolds; Regeneração óssea; Sulfato de condroitina; Quitosano; 

Hidroxiapatite. 
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1.1 Motivation 

 

Bone tissue is a complex organ comprising substantial amounts of proteins and 

minerals. The osteoblast is the cellular source of bone formation and plays a vital role 

during the evolution of the skeleton. Ageing, trauma, inflammation, or genetic disorders 

are pathologies that compromise the structure and function of bones (Amiryaghoubi et 

al., 2022). 

Bones generally have a high healing capacity, and defects are naturally limited to 

dimensions that can regenerate spontaneously under biological stimuli and a favourable 

microenvironment. However, even with this intrinsic ability, treating bone defects is 

challenging (Amiryaghoubi et al., 2022; Wang et al., 2022). Because of this, the search 

for innovative and effective approaches to regenerate and maintain the integrity of bone 

tissue has gained prominence. 

Substances such as chondroitin sulphate (CS), chitosan (CH), and hydroxyapatite 

(HAp) have excelled in research and studies for bone treatments due to their beneficial 

properties for bone health. CS can improve bone regeneration by enhancing the 

effectiveness of the distribution of growth factors crucial to the bone regenerative process 

(Zhou et al., 2021). CH is a functional biopolymer that can be processed into porous 

structures for cell transplantation and tissue regeneration (Laranjeira & Fávere, 2009). 

HAp, a bioceramic material, stands out for having a chemical composition similar to the 

inorganic portion of bone (Venkatesan et al., 2012). In particular, the use of substances 

such as CS shows beneficial effects on joint cells and positive clinical results, including 

a significant reduction in joint space in osteoarthritis, since it has a chondroprotective 

action, with anti-inflammatory, anti-catabolic and anabolic properties, especially in 

cartilage cells, the chondrocytes (Ferrari, 2016; Moniz, 2015). 

In this context, advances in tissue engineering led to the development of three-

dimensional structures called scaffolds, which play a crucial role in bone regeneration. 

Scaffolds are a temporary matrix for bone growth and provide a specific environment and 

structure for the tissue, allowing free cell growth on their walls (Wang et al., 2022; Guo 

et al., 2023).  

This context highlights the interconnection between insights into bone diseases, 

research on substances like CS, CH, and HAp, and progress in tissue engineering 

technologies, particularly in scaffold development. Exploring these approaches opens up 
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a promising horizon for therapeutic innovation to improve patient's quality of life affected 

by debilitating bone conditions. 

 

1.2 Objectives 

 

The main objective of this work is to develop chondroitin sulphate-based scaffolds 

targeting bone regeneration applications. Different strategies for incorporating 

chondroitin sulphate can be applied, like the production of micro/nanoparticles or the 

combination with other materials like CH or HAp, which are widely used for tissue 

engineering scaffolds. This work is part of the project "Obtainment, characterisation and 

evaluation of the bioactive potential of chondroitin sulphate from tilapia scales", mainly 

concentrated on developing the materials and obtaining their physicochemical and 

morphological properties. The biological characterisations were carried out in 

cooperation with the Federal Technological University of Paraná (UTFPR). 

The specific objectives are: 

- Development of base scaffolds produced from nHAp and CH mimicking the 

bone composition (70% inorganic and 30% organic), which can be used as a benchmark; 

- Development of strategies to incorporate the CS into the scaffolds, mainly 

including the production of hybrid materials; 

- Evaluate the physicochemical and morphological properties of the produced 

scaffolds; 

- Proceed with the preliminary biological evaluation of the scaffolds. 

 

This document is organised into five chapters. The first chapter presents the 

context and objectives of the study. The second chapter covers a scientific literature 

review on bone defects, the definition and applications of scaffolds, as well as an analysis 

of the polymers used in this work. The third chapter details the methodologies used to 

prepare the dispersion, manufacture, purify and characterise the scaffolds developed. The 

fourth chapter presents the results and discussion related to the experimental work carried 

out in the thesis. Finally, the fifth chapter summarises the main results achieved and 

makes suggestions for future studies. 
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2.1 Bone structure 

 

Bones are complex structures, as shown in Figure 1, composed of hydroxyapatite 

(60-70%), the inorganic part, and collagen, the organic part (Backes, 2020; Ruphuy et al., 

2016; Beu et al., 2017). Apart from supporting the body, bones are the storehouse of 

minerals essential for other body systems' functioning. Healthy bones are, therefore, 

critical to a good quality of life. 

 

 
Figure 1 – Schematic diagram of the structure of bone tissue.  

Adapted from Ruphuy et al., 2019. 

 

Over time, humans naturally lose part of their bone mass (UNIRIO, 2020). 

However, from age 50, osteoarticular diseases affect more than 15% of the world's 

population, and there is no cure (Cruz, 2021). Osteoarticular diseases refer to various 

conditions affecting the joints, bones, muscles, tendons and ligaments. These conditions 

can result from several factors, including ageing, natural wear and tear on the joints, 

injuries, inflammation and genetic predisposition, such as osteoarthritis, a chronic disease 

that causes articular cartilage degeneration (Rezende et al., 2013).  

Bone grafts have been implanted for many years, and despite being a widely used 

technique, the number of donor sites is low, and there may be scars that require a longer 

recovery time, increasing the risk of possible infections (Ruphuy et al., 2018). As a result, 

structures are being developed to mimic the organic and inorganic composition of bones, 

with characteristics similar to these materials, i.e., able to withstand tension and have 

adequate porosity to transport nutrients (Backes, 2020; Ruphuy et al., 2016). 

Bone Collagen fibres 

Collagen  

molecule 

Hydroxyapatite 

nanocrystal 

Macroscale Submciron scale Nanoscale 
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2.2 Scaffolds 

 

Bones have a high capacity for regeneration. However, depending on the extent 

of the damage, this capacity is limited (Miri et al., 2024). Given this, scaffolds are being 

used for bone regeneration. These structures provide mechanical support and act as cell 

growth regulators, allowing nutrients and metabolites to pass through. To produce 

materials as similar as possible to the structure of the natural extracellular matrix of 

tissues, enabling the attachment, proliferation and differentiation of cells, different 

methods are being studied to produce scaffolds important for promoting cell growth and 

the development of tissues similar to that produced naturally by the body (Backes, 2020; 

Flores et al., 2023). 

Among the studied methods, electrospinning and 3D bioprinting can be 

highlighted. The latter ensures the obtainment of scaffolds with more rigid structures and 

better mechanical properties (Flores et al., 2023). In addition, different materials can be 

used to produce them, such as metals, ceramics, and polymers (Backes, 2020). 

There is also the production of scaffolds using the freeze-drying technique, 

making it possible to prepare three-dimensional porous structures with a porosity of over 

90% and a pore diameter range of 20-400 μm (Fereshteh, 2018). This approach creates 

bioactive scaffolds to generate scaffolds in flat, three-dimensional geometries (Brougham 

et al., 2017). 

To be used as a structure for bone regeneration, scaffolds must be versatile, and 

customisable but also biocompatible and biodegradable, presenting bioactivity, high 

porosity, good mechanical properties and structural stability (Miri et al., 2024). 

When produced with CS and other compounds, such as CH or HAp, scaffolds 

have the potential to accelerate the bone repair process and have positive effects on 

inhibiting inflammation, as well as increasing bone hardness (Guo et al., 2023; Xu et al., 

2021). 

 

2.3 Hydroxyapatite 

 

HAp, with the chemical formula Ca10(PO4)6(OH)2, is a calcium phosphate 

biomaterial, as shown in Figure 2 (Valentim et al., 2018). It can be chemically synthesised 

or extracted from natural sources such as cattle, fish, eggs, and pig bones (Wang et al., 

2024; Rstakyan et al., 2024). 
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Figure 2 – Chemical structure of HAp. 

 

Synthetic HAp comprises calcium and phosphorus, with a Ca/P ratio of 1.67. 

Compared to synthetic HAp, natural HAp does not follow a strict stoichiometry, as it 

includes trace elements such as Mg2+, Zn2+, Cu2+, F, Se2+, Si2+, B3+, giving it a closer 

resemblance to the chemical composition of human bone (Rstakyan et al., 2024). 

Due to this compatibility with human bone, its main constituent, its bioactivity 

and mechanical strength, HAp has been widely studied in various areas of biomedical 

applications (Janek et al., 2024; Hu et al., 2017). This content will be explained in the 

next section. 

 

2.3.1 Applications of nHAp 

 

Nano-hydroxyapatite (nHAp) is more beneficial than conventional HAp in terms 

of stimulating osteoblast adhesion, differentiation and proliferation, as well as for 

promoting osseointegration and the deposition of calcium-containing minerals on its 

surface (Ruphuy et al., 2016). For this reason, nHAp scaffolds combined with other 

materials, such as polylactic acid, CH, CS, and others, have been reported to have the 

ability to provide an environment conducive to cell adhesion and development, favouring 

the reconstruction of orthopaedic defects (Hu et al., 2017). Table 1 shows the main forms 

and applications of nHAp and HAp. 
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Table 1 – Main forms and applications of nHAp and HAp. 

Compounds Application Reference 

Nano-hydroxyapatite + Chitosan 
Inorganic-organic hybrid materials for 

biomedical applications 
Ruphuy et al., 2016 

Hydroxyapatite + Chitosan + 

Amylopectin + Chondroitin 

Sulphate 

Scaffolds for bone tissue engineering Venkatesan et al., 2012 

Nano-hydroxyapatite + Chitosan 

+ Chondroitin Sulphate + 

Hyaluronic acid 

Biomimetic mineralized hybrid scaffolds for 

bone tissue engineering 
Hu et al., 2017 

Nano-hydroxyapatite + Polylactic 

acid + Magnesium nano-oxide 
3D-printed scaffolds for bone defect repair Xu et al., 2022 

Nano-hydroxyapatite + Gelatine + 

Chitosan + Polyvinyl alcohol 

Biomimetic scaffolds for bone tissue 

engineering 
Ma et al., 2021 

 

The studies by Ma et al. (2021) and Venkatesan et al. (2012) were highlighted 

because they presented the best results. For example, in the work carried out by Ma et al. 

(2021), promising biomimetic scaffolds for tissue engineering were developed. The 

nHAp, in addition to improving the mechanical properties of the scaffolds, also promoted 

cell adhesion on hydrophilic surfaces. Venkatesan et al. (2012) demonstrated the 

preparation of promising biomaterials-based scaffolds in tissue engineering, as they 

presented excellent interconnected porosity, controlled biodegradation and enhanced cell 

proliferation. 

 

2.4 Chitosan 

 

CH is the only alkaline polysaccharide among natural polysaccharides and is 

produced by the de-N-acetylation of chitin (Wang et al., 2024). It is a biomaterial with a 

chemical structure (Figure 3) that resembles glycosaminoglycans (GAGs) and has 

advantageous properties such as biodegradability, biocompatibility and hydrophilicity 

(Wang et al., 2024; Xu et al., 2020).  
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Figure 3 – Chemical structure of CH. 

 Adapted from Laranjeira & Fávere, 2009. 

 

Due to its biomimetic properties and remarkable degradability, CH has emerged 

as a versatile choice for developing scaffolds, dressings and controlled drug release 

systems. In addition, it can stimulate tissue regeneration and repair through various 

mechanisms, including the increase of cell adhesion and promoting angiogenesis, 

resulting in a significant acceleration of the skin regeneration process (Wang et al., 2024). 

In solution, CH acquires a cationic charge, which enables the formation of 

polyelectrolyte complexes (PECs) with anionic polymers through electrostatic 

interactions (Xu et al., 2020). CH contains amino and hydroxyl groups, which are active 

functional groups susceptible to chemical reactions, making them readily modifiable 

(Wang et al., 2024). 

 

2.4.1 Applications of CH 

 

As it is a non-toxic, bioactive, biocompatible polymer with adsorption capacity 

and chelating ability, CH can be used in different areas of application, such as agriculture, 

tissue engineering, pharmaceuticals, the food industry and effluent treatment (Felipe et 

al., 2017). Table 2 shows the main forms and applications of materials containing CH. 

 

Table 2 – Main forms and applications of CH-containing materials. 

Compounds Application Reference 

Chitosan + Chondroitin Sulphate 
Encapsulation of proanthocyanidin for 

food preservation 
Yu et al., 2022 

Chitosan + Chondroitin Sulphate 
Microcapsules for the controlled release 

of 5-fluorouracil 
Huang et al., 2010 

Chitosan + Nano-hydroxyapatite 
Inorganic-organic hybrid materials for 

biomedical applications 
Ruphuy et al., 2016 

Chitosan Biocide as a replacement for pesticides Alcântara, 2011 

Chitosan + Tannins Microspheres for pilot use in water 

treatment 
Nakano, 2016 
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Given these considerations, the potential of CH is evidenced in various areas. In 

the biomedical sphere, chitosan is used extensively due to its ability to accelerate the 

healing process, antimicrobial activity, bioresorbability and coagulant effect (Felipe et 

al., 2017). 

 

2.5 Chondroitin sulphate 

 

2.5.1 Glycosaminoglycans 

 

Connective tissues comprise a viscous, semi-liquid and gelatinous fundamental 

substance composed mainly of carbohydrates known as mucopolysaccharides. GAGs 

polysaccharides (glycans) and amino sugars (glucosamine) are this substance's main 

types of carbohydrates. GAGs are linear and anionic heteropolysaccharides made up of 

repetitive disaccharide units of high molecular weight. They are polyanions capable of 

retaining a large amount of water. A fundamental characteristic of these disaccharide units 

is the presence of amino sugars, which can be N-acetylglucosamine or N-

acetylgalactosamine, accompanied by other monosaccharides, such as uronic acids or 

galactose (Sanches, 2013). 

The GAGs commonly found are CS, dermatan sulphate (DS), hyaluronic acid 

(HA), keratan sulphate (KS), heparin (HE) and heparan sulphate (HS) (Nakano et al., 

2010). CS is a linear anionic heteropolymer of D-glucuronic acid and N-acetyl-D-

galactosamine, linked alternately by the β(1→3) and β(1→ 4) bonds, respectively. In 

addition, CS, shown in Figure 4, is a GAG present in the fundamental substance of 

vertebrate connective tissues, especially cartilage (Yu et al., 2022; Santos, 2009). 

 

 
Figure 4 – Structure of the CS.  

Adapted from Bunhack et al., 2007. 
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CS synthesis begins with the production of the central protein inside the granular 

endoplasmic reticulum (GER) and its subsequent transportation to the Golgi complex. 

There, this process goes through three distinct stages: the formation of the binding region, 

the polymerisation (which involves the chains' elongation) and the polysaccharides' 

sulphation (Santos, 2009).  

In terms of structure, this GAG can have different sulphation patterns, which can 

vary according to the cell type, tissue, organ, organism pathological conditions or age. 

However, CSs are always formed from alternate units of 4-linked β-D-glucuronic acid 

(GlcA) and N-acetyl-β-D-galactosamine (GalNAc), which is 3-linked and most often 4- 

and/or 6-sulphated. These monosaccharide units form the repetitive disaccharide unit of 

CS, as shown in Figure 5 (Pomin, 2013). 

 

 
Figure 5 – Chemical structure of (a) chondroitin-4-sulphate and (b) chondroitin-6-

sulphate.  

Adapted from Pavão et al., 2006. 

 

2.5.2 Applications of CS 

 

CS, combined with other compounds, can be applied in various areas, such as 

bone regeneration, dermal regeneration, food preservation, chondrogenesis and cancer 

cell treatment applications. A set of applications can be seen in Table 3. 
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Table 3 – Main forms and applications of CS-containing materials. 

Compounds Application Reference 

Chondroitin Sulphate + Chitosan Nanoparticles for curcumin encapsulation Jardim et al., 2012 

Chondroitin Sulphate + Chitosan 
Microcapsules for proanthocyanidin 

encapsulation for food preservation 
Yu et al., 2022 

Chondroitin Sulphate + Chitosan 
Microcapsules for the controlled release of 5-

fluorouracil 
Huang et al., 2010 

Chondroitin Sulphate + Chitosan + 

Strontium 
Scaffolds for bone reconstruction Xu et al., 2021 

Chondroitin Sulphate + Chitosan Scaffolds for use in prostate cancer cells Xu et al., 2020 

Chondroitin Sulphate + Fibroin + 

Hyaluronic acid 
Scaffolds for dermal tissue reconstruction Yan et al., 2013 

Chondroitin Sulphate + Collagen + 

Gelatine + Hyaluronic acid 
Scaffolds for stem cell chondrogenesis Yang et al., 2023 

 

Studies carried out by Xu et al. (2020) showed that the developed CH-CS 

scaffolds may be an appropriate pre-clinical model for use as an in vitro prostate cancer 

platform for drug screening since changes in CS expression during the progression of 

prostate cancer suggest that it may serve as a possible marker for an unfavourable cancer 

prognosis. In addition, the work carried out by Yan et al. (2013) revealed that the prepared 

scaffolds offer great potential for dermal tissue regeneration, where CS accelerated cell 

metabolism, maintaining a typical environment for cell growth.  
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This work aims to produce scaffolds that simulate bone composition, i.e., the 

organic and inorganic parts of the bones. To this, the preparation and characterisation of 

the scaffolds were performed at the IPB and preliminary biological analyses, such as 

microbiological assay and in-vitro cell culture, were carried out at the UTFPR. 

 

3.1 Materials 

 

The materials used to carry out this work consist of aqueous HAp paste nanoXIM-

HAp102, supplied by Fluidinova S.A., with a solids content of 15.0 ± 1.0% wt. and a 

particle size of <50 nm. The CH, 90/200/A1, purchased from Biolog-Biotechnologie 

GmbH (Germany), holds a degree of deacetylation and dynamic viscosity of 91.9% and 

128 mPa⋅s, respectively. The CS was supplied by SM Empreendimentos Farmacêuticos 

LTDA (Brazil). The CH solution was prepared using acetic acid glacial, purchased from 

Fisher Chemical. To maintain the pH of the dispersion at 5.5, an acetate buffer was 

prepared from 1M acetic acid solution and 1M sodium hydroxide (NaOH) solution. 

 

 3.2 Preparation of the dispersions 

 

The dispersions were prepared following the methodology proposed by Ruphuy 

et al. (2016), with some modifications. To prepare the base scaffolds (HAp/CH 70/30), a 

solution of 3% (w/v) CH (in 1% m/v acetic acid solution) and the aqueous HAp paste 

were used. As shown in the scheme of Figure 6 (Ruphuy et al., 2016), after adding the 

CH solution volume (~28.8 mL) with ~57.7 mL of acetate buffer (pH 5.5), the HAp paste 

(~13.5 mL) was injected using a peristaltic pump at 240 rpm, while the solution was 

stirred by an Ultra-Turrax (a high-speed dispersion homogeniser device (Miccra D-9) at 

its minimum speed (11 000 rpm) for 2 minutes. The addition of CS was tested at different 

concentrations, following different strategies. The needed amount of CS was weighed and 

added to the CH solution. 
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Figure 6 – Experimental scheme used to prepare the dispersions: (1) beaker under 

agitation; (2) peristaltic pump; (3) tube; (4) Ultra-Turrax.  

Adapted from Ruphuy et al., 2016. 

 

 3.3 Scaffold preparation 

 

A methodology adapted from the one proposed by Ruphuy et al. (2016) was 

followed to prepare the scaffolds. To this, 10 mL of the dispersions were placed in 

polystyrene Petri dishes with a diameter of around 55 mm and stored in a freezer for 24 

hours. The samples were then freeze-dried and stored appropriately in plastic bags until 

characterisation. 

 

3.4 Scaffolds purification 

 

Following the methodology described by Ruphuy et al. (2016) and Ruphuy et al. 

(2018), the scaffolds were purified using supercritical CO2 treatment (scCO2), as shown 

in Figure 7. The reason for choosing this treatment is linked to its benefits: it is non-toxic, 

environmentally benign, non-flammable and non-corrosive technique (Ruphuy et al., 

2018).  

 

 
Figure 7 – Schematic representation of scaffold purification: (a) dispersion; (b) freeze 

drying; (c) scaffold; (d) acetic acid extraction with scCO2. 

Adapted from Ruphuy et al., 2018. 

1 
2 

3 

4 

(a) (b) 

(c) (d) 
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Despite its many advantages, the scCO2 extraction method is expensive to install, 

requires the application of high pressure and has limitations on the materials subjected to 

this purification process (White et al., 2021; Manjare & Dhingra 2019). 

In the purification process, the samples were distributed equally inside a 1 L 

extraction cell. CO2 from a standard cylinder was cooled, pumped into the cell and 

compressed to a constant pressure of 8.0 MPa. The temperature was increased to reach 

the supercritical state, with experiments carried out in static mode for 5 samples per 

experiment. The temperature of 75°C was selected, in line with Ruphuy et al. (2018), who 

reported 80% removal of residual acetic acid under these conditions (75°C and 8.0 MPa). 

After each cycle, two depressurisation steps were carried out: the first at 4 MPa and the 

second at 0.2 MPa (Ruphuy et al., 2016; Ruphuy et al., 2018). 

 

3.5 Scaffolds characterisation 

 

The scaffold samples were characterised concerning density to examine the 

scaffold's structure, composition, and porosity, as well as aspects that favour cell 

adhesion, migration, and organisation. This was done to ensure biocompatibility and safe 

interaction with the organism. The scaffolds' biological properties were evaluated to 

investigate how the cells responded to them, including viability, cytotoxicity and cell 

proliferation. 

 

3.5.1 Fourier transform infrared spectroscopy (FTIR) 

 

FTIR analysis was conducted using a Fourier transform infrared 

spectrophotometer, model MB3000 from ABB Inc. (Quebec, Canada), operating in ATR 

mode. The spectra were acquired from 4000 to 550 cm-1, averaging 32 scans min-1 at a 

resolution of 4 cm-1, using the Horizon MB v.3.4 software (Schreiner et al., 2021; Ruphuy 

et al., 2016). 
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3.5.2 Scanning electron microscopy (SEM) 

 

SEM analysis was carried out using a Phenom Pro microscope from Phenom-

World (Eindhoven, Netherlands) to obtain information on the morphological properties 

of the scaffolds. The samples were placed in carbon sheet pins and analysed at 15 kV.  

 

3.5.3 Thermogravimetric analysis (TG) 

 

The thermal stability of the scaffolds was analysed using NETZSCH equipment 

(TG 209 F3 Tarsus, Selb, Germany). The samples were heated from 30° to 700°C at 10 

°C/min under an inert atmosphere (nitrogen) with a 50 mL/min flow rate (Crugeira et al., 

2023). The peak related to acetic acid degradation was analysed, and each sample's 

residual amount of acetic acid was estimated from this mass loss by comparing the treated 

(scCO2) and untreated samples. The extraction yield was calculated by comparing the 

acetic acid content in each sample with that of a sample that had not undergone any 

purification or neutralisation process (Ruphuy et al., 2018). 

Equation 1 was used to obtain the extraction yield value. Where 𝐴𝐴𝐶𝑠𝑐𝐶𝑂2
 

represents the acetic acid content obtained by the samples that underwent the scCO2 

treatment and 𝐴𝐴𝐶𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 for the samples that did not underwent the treatment. 

 

 
𝐸𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑦𝑖𝑒𝑙𝑑 = 100 − (

𝐴𝐴𝐶𝑠𝑐𝐶𝑂2
× 100

𝐴𝐴𝐶𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑
) (1) 

 

 

3.5.4 Density  

 

The density was determined experimentally by measuring the height and diameter 

with a calliper and the weight with an analytical balance in triplicate (Ruphuy et al., 

2018). 
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3.5.5 Swelling test  

 

Swelling tests were carried out to analyse the swelling capacity (Cw), i.e., the 

ability of the scaffold to absorb water. To this, the samples were weighed after drying 

(Wd) and swollen (Ws) after being immersed in a PBS solution (pH of 7.4). Cw was 

calculated according to Equation 2. The immersion times vary from 0 to 60 minutes 

(Ruphuy et al., 2018). 

 

 𝐶𝑤(𝑔/𝑔) =  
𝑊𝑠 − 𝑊𝑑

𝑊𝑑
 (2) 

3.5.6 Cytotoxicity assay 

 

Carrying out biological tests on scaffolds is essential to guarantee safety and 

efficacy in clinical applications since these tests allow the creation of environments that 

mimic the natural cellular microenvironment. To this end, cytotoxicity was analysed 

using the methylthiazolydiphenyl-tetrazolium bromide (MTT) assay (3-[4,5-

dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide). This analysis makes it possible 

to check whether the materials harm cell health.  

The selection of the cell type is fundamental, since fibroblasts, which belong to 

connective tissue (Plikus et al., 2021), and bone cells, which are components of both bone 

and connective tissue (Bahraminasab et al., 2021), exhibit different metabolic and 

behavioural responses in the MTT assay.  

For this purpose, the analysis was carried out according to the protocol suggested 

by Mosmann (1983) with the necessary adaptations for evaluating scaffolds based on the 

work of Mohammadi et al. (2024). 

The scaffolds, with a diameter of 7 cm and an average mass of 2.8 mg, were placed 

at the bottom of 24-well plates. A suspension of 2×104 NIH3T3 or MG63/cm2 cells, 

diluted in DMEM culture medium and supplemented with 10% fetal bovine serum, was 

placed on them. The negative control group (CO-) contained only cells and supplemented 

culture medium. The positive control group (CO+) contained cells and the cytotoxic agent 

methyl methanesulphonate (MMS - 150 µM diluted in supplemented culture medium). 

The plates were then incubated for 24 and 48 hours. After this process, the medium 

was removed with serum and replaced with culture medium containing MTT (0.167 

mg/mL). The plates were incubated for another four hours, and the medium with MTT 
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was replaced with 100 µL of dimethylsulphoxide (DMSO) to solubilise the formazan 

crystals. The absorbance was read on a microplate reader (Thermo Plate) at 492 nm. 

The percentage values of cell viability (CV) were estimated by the ratio between 

the absorbance of the treatment and the absorbance of the negative control, according to 

Equation 3. 

 

 
𝐶𝑉 =  (

𝐴𝐵𝑆𝑇

𝐴𝐵𝑆𝐶0−
) × 100 (3) 

 

Where 𝐶𝑉 is the cell viability (%), 𝐴𝐵𝑆𝑇 is the absorbance of the treatment, and 

𝐴𝐵𝑆𝐶0− is the absorbance of the negative control.  

The absorbance values were subjected to the normality test, analysis of variance 

(one-way ANOVA) and Dunnet's mean comparison test (α = 0.05), using Action Stat 

software. 

 

3.5.6.1 Cell culture 

 

NIH3T3 cells, fibroblasts derived from Mus musculus embryonic tissue, and 

MG63 cells (Figure 8), derived from human bone tissue, were grown in 25 cm2 culture 

flasks containing 10 mL of DMEM (Dulbecco's Modified Eagle Medium) culture 

medium, supplemented with 15% fetal bovine serum, and incubated in an incubator at 37 

°C with 5% CO2. The cells were obtained from the Rio de Janeiro Cell Bank. 

 

 
Figure 8 – Stereoscopic microscope image of (a) NIH3T3 and (b) MG63 cells. 

 

  

(a) (b) 
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4 RESULTS AND DISCUSSION 
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4.1 Scaffold preparation 

 

4.1.1 Preliminary results 

 

As initial tests, different HAp, CH and CS concentrations were trialled to produce 

the scaffolds. Trials were carried out using the ratios HAp:CH:CS of 70:25:5, 70:0:30 and 

69:30:1. The scaffolds maintained the inorganic/organic ratio of 70/30 ratio and were 

produced according to the methodology defined by Ruphuy et al. (2016), as previously 

described in the experimental section. The CH was directly replaced with the CS in the 

first two assays (70:25:5, 70:0:30). In the third assay, 1% of CS was added, maintaining 

the total solids content in the dispersion. Figure 9 shows the three formulations produced 

and the blank formulation (70:30:0).  

 

  

 

  

Figure 9 – Preliminary tests with the formulations (a) 70:25:5, (b) 70:0:30, (c) 69:30:1 and 

(d) 70:30:0. 

In the 70:25:5 scaffolds, the 30% of the organic phase comprised 25% of CH and 

5% of the CS, keeping the total solids concentration constant. After the freeze-drying 

process, the scaffolds preserved their disc-shaped structure but became brittle. When all 

the CH was replaced by CS, i.e., the 70:0:30 formulation, the disc structure was not 

maintained, and the scaffolds were turned into powder after freeze-drying. According to 

these results, it is perceptible that the CH component helps maintain the structural support 

(a) 

(c) (d) 

(b) 
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and flexibility of the scaffold (Fourie et al., 2022). CS alone was insufficient to provide 

the necessary structural stability, being more effective when combined with other 

materials that contribute to mechanical integrity, such as CH (Fernandes, 2009). The 

interaction between these two polymers, with CH acting as a cationic polymer and CS as 

an anionic polymer, results in structures with higher resistance to mechanical stress and 

better performance under stress conditions such as pH changes and humidity (Alinejad et 

al., 2018). Another essential reason for keeping CH in the scaffold formulation is that CH 

is degraded in vivo mainly through enzymatic hydrolysis, a desirable characteristic as the 

material should break down and be reabsorbed after tissue formation, maintaining 

mechanical strength similar to that of the original tissue up to that point (Kakazu & 

Malmonge, 2014).  

For the 69:30:1 formulation, 1% CS was added to the total mass of the HAp plus 

CH, but the total solids content was maintained. The sample preserved its disc shape in 

this case and did not become brittle. This result may be related to the fact that the ratio 

HAp/CH was kept constant, ensuring that both CH and HAp continued to provide the 

necessary structural support for the scaffold. For this reason, it was decided to 

manufacture the scaffolds maintaining the 70:30 HAp:CH ratio. In the first case (Case 

A), CS was added directly to the base formulation/scaffold (formulation without CS), 

increasing the total solids content of the formulation as the CS content increased. In the 

second case, the total solids content was maintained (Case B). Concerning the 

characterisation, the 70:0:30 sample was not analysed, as it did not retain its disc-shaped 

structure. 

 

4.1.2 Scaffolds prepared according to Case A formulations 

 

To prepare the scaffolds according to Case A, to the base formulation where a 

fixed amount of HAp paste and CH were used, CS was added at concentrations of 1%, 

2.5% and 5%. The samples were labelled as A.1%, A.2.5% and A.5%, respectively. The 

visual aspect of the samples is shown in Figure 10. The masses used to prepare the 

respective samples are shown in Table A.1 provided in Appendix A. 
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Figure 10 – Formulation Case A (a) A.1%, (b) A.2.5% and (c) A.5%. 

 

In this case, it was observed that the samples remained disc-shaped, independent 

of the used CS content, with the sample A.5% presenting a brittle appearance. Samples 

A.1% and A.2.5% did not become brittle and had a good structural aspect.  

 

4.1.3 Scaffolds prepared according to Case B formulations 

 

To prepare the scaffolds according to Case B, and to keep the total solids constant, 

the mass of HAp and CH were proportionally reduced according to the added CS and in 

order to keep the HAp:CH at 70:30. The CS content varied from 1%, 2.5% and 5% with 

the respective samples labelled as B.1%, B.2.5% and B.5%. The visual aspect of the 

scaffolds produced in Case B are presented in Figure 11. The masses used to prepare the 

respective samples are shown in Table A.1 provided in Appendix A. 

 

 

(a) (b) 

(c) 
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Figure 11 – Formulation Case B (a) B.1%, (b) B.2.5%, and (c) B.5%. 

 

All the samples retained their disc shape. However, as in Case A, sample B.5% 

also becomes brittle. Samples B.1% and B.2.5% maintained good structural integrity. 

Visually, there were no visual or structural differences between the samples from Cases 

A and B. 

 

4.2 Scaffold characterisation 

  

4.2.1 Fourier transform infrared spectroscopy (FTIR) 

 

FTIR analysis is essential in characterising scaffolds, as it identifies functional 

groups and chemical bonds, providing information on molecular composition and 

structural changes. This ensures that the material has the suitable chemical properties to 

interact with the biological environment, as well as helping to verify biocompatibility and 

stability, which are fundamental for efficient and safe tissue regeneration. 

The FTIR spectra of the samples (preliminary samples and samples of Case A and 

Case B), are shown in Figure 12, where the most representative bands are assigned. For 

comparison purposes each image presents the untreated and treated (scCO2) samples. 

(a) (b) 

(c) 
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Figure 12 – FTIR spectrum for samples (a) 70:30:0, (b) 70:25:5, (c) 69:30:1, (d) A.1%, (e) A.2.5%, (f) A.5%, (g) B.1%, (h) B.2.5% and (i) B.5%. 

(a) (b) (c) (d) 

(e) (f) (g) (h) 

(i) 
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The peaks in the 3290-3321 cm-1 range are characteristic of the hydroxyl group (-

OH), while the peaks in the 2921-2860 cm-1 range are due to the -C-H group. The peak 

at 1550-1560 cm-1, represents the deformation vibration of the -N-H group. The peaks at 

1417-1411 cm-1 can be associated with a combination of CN-NH, CH2-OH and CH3 

bands. The typical bands of the phosphate group (PO4), are translated in the peaks at 

1024-1014 cm-1, corresponding to the triple degenerate asymmetric stretching vibration 

of the phosphate P-O bond (Ruphuy et al., 2016; Xu et al., 2021; Basik & Mobin, 2020; 

Fadeeva et al., 2011).  

The samples that underwent the scCO2 treatment showed increased peaks at 1024-

1014 cm-1. This may indicate that undergoing the treatment, i.e., being exposed to high 

temperature and pressure conditions, increased the sample’s crystallinity rate, which 

resulted in the intensification of the peaks, as mentioned earlier (Ewing & Kazarian, 

2018). This phenomenon occurs because crystalline regions have less structural disorder, 

allowing molecular vibrations to occur in a more homogeneous environment, generating 

a sharper and more defined spectral signal. 

 

4.2.2 Scanning electron microscopy (SEM)  

 

SEM analysis makes it possible to observe the morphology of the scaffold in high 

resolution, including the size, shape and distribution of the pores, as well as assess the 

interconnectivity of these pores, which are essential factors in ensuring cell adhesion, 

proliferation and nutrient flow. This analysis also allows the detection of possible 

structural defects and irregularities that could compromise the mechanical integrity and 

effectiveness of the scaffold. 

Figure 13 shows the images obtained from the SEM analysis of Cases A and B 

(treated samples). The ones corresponding to the preliminary tests were not analysed. It 

is possible to observe differences in the formulations, as the samples from the two cases 

have different characteristics. 
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Figure 13 – SEM micrographs of a cross-section of (a) A.1%, (b) A.2.5%, (c) A.5%, (d) 

B.1%, (e) B.2.5%, and (f) B.5%. 

The porosity of scaffolds is fundamental for supporting cell growth, proliferation 

and migration, facilitating the diffusion of nutrients and improving their mechanical 

properties (Teixeira, 2016; Cordeiro, 2019). The images show that these scaffolds have 

low porosity, which increases mechanical strength and structural stability, advantageous 

for applications that demand high durability, such as bone tissue. However, this low 

porosity can limit cell proliferation and hinder vascularisation and nutrient diffusion, 

impairing cell viability in the inner layers (O'Brien, 2011). 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 



28 

 

4.2.3 Thermogravimetric analysis (TG) 

 

Figure 14 shows the thermograms obtained from the TG analysis of the scCO2-

treated and untreated samples (samples of the preliminary tests and samples of Case A). 

The samples corresponding to the Case B are not presented due to problems with the used 

equipment. 

 

  

  

  

Figure 14 – TG for samples (a) 70:30:0, (b) 69:30:1, (c) 70:25:5, (d) A.1%, (e) A.2.5%, and 

(f) A.5%. 

(a) (b) 

(c) 

(e) 

(d) 

(f) 
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It can be seen that the first mass loss, from 30-100 °C, is related to the evaporation 

of water (Xu et al., 2021). In the 100-195 °C range, the observed mass loss is related to 

the degradation of the acetic acid present in the sample (Ruphuy et al., 2018). Above 200 

°C, the mass loss refers to the degradation of the CH present in the sample composition, 

since the degradation of polysaccharides occurs in this temperature range (Georgieva et 

al., 2012). The percentage of residual sample is attributed to the amount of HAp used in 

the formulations, which varied between 60% and 70%. As expected, the residual 

percentage also remained in this range, reflecting the amount of HAp incorporated into 

each formulation (Ruphuy et al., 2018). The complete degradation stages and 

corresponding mass loss are presented in Table A.2 in Appendix A. The mass loss for the 

samples from the preliminary tests and Case A were calculated on a water-free basis. 

It is also possible to note that, unlike the preliminary samples, the Case A samples 

showed a fourth degradation peak, located between 390 and 450 °C, which represents the 

degradation of CS (Oliveira et al., 2017), indicating a mass loss of approximately 6%. 

Tables 4 and 5 show the residual acetic acid data obtained from the degradation 

peak and the treatment efficiency for preliminary tests and Case A, respectively.  

 

Table 4 – Residual acetic acid data and treatment efficiency for preliminary tests. 

Sample 

Acetic acid 

content 

(wt. %) 

Extraction 

yield (%) 

Untreated 

70.30.0 2.08 - 

75.25.5 4.53 - 

69.30.1 3.6 - 

Supercritical CO2 

treatment  

70.30.0 0 100 

75.25.5 1.93 57 

69.30.1 0 100 
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Table 5 – Residual acetic acid data and treatment efficiency for Case A. 

Sample 

Acetic acid 

content 

(wt. %) 

Extraction 

yield (%) 

Untreated 

A.1% 4.12 - 

A.2.5% 6.64 - 

A.5% 6.09 - 

Supercritical CO2 

treatment  

A.1% 0 100 

A.2.5% 1.84 72 

A.5% 2.71 56 

 

Regarding the residual acetic acid, it can be seen that the samples that did not 

undergo the scCO2 treatment have a higher content, between 4 and 6%. The value of 

samples that have undergone treatment is zero or between 1 and 3%. This shows that the 

scCO2 treatment effectively removes acetic acid, with samples reaching extraction yields 

between 55 and 80%, or even 100% in particular cases. The results obtained by Ruphuy 

et al. (2018) under the same conditions were 4.1% for the untreated sample and 0.8% for 

the treated sample, corresponding to an extraction yield of 80%. It is also perceived from 

the obtained results that CS seems to make acetic acid extraction difficult since high 

residual acetic acid values were obtained for these samples after applying supercritical 

treatment. The presence of acetic acid can impart cytotoxicity to the final materials and 

make their use problematic for cell growth. 

 

4.2.4 Density determination 

 

Table 6 shows the results obtained for the scaffold density analysis. It can be seen 

that the values obtained are consistent with those of Chan (2016), who recorded a density 

of 0.0423 ± 0.0028 for a 70/30 HAp/CH scaffold composition prepared under similar 

conditions. The results obtained in the work carried out by Szustakiewicz et al. (2021), 

where scaffolds were made from HAp and poly(L-lactide) (PLLA), the density values 

found for the samples ranged from 0.030 ± 0.002 to 0.037 ± 0.005, showing that they are 

close to the values found for this work.  

It can also be seen that the addition of CS did not significantly modify the density 

of the samples compared to the control sample (0.0464 ± 0.0037). 
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Table 6 – Results obtained from density analysis. 

Samples Density (g/cm3) 

70:30:0 0.0464 ± 0.0037 

70:25:5 0.0495 ± 0.0028 

69:30:1 0.0436 ± 0.0013 

A.1% 0.0488 ± 0.0004 

A.2.5% 0.0494 ± 0.0086 

A.5% 0.0499 ± 0.0032 

B.1% 0.0578 ± 0.0060 

B.2.5% 0.0510 ± 0.0096 

B.5% 0.0521 ± 0.0030 

 

In general, scaffolds have low densities due to porosity, which is crucial for 

functionality in tissue engineering applications. This ensures a balance between rigidity 

and biological integration capacity since introducing pores reduces density, facilitating 

nutrient exchange and cell colonisation (Farazin & Ghasemi, 2022; Gritsch et al., 2019). 

 

4.2.5 Swelling tests 

 

The importance of carrying out swelling tests is directly related to the application 

of the scaffold, as the swelling test simulates the conditions of a physiological 

environment. These tests are relevant because porosity and fluid absorption by the 

scaffold are essential for promoting the diffusion of nutrients, facilitating the removal of 

waste and, above all, guaranteeing a favourable environment for cell proliferation and 

differentiation. In addition, swelling behaviour directly influences the biocompatibility, 

structural integrity and functionality of the implanted material, since this analysis makes 

it possible to assess the material's ability to absorb liquids and expand. 

In order to avoid sample degradation, and based on the previous studies of Ruphuy 

et al. (2018), the test was only carried out on samples that had undergone scCO2 

treatment. With this in mind, the swelling test was carried out in PBS medium (pH 7.4) 

for all the samples The tested time interval was between 0 to 60 minutes. The result of 

the analysis can be seen in Figure 15 for the 3 studied series (preliminary tests, Case A 

and Case B tests). 
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Figure 15 – Swelling test for the produced samples (a) preliminary tests, (b) Case A and (c) 

Case B. 

It can be seen that the scaffolds began to swell within the first 10 minutes of 

analysis, and from that point there was no significant variation in the absorption capacity 

of the samples. Furthermore, it can be seen that the sample containing 5% CS, both the 

ones corresponding to Case B and the preliminary tests, showed the best curve for Cw, 

remaining stable after 10 minutes of analysis. This shows that there was no significant 

change in the swelling of the sample over the 60 minutes of analysis. Although HAp is 

not soluble in water (Cunha, 2010), the high Cw observed can be associated with the 

hydrophilic nature of the CH and CS present in the samples (Xu et al., 2021).  

Based on the observed behaviour, it can be concluded that the presence of CS did 

not significantly impact the absorption capacity. The values obtained for the samples (60 

min) with CS are presented in Table 7. 

 

 

 

 

 

(a) (b) 

(c) 
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Table 7 – Cw obtained for all samples after 60 minutes of analysis. 

Samples Cw (g/g) 

70.30.0 5.71±0.17 

70.25.5 5.53±038 

69.30.1 4.17±0.41 

A.1% 3.12±0.14 

A.2.5% 3.24±0.24 

A.5% 2.79±0.10 

B.1% 4.19±0.76 

B.2.5% 4.67±0.02 

B.5% 4.05±0.42 

 

This analysis indicates that the Case B samples were close to the control sample 

after 60 minutes. The B.5% sample proved to be the most effective in terms of swelling 

control, with a consistent curve and uniform Cw values at the registered 10-minute 

intervals. This uniformity suggests that the B.5% sample has properties that help stabilise 

the swelling process, resulting in minimal dispersion of the values, which is also 

consistent with a more resistant material. 

These variations are not so discrepant and are in line with the literature, as reported 

by Xu et al. (2021), in which scaffolds composed of CH, CS and strontium had Cw values 

of 8.67 ± 6.6 g/g, 8.50 ± 0.7 g/g and 6.54 ± 0.21 g/g. In comparison, the study by Chan 

(2016), which produced scaffolds containing HAp and CH, obtained a swelling capacity 

of 24.5 ± 2.7 g/g, much higher than the values achieved with the materials developed in 

the present work. 

 

4.2.6 Cytotoxicity assay  

 

The samples that were subjected to the cytotoxicity analyses were the samples 

produced in the preliminary tests (70:25:5, 69:30:1, and 70:30:0), as these were the only 

ones sent to UTFPR so far, where the test was carried out. Figure 16 shows MG63 cells 

exposed to the treatments, and Figure 17 shows the NIH3T3 and MG63 cells with diluted 

formazan crystals after the MTT assay. 

 



34 

 

 

Figure 16 – MG63 cells exposed to the treatments.  

Red arrows indicate the presence of the scaffolds in the wells. 

 

Figure 17 – Plate of (a) NIH3T3 and (b) MG63 cells with diluted formazan crystals. 

The results of the MTT cytotoxicity test on NIH3T3 fibroblast cells (Figure 18) 

and MG63 bone cells (Figure 19) exposed to the scaffolds show that none of the evaluated 

samples were cytotoxic to these cell lines, as they had mean absorbances similar to those 

of the negative control and cell viabilities (Table 8) above 74.01%. Furthermore, it is 

possible to observe fibroblast cells (Figure 20) and bone cells (Figure 21) growing in the 

presence of the scaffolds. 

 

(a) (b) 
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Figure 18 – Mean absorbance and standard deviation of NIH3T3 cells treated for 24 and 

48 hours obtained for the scaffolds.  

CO-: Negative Control; CO+: Positive Control. 

* Results statistically different from the negative control (Dunnet's test, p<0.05). 

 

 

Figure 19 – Mean absorbance and standard deviation of MG63 cells treated for 24 and 48 

hours obtained for the tested scaffolds. 

CO-: Negative Control; CO+: Positive Control. 

* Results statistically different from the negative control (Dunnet's test, p<0.05). 
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Table 8 – Percent cell viability (CV) of NIH3T3 and MG63 cells treated for 24 and 48 

hours with the scaffolds, using the MTT test. 

Samples 

CV [%] 

NIH3T3 MG63 

24h 48h 24h 48h 

CO- 100.00 100.00 100.0 100.0 

CO+ 51.85 30.07 52.57 40.19 

69:30:1 99.47 78.64 103.74 70.48 

70:30:0 136.51 81.36 115.89 80.00 

70:25:5 132.28 74.01 107.94 82.29 

CO-: Negative Control; CO+: Positive Control. 

 

 
Figure 20 – Stereo microscope image of NIH3T3 cells cultured with the scaffold samples 

(red arrows), (a) 69:30:1, (b) 70:30:0, and (c) 70:25:5. 

 
Figure 21 – Stereo microscope image of MG63 cells cultured with the scaffold samples 

(red arrows), (a) 69:30:1, (b) 70:30:0, and (c) 70:25:5. 
 

The results obtained after 24 hours for NIH3T3 cells fibroblasts were 136.51% 

and 132.28% in samples 70:30:0 and 70:25:5, respectively, exceeding the values observed 

with the MG63 cells of bone origin. This difference can be explained by the higher 
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metabolic activity of bone cells (Vieira, 1999), which makes them more susceptible to 

toxins, especially in environments where intensive processes such as mineralisation and 

bone regeneration occur. 

The results obtained for NIH3T3 and MG63 cells after 24 hours do not differ 

significantly from those found in the literature. In the study by Arab et al. (2024), a CV 

of 140.78 ± 11.8% was observed at 24 hours for the developed scaffolds based on 

Magnesium/Titanium/HAp. Furthermore, the CV of the scaffolds tested in this study was 

higher at 24 hours than that reported by Ghahremanzadeh et al. (2021), based on 

Polycaprolactone (PCL)/CH, which was 107.73% after 5 days. Although there has been 

a reduction in CV over time, the samples are still considered non-toxic, as the cell viability 

values remain above 70%, as established by the ISO 10993-5:2009 standard (Jung et al., 

2019).  
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5 CONCLUSION AND FUTURE WORK 
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5.1 Conclusion 

 

This study aimed to develop scaffolds of HAp and CH incorporated with CS for 

bone regeneration applications. To this end, different approaches were used to integrate 

CS into the scaffolds to perceive the impact on the final materials' properties. 

Based on the preliminary results, it was observed that the partial or total 

substitution of CH, an essential component for the structural stability of the samples, 

makes the scaffolds fragile and brittle, leading, in some cases, to the loss of their original 

disc shape. Therefore, it was only possible to produce scaffolds when CH was 

incorporated. The scaffolds using CH and added CS at contents ranging from 1-5% 

showed good structural results, including maintaining the total solids content (Case B) or 

not (Case A) in the final dispersion. 

TG analyses showed that the purification of the scaffolds by scCO2 was efficient, 

with extraction yields varying between 55% and 100%, depending on the sample. This 

means the freeze-drying process combined with scCO2 treatment effectively removes 

acetic acid, making the sample viable for biological applications. In addition, the 

cytotoxicity tests showed that the samples were not toxic after 48 hours.  

The density analysis showed that the addition of CS to the base formulation, as 

developed by Ruphuy et al. (2017), did not substantially change or impact the density 

values of the scaffolds. In the swelling analysis, it was observed that the samples reached 

equilibrium after 10 minutes of analysis, with an initial increase in absorption followed 

by stabilisation of the degree of swelling. Furthermore, the addition of CS to the samples 

did not significantly change the absorption capacity of the scaffolds.  

Finally, the scaffolds developed in this study showed great potential for 

application in bone regeneration, as they show no toxicity within 48 hours and exhibit 

low porosity, these characteristics indicate that they are suitable for applications in bone 

tissue. The base formulation, which mimics the composition of bone in terms of organic 

and inorganic components when combined with CS at different contents, highlights and 

emphasises the effectiveness of the produced scaffolds. Therefore, HAp/CH/CS scaffolds 

are promising for bone regeneration applications. 
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5.2 Future work 

 

To advance research on the developed work, where HAp:CH scaffolds 

incorporated with CS are proposed for bone regeneration, the following activities are 

recommended. The first 3 are short-term objectives, and the last 3 can be seen as more 

long-term objectives, which will depend on the previous stages’ results. 

- Evaluate the controlled release profile of CS over time; 

- Proceed with the mechanical analysis (DMA) of the scaffolds; 

- Study of cell adhesion and proliferation for the samples of case A and case B; 

- Perform the DAPI (4′,6-diamidino-2-phenylindol) test to mark and visualise 

DNA; 

- Analysing the degradation rate of the scaffolds in vitro and in vivo; 

- Test the scaffolds in animal models to assess biocompatibility, biodegradation and 

osteoinduction in a natural biological environment. 
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APPENDIX A 

 

A.1 Preparation of the dispersions (Case A and Case B) 

 

The masses used to prepare the samples for Cases A and B are shown in Table 

A.1. 

 

Table A.1 – Masses used to prepare the samples for Cases A and B. 

CASE A 

Sample HAp paste (g) CH solution (g) Buffer (g) CS (g) 

A.1% 13.47 28.86 57.67 0.0291 

A.2.5% 13.47 28.86 57.67 0.0740 

A.5% 13.47 28.86 57.67 0.1519 

CASE B 

Sample HAp paste (g) CH solution (g) Buffer (g) CS (g) 

B.1% 13.33 28.57 58.10 0.0289 

B.2.5% 13.13 28.14 58.73 0.0721 

B.5% 12.79 27.41 59.79 0.1443 

 

 

A.2 Complete degradation stages and corresponding mass loss for Preliminary Tests 

and Case A  

 

The complete degradation stages and corresponding mass loss for Preliminary 

Tests and Case A are presented in Table A.2. 

 

 

 

 

 

 

 

 

 



50 

 

Table A.2 – Complete degradation stages and corresponding mass loss for Preliminary Tests and 

Case A. 

Sample 
Degradation 

Temperature (°C) 
Weigh Loss (%) Residue (%) 

70.30.0_SC 

63 13.37 

62.29 - - 

251.8 24.13 

70.30.0 

52.7 6.75 

73.88 138.6 2.27 

246.9 16.42 

70.25.5_SC 

61.7 7.22 

72.71 186.4 2.11 

249 16.92 

70.25.5 

56.1 8.29 

72.43 140.2 5.14 

260.1 16.22 

69.30.1_SC 

54.2 6.43 

68.11 - - 

248.4 20.86 

69.30.1 

61.7 7.79 

68.74 134.7 4.03 

248.9 19.18 

A.1% 

60.4 13.75 

68.39% 
127.4 4.12 

246.9 16.01 

411.4 5.83 

A.1% - SC 

68.9 18.47 

56.95% 
- - 

245.6 18.38 

444.4 8.52 

A.2.5% 

65.1 10.08 

62.58% 
135.9 6.64 

255.2 16.78 

405.5 6.78 

A.2.5% - SC 

69.1 10.3 

69.82% 
164.5 1.84 

257.3 14.93 

431.6 6.4 

A.5% 

69.1 13.59 

64.49% 
154.9 6.09 

261.4 16.17 

395.4 6.32 

A.5% - SC 

68.4 10.25 

69.82% 
186.9 2.71 

257.4 15.12 

433.9 6.14 
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