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ABSTRACT 

The oceans have always been a great instigator of human curiosity and, from the time of 

great navigations to the present day, the source of knowledge seems to be growing. It is 

estimated that the biodiversity of the oceans is greater than that of tropical forests, being 

still little known and considered the last barrier to scientific discoveries on the planet. Marine 

sponges are one of the oldest invertebrate animals in this environment, being studied more 

recently by several areas of research, mainly for their interaction with other microorganisms 

and structural properties. Marine sponges present a vast number of bioactive compounds 

with diverse biological activities, as antitumoral, antibacterial and anti-inflammatory 

properties, that can be used in therapeutic approaches, namely in regenerative medicine. 

Additionally, biosilica from marine sponges became attractive for engineers for its 

application in bone tissue engineering strategies. 

The biosilica from Geodia barretti (GB) was a target material in our study compared to 

Diatomaceous Earth (DE) and Bioglass® 45S5 (BG) in producing alginate-based inks for 3D 

printing scaffold fabrication. The obtaining of GB based ceramic particles was executed 

through the calcination process. Prior to ink formulation, production the silica particles from 

GB, DE and BG were size standardized in the range from 36 to 63 µm and physic-chemically 

characterized with use of Fourier-transform infrared spectroscopy (FTIR), X-Ray diffraction 

(XRD) and Scanning electron microscopy - Dispersive X-ray spectroscopy (SEM/EDS). 

Composite inks were developed by mixture of silica-based materials with alginate solution 

and the respective rheological evaluation presented stable viscous and elastic moduli, 

supporting the advance to the 3D-printing for production of scaffolds. The porosity and pore 

size distribution of the obtained scaffolds were evaluated by X-ray micro-

CT imaging technique, showing their high porosity and interconnectivity. Bioactivity of 

scaffolds was analyzed by immersion into simulated body fluid up to 21 days followed by 

detection of calcium phosphate formation on their surface, after each time point, using 

SEM/EDS. Mechanical tests results point to insufficient compression properties when 

compared to the ones exhibited by the target tissue (human bone). The biological evaluation 

of silica-alginate scaffolds with and without collagen coating showed that the formulations 

with GB biosilica were performing equally or better than the others, with the addition of 

collagen improving the cell adhesion and proliferation in the scaffolds. 

Keywords: bone tissue engineering, biosilica, marine biotechnology, 3D-printing 



 



 

RESUMO  

Os oceanos sempre foram um grande instigador da curiosidade humana e, desde os 

tempos das grandes navegações até os dias atuais. Estima-se que a biodiversidade dos 

oceanos seja maior do que a das florestas tropicais, sendo ainda pouco conhecida e 

considerada a última barreira às descobertas científicas no planeta. As esponjas marinhas 

são um dos animais invertebrados mais antigos neste ambiente, sendo estudadas mais 

recentemente por várias áreas de investigação, pela sua interação com outros 

microrganismos e propriedades estruturais. As esponjas marinhas apresentam 

composições fisiológicas, que podem ser utilizados em abordagens terapêuticas, 

nomeadamente na medicina regenerativa. Além disso, a biossílica de esponjas marinhas 

tornou-se atraente por sua aplicação em estratégias de engenharia de tecido ósseo. 

A biossílica de Geodia barretti (GB) foi um material alvo em nosso estudo em comparação 

com Diatomaceous Earth (DE) e Bioglass® 45S5 (BG) na produção de tintas à base de 

alginato para fabricação de andaimes de impressão 3D. A obtenção das partículas 

cerâmicas à base de GB foi realizada através do processo de calcinação. Antes da 

formulação da tinta, a produção das partículas de sílica de GB, DE e BG foram 

padronizadas por tamanho na faixa de 36 a 63 µm e caracterizadas físico-quimicamente 

com o uso de espectroscopia de infravermelho por transformada de Fourier (FTIR), difração 

de raios-X (XRD) e Microscopia Eletrônica de Varredura - Espectroscopia Dispersiva de 

Raios-X (MEV / EDS). As “tintas” foram desenvolvidas pela mistura de materiais à base de 

sílica com solução de alginato e a respetiva avaliação reológica apresentou módulos 

viscosos e elásticos estáveis, apoiando o avanço para a impressão 3D para produção de 

scaffolds. A porosidade e distribuição de tamanho de poro dos scaffolds obtidos foram 

avaliados pela técnica de imagem de micro-TC de raios-X, mostrando sua alta porosidade 

e interconectividade. A bioatividade dos scaffolds foi analisada por imersão em fluido 

corporal simulado por até 21 dias seguida pela deteção da formação de fosfato de cálcio 

em sua superfície, usando MEV / EDS. Os resultados dos testes mecânicos apontam para 

propriedades de compressão insuficientes quando comparadas às exibidas pelo tecido-

alvo. A avaliação biológica dos scaffolds de sílica-alginato com e sem recobrimento de 

colágeno mostrou que as formulações com biossílica GB tiveram desempenho igual ou 

melhor que as demais, com a adição de colágeno melhorando a adesão e proliferação 

celular nos scaffolds. 

Palavras-chave: engenharia de tecido ósseo, biossílica, biotecnologia marinha, impressão 

3D 
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1. INTRODUCTION 

The oceans cover above 70 percent of Earth’s surface and provide about 90 percent 

of water for the living space on the planet (NOAA, 2021). The ocean biodiversity is still more 

than 80 percent unexplored and scientists estimate that 91 percent of ocean species have 

yet to be classified (Mora et al., 2011), which urges mankind inspiration for discovering the 

extreme environment. It is generally known that oceans provide many unique environments 

and resources, with diverse marine organisms with great potential for biotechnology 

research fields (Burgess, 2012; Chinnappan et al., 2015; Kiuru et al., 2014; Montaser & 

Luesch, 2011). 

Besides developing products from a natural deep-sea source for technological 

purposes, examining marine patterns and processes of ecosystems would also contribute 

to valorizing the environment and reinforcing sustainable exploitation. Most natural-origin 

products are composed of bioactive chemical compounds, which with recent advances on 

what concerns the Research and Technological Development industry, have been isolated 

and identified (David, Wolfender, & Dias, 2015) (Akabane, 2019) (Ravali, 2011) (Maher, 

2013). Many of these compounds are used in conjunction with other compounds, synthetic 

or natural, for the production of biomaterials1 in various applications, especially in 

biomedicine (Alves, 2020; Carvalho et al., 2018; Seixas et al., 2020; Shavandi et al., 2017). 

At the same time, the valorization of by-products from marine origin could represent 

a development of a highly valued product chain (Ivanova et al., 2016). The marine 

biomaterials from new sources, as well from well-known sources, have been applied in 

several biotechnological fields, namely biomedicine, from preventive pharmacology to post-

surgical therapeutic areas, applying to the treatment of chronic diseases - like cancer, 

myocarditis, osteoporosis, e.g. - traumas or even tissue and organ replacement (Simmons, 

Andrianasolo, McPhail, Flatt, & Gerwick, 2005) (Senthilkumar & Kim, 2013) (Lordan, Ross, 

& Stanton, 2011). 

Among marine organisms, marine sponges can produce or metabolize compounds 

for protection or excretion when in contact with microorganisms, particularly during the 

filtration process. The marine sponges are the organisms with attributes that attract the 

researchers’ interest due to their potential for biomedical applications (Grassle & Maciolek, 

1992; Pallela & Ehrlich, 2016; Perdicaris, Vlachogianni, & Valavanidis, 2013; Suarez-

Jimenez, Burgos-Hernandez, & Ezquerra-Brauer, 2012). There are many bioactive 

 
1 A biomaterial is defined as a substance that has been engineered to interact with biological 

system for a medical purpose. 
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compounds in the sponge structure with anti-inflammatory, anticancer, antiviral, antimalarial 

properties, among others. 

Classes Demospongiae, Hexactinellida, and Homoscleromorpha (Cassarino, 

Coath, Xavier, & Hendry, 2018) are siliceous sponges, presenting skeleton made up of 

biosilica. They present interesting mechanical properties, associated to astonishing 

morphological features, based on their capacity to expand and contract in water and filtrate 

a large amount of water (Abdelmohsen, Abdelmohsen, Bayer, & Hentschel, 2014) (Sagar, 

Kaur, Radovanovic, & Bajic, 2013) (Sabdono & Radjasa, 2011) (Woesz, et al., 2006). 

Besides, they are perfectly adapted to a wide range of ecological aquatic niches and interact 

with different microorganisms (Hardoim & Costa, 2014) (Sagar, Kaur, & Minneman, Antiviral 

Lead Compounds from Marine Sponges, 2010) (Silva, Oliveira, Mano, & Reis, 2014). 

Species within Demospongiae are very diverse and present the subject to 

continuous study of their distribution in oceans and taxonomy (Cárdenas & Rapp, 2015; 

Schuster et al., 2021). Besides, they have been also explored from the biotechnological 

point of view, with some species being considered as inspiration for the development of 

biomimetic biomaterial for tissue engineering (Martins et al., 2019). 

The following sections will briefly describe some relevant characteristics of the 

Geodia barretti sponge of Demospongiae Class, marine origin biosilicas and biopolymers 

used throughout the thesis work. 

 

1.1. Geodia barretti 

The Geodia barretti (GB) was first described by Bowerbank (1858) (Demospongiae, 

Geodiidae), and it’s found in deep waters. According to Picton et al. (2011), this marine 

sponge species has a restricted distribution in North Atlantic and the Arctic, commonly in 

European Marine Waters along the Barents Sea, Denmark Strait, Faroe Islands, and 

Norwegian coast, especially common in the Scandinavian fjord areas, as noted in Figure 

1A. It is described as a large globular smooth sponge with a hard consistency (Klitgaard & 

Tendal, 2004). The natural color is cream-yellow or pale yellow-white, characterized by one 

or several deep-sunken openings, which contain groups of exhalant oscules (Figure 1B). 

The barettin, a molecule first isolated from G. barretti in 1986, presented antioxidant 

and anti-inflammatory potential as reported in recent studies (Lind et al., 2013) and it was 

associated with treating diseases that affect the immune system and diseases that are 

caused by inflammation. Barretin was also related to the inhibition of the settlement of 

barnacle larvae and acts as an antifouling agent (Bohlin et al., 2010). Besides, several other 
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compounds have been isolated, characterized and synthesized from G. barretti, increasing 

the interest for this sponge (Carstens et al., 2015). 

For the present study, the Geodia genus was chosen by the high density of siliceous 

spicules (Müller, et al., 2007) and the morphology of Demospongiae; the GB siliceous 

spicules’ particle morphology can be noted in Figure 1C. To obtain the bioceramics particle 

from GB, it  is important first to remove the organic portion, to enable a more accurate study 

of the spicule’s morphology and chemical composition. The isolation of bioceramics from 

Geodia was described through the calcination process (Dudik et al., 2018) to remove the 

organic portion. 

 

Figure 1. A - Geodia barretti native range with relative probabilities of occurrence (Adapted 
from AquaMaps, 2019). B –Geodia barretti samples (FAO-UN, 2021). C - Scanning 
electronic micrograph of Geodia barretti’s microsclere at 1000x magnification (Cárdenas & 
Rapp, 2015). 

 

1.2. Bioceramics: marine origin biosilica 

The bioceramics  are an important subset of the biomaterials, which could be natural 

or artificial, presenting the required biocompatible and non-toxic features, designed to 

induce a specific biological activity in the target biological system. They can be from non-
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degradable to very resorbable and eventually are incorporated or substituted by the body 

after regeneration assistance.  

The natural pathway for bioceramics synthesis occurring in some organisms is 

called biomineralization, described as the phenomenon which drives the development of 

biological structures, associating organic matrices to inorganic functional nanostructures 

phases (Sprio et al., 2014). The inorganic phases are called biominerals, and as a 

consequence of organism metabolism, they can be deposited in the tissue of these living 

organisms (Catherine & Skinner, 2000). The biomineralizers can inspire breakthroughs in 

artificial biomimetic technological advances (Demadis, 2020). Corals and sponges are the 

common reference for marine biomineralizers. They can provide an abundant source of 

chemical components depending on the organism, environmental conditions, and 

interaction with other organisms or microorganisms. 

One of the most widespread biogenic minerals is biosilica, which consists of glassy 

amorphous silica and is formed in many aquatic organisms, plants and grasses. Some of 

the most representative organisms in this category are sponges and algae (Walsh, 2015). 

Bioseparation methods to obtain the biosilica from these organisms, mainly purification, are 

still scarce. Biosilica has interesting properties for the development of innovative therapies 

for bone pathologies, having bone mineral affinity and morphological similarities as 

vascularity and porosity (Nandi, et al., 2015). In this perspective, biosilica is widely used for 

the fabrication of biomimetic and biodegradable biomaterials for bone tissue engineering 

applications (Ma, 2008) (Nguyen, et al., 2012) (Smith & Ma, 2011) (Venkatesan, Anil, 

Chalisserry, & Kim, 2016). 

The biosilica from marine sponges and diatoms has shown osteogenic potential and 

affinity with bone minerals, being considered in many studies with biotechnological 

approaches, namely for manufacturing micro to nano-scale structures for optical systems, 

but also to drug delivery (Gabbai-Armelin, et al., 2019) (Wiens, et al., 2010) (Müller, Albert, 

Schröder, & Wang, 2014) (Schröder, Wiens, Wang, Schloßmacher, & Müller, 2011). 

Regarding bone therapeutic approaches, studies have shown the chemical composition 

influence over the biological assay using SaOS-2 cell line, a cell line commonly used as 

model of osteoblasts. Biosilica has also been used in combination with biopolymers, as 

alginate and collagen, for the development of scaffolds for tissue engineering, with the 

incorporation of biosilica resulting in a mechanical improvement of the scaffolds in the 

compressive mode (Lalzawmliana et al., 2019; Xiaohong Wang, Schröder, & Müller, 2014). 

Another source of biosilica are diatoms, an important group of microalgae found in 

the world's oceans, waterways, and soils, which plays a vital role in oxygen production on 
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Earth (Hildebrand, 2015) and can be used for a variety of purposes, including water filtration 

and fertilization (Bhardwaj, 2005) (Pati, 2016). The diatoms’ cell wall is made of silicon 

dioxide particles, assembled in a highly organized structure with porous networks at 

different scales that remain intact when cells die, offering inorganic structures with 

interesting morphological characteristics for potential research and development 

applications (Moreno & Fernando, 2015)(Walsh et al., 2017) (Hamm, 2005).  

Diatom silica is widely being used for health applications in the delivery of 

therapeutic agents (Zhang et al., 2013; Aw et al., 2013; Losic et al., 2010) and as fillers to 

match bone defects (Plazas et al., 2014). The studies by Cicco et al. and Vona et al. 

revealed that diatom silica can be used as a multifunctional smart material for bone cell 

growth-promoting tissue regeneration (Vona et al., 2016). 

Within the last 20 years in biomedical research, considerable interest has been 

generated regarding silica/biosilica particles for their potential to possess important 

characteristics, for example, high biocompatibility; stability and easy internalization; high 

traceability and imaging capacity; low toxicity; and specificity (Bharti et al., 2015; Kankala 

et al., 2020; Pham et al., 2021; Vivero-Escoto et al., 2012).  

 

1.3. Biopolymer 

Biopolymers are natural polymers produced by the cells of a living organism, which 

consist of monomeric units that are covalently bonded to form larger molecules. The main 

biopolymers are in three groups: polynucleotides, polypeptides, and polysaccharides, 

classified according to the monomer used in the structure; besides, there are some 

biopolymers out of these groups, as suberin, melanin or latex. The biopolymers have 

applications in many fields of industry, i.e., food industry, manufacturing, and biomedical 

engineering (Kim et al., 2010; Kumar et al., 2012; Scholten et al., 2014; Senior et al., 2019; 

Walsh et al., 2017).  

One of the main purposes of biomedical engineering is to fabricate biomaterial, 

which will rebuild new tissue and be integrated into neighboring tissues to restore normal 

body functions. Many natural-origin polymers can be used for regenerative medicine, tissue 

engineering, drug delivery, and medical device development due to their biocompatibility, 

non-toxicity, biodegradability, mechanical properties, and stability (Araujo et al., 2012; 

Kozlowska et al., 2018; Naleway et al., 2016; Verdugo, 2007). 

Marine organisms provide a rich source of chemically diverse compounds. For 

instance, the bioactive and highly branched sulfated polysaccharide fucoidan and the 

anionic polysaccharide alginate can be extracted from brown algae and are used as 
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scaffolding materials for bone and cartilage tissue regeneration (Z. Li & Zhang, 2005; 

Pajovich & Banerjee, 2017). Additionally, collagen has been isolated from several fish 

species, including codfish, as well as from jellyfish and other marine invertebrates, being 

proposed to be used in biomaterials for bone and cartilage regeneration (Addad et al., 2011; 

Hoyer et al., 2014; Kozlowska et al., 2018; Oliveira et al., 2021). 

 

Alginate 

Alginate is found in brown algae cell walls building up to 45% of the dry weight of 

these seaweeds. It is an abundant marine biopolymer and has been extracted from different 

seaweed species, as Macrocystis pyrifera, Ascophyllum nodosum, and types of Laminaria. 

This natural polymer is composed of linear copolymers of 1β-d-mannuronic acid and α-l-

guluronic acid and presents the chemical formula (C6H8O6)n. It is hydrophilic and possesses 

elastic properties (Lee & Mooney, 2012). It has weak mechanical strength, that could be 

improved during biomaterial preparation for enhanced mechanical and structural functions 

applications. 

The first application of alginate was in the form of a dressing when its gelation and 

absorbent properties were discovered (Paul & Sharma, 2015). When applied to wounds, 

alginate produces a protective gel layer ideal for tissue healing and regeneration while 

maintaining a stable temperature environment. Alginate is a widespread ingredient for 

health-related preparations, from dentistry to additive manufacturing. It can be used as a 

material for microencapsulation, medical devices, and tissue regeneration. One of the most 

used forms of alginate hydrogel is that when cross-linked with calcium ions (Hernández-

González et al., 2020). 

The alginate hydrogel is a biologically inert material widely used to fabricate 

scaffolds, especially in extrusion-based printing (Wu, et al., 2016). These hydrogels have 

the characteristic to mimic the extracellular matrix (Sargus-Patino, 2013) (Rowley, 

Madlambayan, & Mooney, 1999). Besides, the versatility of this material, porosity structure, 

and soft nature allows the nutrient and oxygen diffusion into products (Sarker, et al., 2014) 

(Donati & Paoletti, 2009) (Augst, Kong, & Mooney, 2006). According to study by Hernández-

González et al., “alginate hydrogels are one of the most assayed hydrogels for 3D Printing 

and bone tissue engineering and bioprinting due to their properties such as gelling capacity, 

low toxicity, and low cost” (Hernández-González, Téllez-Jurado, & Rodríguez-Lorenzo, 

2020). 
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Collagen 

Collagen is the main structural protein in the extracellular matrix, an essential 

component of the conjunctive tissue, and the most abundant protein in mammals – 25% to 

35% of the whole-body protein content. It consists of three alpha chains of amino acids that 

are organized in the form of a triple helix, also known as a collagen helix (Ramshaw et al., 

2009). There are up to 28 types of collagens identified in the human organism, but collagen 

type I (COL1) is over 90% in the human body (Ricard-Blum, 2011). The collagen deficiency 

is called collagenosis, resulting in poor bone formation, muscle stiffness, growth problems, 

inflammation in muscle joints, skin diseases (Wolff, 2007). 

The most common motifs in the amino acid sequence of collagen are glycine-

proline-X and glycine-X-hydroxyproline, where X could be any amino acid other than 

glycine, proline, or hydroxyproline, being the latter characteristic of these proteins. Other 

amino acids commonly found in mammals’ or fishes’ skins are alanine, glutamic acid, 

arginine, aspartic acid, serine, lysine, leucine, valine, threonine, and others in lower 

concentrations (Shoulders & Raines, 2009). 

Collagen can be used for a wide variety of applications, from the food industry to 

medicine (Irastorza et al., 2021). The main source of collagen is bovine and porcine skin, 

but many studies have been carried out to extract collagen from marine sources (Subhan 

et al., 2015). It is important to find alternative sources of collagen, given the unpopular use 

of collagen from pig or cow skins due to religious restrictions and the active discussion about 

the use of bovine collagen due to mad cow disease and the risk they represent for humans 

(Dayton, 2008; Silva et al., 2014). Additionally, the collagen from marine origin has shown 

unique advantages compared to collagens extracted from the conjunctive tissue of 

mammals, as a lower known risk of transmission to humans of infections-causing agents 

and it is from a source far less associated with cultural and religious concerns. (Silva et al., 

2014)  

Techniques to obtain collagen from marine sources have been developed 

considering different organisms – fishes, sponges, jellyfishes, e.g. –, resulting in materials 

with several physicochemical properties that could be applied in products as compact or 

very long fibers, films, micro or nanoparticles, or porous scaffolds for biomimetically inspired 

hybrid materials or biocomposites (Gomez-Guillen et al., 2011). The potential of materials 

obtained from industry by-products (adding to their value chain and preventing their waste), 

as well as the properties of various marine-based biomaterials, is drawing the attention of 

the scientific community. 
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According to Ghorbania et al., collagen has been used to develop bone substitutes  

“owing to hydrophilicity, biodegradability, and potential for simulation of natural tissue 

component” (Ghorbani et al., 2020). The biofunctional molecules in their chemical structure 

are responsible for important properties in the bone tissue substitutive material component 

(Sahranavard et al., 2020).  

The COL1 was chosen for this study due to its advantages for scaffolds fabrication 

in bone tissue engineering, such as osteogenic differentiation enhancement, the presence 

of cell recognition and adhesion sites, biocompatibility, bioresorbability – natural absorbing, 

or biodegradability – and non-toxicity (Chiu et al., 2014; Akhir & Teoh, 2020).  

 

1.4. Bone tissue engineering applications 

Bone is the second most transplanted tissue (Shegarfi & Reikeras, 2009; Williams 

& Szabo, 2004), losing only for blood transfusions, and alongside cartilage, has the most 

replication attempts described. The most frequent causes of bone replacement are 

accidents, cancer, deficiency in bone formation, diabetes amputation cases, correction 

surgeries, and other diseases affecting bone integrity related to population aging, like 

osteoporosis and mineral loss (Patients et al., 2012; Stein, Ebeling, & Shane, 2007; 

Weisinger, Carlini, Rojas, & Bellorin-Font, 2006). A bone substitute material must mimic the 

bone functions, such as morphology, bone formation ability - mineralization, degradability, 

mineral composition, porosity, biocompatibility (Kampleitner, Obi, Vassilev, Epstein, & 

Hoffmann, 2018). However, the complexity of bone tissue makes it challenging to mimic 

and, until now, no material has been described that can simultaneously fulfill all these 

requirements (Sheikh et al., 2015; Greenwald, et al., 2001; Roberts & Rosenbaum, 2012). 

Different approaches have been attempted, whether natural products, synthetics, 

composites, or even these materials containing living cells and a recent study suggested 

that commercial biosilica or bioactive glasses seem relevant for bone tissue engineering 

applications (Özarslan et al., 2021) and new sources may reduce production cost of these 

materials. 

Marine biotechnology enables the exploration of an almost infinite material source 

for biomedical applications, promising a good cost-benefit ratio and sustainable processes, 

thus representing  a potential increment for the green economy (Buonocore, 2012). In this 

perspective and as addressed above, marine organisms can be studies as source of 

biosilica-based materials and the deep-sea marine sponge Geodia barretti can be evaluated 
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as an interesting biosilica source using the full organic removal process, as recently 

described (Dudik, O. 2021). 

Together with calcium phosphates (CaPs), bioactive glasses (BGs) have been 

whidely explored for dental and orthopedic applications (Paez et al., 2018; Thomas, S., 

Balakrishnan, P., & Sadasivan, 2018). Bioactive glasses are a synthetic silica-based 

material, defined as glass-ceramic, composed of microcrystals dispersed in glass-liquid 

transition, with biocompatibility and bioactivity properties, promoting interaction to the 

biological system by forming a strong material tissue bond. The term “Bioglass” was 

trademarked by the University of Florida and is first referred to the original 45S5 composition 

proposed by Larry Hench in 1969, based upon his theory of the body rejecting metallic or 

polymeric materials unless it was able to form a coating of hydroxyapatite which is found in 

bone. After Hench's discovery, many variations were proposed, as S53P4, 58S or 70S30C, 

with the name commonly  being a reference to the chemical formula composition: 45S5 is 

composed by 45 wt. % of SiO2 and 5:1 molar ratio of Calcium to Phosphorus,  S53P4 

presents 53 wt. % of SiO2 and 4 wt. % of P2O5, 58S presents 58 wt. % of SiO2, 70S30C 

presents 70 wt. % of SiO2 and 30 wt. % of CaO. These different compositions were proposed 

for different applications of biological systems, such as small implants in non-load bearing 

applications, bone filler and scaffolds to promote new bone tissue formation. 

The first clinical experiments using bioglasses occurred during the 1980s to middle 

1990s decades, with significant assays being thus performed fifteen years later the first 

BioGlass 45S5 synthesis. A bioactive glass was successfully implanted in animals in 1986, 

and it was the first material to be able to create strong bonds with living bone tissue, 

described with chemical and mechanical resistance and firm intergrowth. Nowadays the BG 

45S5 is regarded as the gold standard in bone regenerative repair (Gorustovich et al., 2010; 

Hench, 1998; Türe, 2019). 

 

Three-dimensional (3D) printing 

Over the last several decades, researchers have developed different kinds of 

scaffolds for bone tissue regeneration (Gao et al., 2014; Ge et al., 2008; Gusić et al., 2014; 

Pilia et al., 2013). Each of the scaffolding strategies employed has its advantages and 

disadvantages, which define their effectiveness. Successful strategy translation is restricted 

by practical requirements, i.e. ease and reproducibility of fabrication, stability, choice of 

bioactive materials, and by satisfying the structural, mechanical, and biological 

requirements for the bone repair with satisfactory long-term outcomes (J. J. Li et al., 2014). 

Additive manufacturing, particularly 3D printing, is an engineering technique 
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becoming more popular in biomaterials science over the years (Groll et al., 2016), 

fabricating scaffolds, orthoses, and prosthetic devices for tissue engineering applications 

(Pugliese et al., 2021). The 3D printing techniques have been modulated to develop tissue 

engineering materials and their popularity has been increased with recent advances, as the 

control to generate customized and patient-specific constructs, and development of new 

technologies for equipment (Bose, Vahabzadeh, & Bandyopadhyay, 2013) (Mistry, 2018) 

(Sinha, 2020). Nevertheless, the development of printing materials – inks – is a challenge 

given the need to combine printability (associated with certain rheological properties) with 

properties related with biological performance, namely optimizing cell adhesion, 

proliferation towards new tissue formation (Khan, Yaszemski, Mikos, & Laurencin, 2008). 

According to the design, some of the characteristics for a good 3D-printing performance are 

the ink material flow and 3D modeling formation, precise placing the cells, recreating a 3D 

niche with ink materials that overcomes defects of 2D structures (Groll et al., 2016). The 

printable biomaterial ink should have the inducing particles to facilitate the dispersion of the 

cells in the scaffold during the cell seeding (Melchels et al., 2010). For the biological 

evaluation, the material should have good water absorption, and the material must have a 

good adaption in the human body, with replacement of the target tissue (Melchels et al., 

2010). 

Alginates form gels in the presence of divalent ions (typically Ca2+, Sr2+ or Ba2+) at 

physiological conditions, providing great versatility in gelation strategies for in situ 

formations of hydrogel networks, as well as higher-order structures, making them quite 

attractive for bioprinting strategies (Pataky et al., 2012) from which the combination of 

alginate with collagen could improve the performance of the resulting mixture. This 

combination will not affect the capacity of the mixture to support mineralization due to the 

high calcium affinity of alginate (Xie et al., 2010). 

Biosilica and collagen present properties of interest for tissue engineering and three-

dimensional techniques and when associated with other materials, or biomaterials, can 

optimize their applications, for example with metals or incorporation in hydrogels, which can 

increase the durability and resistance of the devices. From literature data, it can be 

concluded that silica-based materials are excellent candidates to be used as starting 

materials for the manufacture of 3D scaffolds for bone tissue engineering (Madhumathi et 

al., 2009; Nejati, 2015; Nommeots-Nomm et al., 2017; Özarslan & Yücel, 2016; Sowjanya 

et al., 2013; Xiaohong Wang, Tolba, et al., 2014). 
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1.5. Objectives 

The main goal of the present work was to develop marine origin biosilica-based 

porous scaffolds by 3D printing, using the deep-sea marine sponge Geodia barretti as a 

biosilica source, and further to evaluate their physicochemical and biological properties. To 

evaluate their potential for bone tissue engineering applications the scaffolds were 

compared with fabricated scaffolds based on Diatomaceous earth biosilica (another type of 

biosilica) and Bioglass 45S5® (a synthetic silica-based material, the gold standard of this 

type of materials). 

The global aims of the work can be broken down in 6 specific objectives: 

1. Bioseparation of biosilica (BS) from Geodia barretti and determine the 

biosilica component under laboratory conditions; 

2. Physicochemical characterization of silica particles (Diatomaceous earth - 

DE; Bioglass 45S5® - BG; Biosilica from Geodia barretti – GB); 

3. Development of ink formulations based on silica particles and alginate 

hydrogel, and evaluation of their properties for 3D printing; 

4. Production of silica-based scaffolds by 3D printing; 

5. Physicochemical characterization of 3D printed scaffolds; 

6. In vitro biological assessment of the developed scaffolds. 
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ABSTRACT 

Marine resources have been attracting the attention of scientists, engineers and clinicians 

as source of relevant compounds for the development of biomaterials with therapeutic 

potential, which need to have components mimicking tissue and to have the ability to better 

integrate with host tissue and promote its healing. The bioactive silica particles from 

different origins, i.e. silica from the deep-sea marine sponge Geodia barretti (GB), 

diatomaceous earth, and 45S5 Bioglass® particles, combined with alginate were used in the 

development of ink formulations. The 3D printed scaffolds biosilica:alginate (BS:Alg) with a 

triangular infill pattern architecture were fabricated, followed by coating with 0.5% and 1% 

collagen in 10 mM HCl (w/v) solutions. The fabricated scaffolds were characterized by the 

use of physicochemical, mechanical, and biological methods. Micro-CT results revealed 

good interconnectivity and porosity of the scaffolds, with the bioglass:alginate scaffold 

presenting the smallest mean pore size. Under bioactivity assessment of scaffolds without 

collagen coating via in vitro simulated body fluid (SBF) assay, calcium phosphate formation 

was observed at day 14 of incubation in SBF, demonstrating the potential of the scaffolds´ 

composition to support tissue mineralization. Biological evaluation of scaffolds revealed that 

the addition of collagen, in general, increased the cell adhesion in the scaffold. Additionally, 

on day 7 of culture, the BG:Alg scaffolds coated with 0.5% collagen demonstrated a 

significantly superior amount of DNA compared with the ones without collagen and with 1% 

collagen coating and, more relevant, to the ones produced with other silica-based materials. 

Keywords: Marine sponge-derived biosilica, diatomaceous earth, bioglass, alginate, 

collagen, 3D printing, marine biomaterials, bone tissue engineering. 
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1. INTRODUCTION 

Over the past few decades, researchers have proposed different strategies involving 

the development of new biomaterials for bone tissue regeneration (Chen, 2013; Lacerda, 

2018; C. Wang et al., 2020). 3D printing is a technology with significant potential for 

engineering tissues that could mimic healthy native tissue (Atala, 2020; C. Wang et al., 

2020). It has been known that anionic polysaccharide alginate is widely used as a 

scaffolding component for bone and cartilage tissue regeneration (Axpe & Oyen, 2016), as 

this biopolymer, extracted from brown algae (Benslima et al., 2021; Mohd Fauziee et al., 

2021), is known to form hydrogels by ionic crosslinking using divalent cations as Ca2+. 

Besides, a combination of silica and alginate hydrogel was used in the generation of new 

3D composite biomaterials (Soni, Roopavath, Mahanta, Deshpande, & Rath, 2018) (Kong, 

et al., 2019). Besides being found in several minerals combined with different components, 

silica can be found in natural sources as deep-sea sponges and diatoms (biosilica) or 

synthesized in the laboratory (Jones, Brauer, Hupa, & Greenspan, 2016) (Hege & Schiller, 

2015). Sponge-derived biosilica has the potential to be used in the fabrication of 

biomaterials for bone tissue regeneration (Dudik et al., 2018), as it possesses important 

properties, such as stimulation of mineralization and osteoblast-like cells proliferation 

(Xiaohong Wang, Schröder, Grebenjuk, et al., 2014). Nevertheless, it has not been yet 

applied as a bone substitutive material that can address clinical requirements for 

biomaterials (Zhang, Yang, Johnson, & Jia, 2019). The bioactive potential of biosilicas from 

marine sponges Geodia barretti (GB), Geodia atlantica (GA), Stelletta normani (SN), 

Axinella infundibuliformis (AI), and Phakellia ventilabrum (PV) for bone tissue engineering 

applications was evaluated by Dudik et al. (Dudik, O. 2021). The result of their study 

revealed the non-toxic behavior of biosilicas toward L929 and SaOs2 cells at a 

concentration up to 100 mg·mL-1, except for biosilica from GA sponge, that presents non-

toxic effect at concentration up to 10 mg·mL-1. Moreover, researchers showed that GA-

derived biosilica promotes the highest amount of calcium phosphates deposited on its 

surface during incubation in simulated body fluid up to 28 days. The biomedical potential of 

sponge-derived biosilicas is also supported by works by Gabbai-Armelin et al. and Barros 

et al., demonstrating non-cytotoxic character of bioceramics from different sponge species 

(Gabbai-Armelin et al., 2019; Barros et al., 2014, 2016; Pallela & Ehrlich, 2016; Xiaohong 

Wang et al., 2012; Xiaohong Wang, Schröder, et al., 2014; Xiaohong Wang, Tolba, et al., 

2014) 

To fabricate 3D scaffolds, ink formulation should meet the required parameters for 

printing, such as well-controlled viscoelastic response (Bootsma, et al., 2017); that is, the 

biomaterial ink must be able to flow through a deposition nozzle and then “set” immediately 
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to facilitate shape retention of the deposited features even as they span gaps in the 

underlying layers (Guvendiren, Molde, Soares, & Kohn, 2016). The rheological properties 

must be evaluated to optimize the printing capacity and biomaterial ink stability, aiming to 

achieve the best possible printing fidelity is respect to the established 3D design (Murata, 

2012). This design should render adequate porosity and interconnectivity enabling cell 

migration and proliferation towards the population of the entire scaffold (Karageorgiou & 

Kaplan, 2005) (Stevanovic, et al., 2013) (Bose, Vahabzadeh, & Bandyopadhyay, 2013), 

while resulting in mechanical properties matching the ones of the target tissue (Anderson, 

2016) (Jakus, Rutz, & Shah, 2016). For biomaterial ink production, alginate hydrogel could 

be a good candidate for mimicking large glycosaminoglycan hyaluronic acid of extracellular 

matrix (ECM) due to its biocompatibility, non-toxicity, elasticity, ability to absorb water in 

large quantities and control the mineral formation (Sargus-Patino, 2013) (Hunt, Shelton, & 

Grover, 2009) (Tan, et al., 2014). The collagen used in biomaterial fabrication could 

simulate the properties of natural ECM collagen, providing biochemical cues for cell 

adhesion (Akhir & Teoh, 2020; Sousa et al., 2020). 

Therefore, the present study describes the development of biomaterial ink 

formulations based on silica from different sources, i.e. bioactive glass (BG), biosilica from 

GB sponge and DE biosilica particles, and alginate for 3D printing. GB:alginate, BG:alginate 

and DE:alginate 3D scaffolds were developed followed by collagen coating. Afterward, 

obtained biomaterials were characterized regarding morphological and mechanical 

features. Bioactivity and cytocompatibility of 3D-printed biosilica:alginate scaffolds were 

evaluated in comparison with BG:alginate and DE:alginate scaffolds envisaging application 

for bone tissue engineering.  
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2. MATERIALS AND METHODS 

 

2.1. Materials 

Geodia barretti (GB) sponge samples were collected in Korsfjord, Norway and kindly 

provided by Prof. Hans Tore Rapp and Dr. Joana Xavier from University of Bergen. 

Diatomaceous earth (DE), named Diatomit – Fossil Shell Flour® (89 - 92 % SiO2) used in 

the present work, was provided by Perma-Guard Europe Sollaris (Poland), and have been 

obtained from Melosira preicelanica fossils from freshwater. A bioactive glass, 45S5 

Bioglass® (BG) with the following composition: 45% SiO2, 24.5% Na2O, 24.5% CaO, and 

6% P2O5  (wt. %), was supplied by NovaMin Technology (Alachua, Florida, USA). Sodium 

Alginate (PanReac AppliChem, Spain), from Macrocystis pyrifera brown algae, sodium 

hydroxide (PanReac AppliChem, Spain), acetic acid (Honeywell Research chemicals, USA) 

and hydrochloric acid (Honeywell Research chemicals, USA) were used as received. 

2.2. Isolation of biosilica from the marine sponge 

To obtain biosilica particles from deep-sea sponge GB, the sponge chunks were 

washed with ultrapure water to remove ethanol solution in which were preserved and sea 

residues, and then calcinated at 600 °C for 6 hours, using a heating ramp of 10 ºC·min-1 

followed by a dwelling time of 6h at that temperature, and cooling down to room 

temperature. The extracted biosilica powder was milled using an Ultra-Centrifugal Mill ZM 

200 (Retsch, Germany) and sieved in Sieve Shaker (Retsch, Germany) to obtain silt from 

the particles, with size in the range of > 36 µm and < 63 µm. The DE and BG were size 

standardized with the same size before use as well. 

2.3. Collagen production 

Collagen extraction was performed using Gadus morhua codfish skins (Mar 

Lusitano, Gafanha da Nazaré, Portugal) generated as by-products from codfish processing. 

Skins were cleaned and washed with distilled water to remove any residual debris. Then, 

skins were treated with 0.1M NaOH (1/10 w/v) solution under stirring for 72h. The basic 

solution was replaced every 24h for the removal of impurities and non-collagenous proteins. 

After that, the skins were washed with distilled water until obtaining the neutral pH and 

further immersed in 0.5 M acetic acid solution (1:10 w/v) for the next 72h. After 

centrifugation, the supernatant was salted out with the 0.9M NaCl, followed by centrifugation 

at 20,000 g for 30 min. The obtained collagen dissolved in 0.5M acetic acid (1:1 v/v) was 

purified by dialysis against 0.1M acetic acid solution for 48h, followed by dialysis against 

0.02M acetic acid solution for 48h, and distilled water until reaching the neutral pH according 
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to the protocol described in the work by Sousa et al. (2020). The purified codfish collagen 

type 1 (COL1) was dissolved in 10 mM  HCl to prepare 1% and 0.5% w/v solutions of COL1. 

2.4. Physicochemical characterization of biosilica particles 

2.4.1. Fourier-transform infrared spectroscopy  

The structural characterization of biosilica particles was performed using Fourier-

transform infrared spectroscopy (FTIR) with attenuated total reflectance mode (FT-IR ATR) 

on IR Prestige-21 (Shimadzu, Japan) in a wavenumber region of 4000-400 cm−1 at room 

temperature.-The spectra were collected as an average of 32 scans with a resolution of 4 

cm−1. Potassium bromide was used to dilute the sample powders. 

2.4.2. X-ray diffraction  

The crystalline character of the silica powders was evaluated by X-ray diffraction 

(XRD) measurements performed using a conventional Bragg-Bretano diffractometer 

(Bruker D8 Advance, Germany) equipped with CuKα radiation. X-ray diffraction data were 

collected from 5° to 50° on a 2θ range in the step of 0.04° and 1 s for each step.  

2.4.3. Scanning electron microscopy - Dispersive X-ray spectroscopy 

The morphology of all silica powders was examined by Scanning electron 

microscopy (SEM) using a JSM-6010 LV microscope (JEOL, Japan) equipped with an 

energy-dispersive X-ray spectroscope (EDS) (Oxford Instruments, United Kingdom). The 

working distance of 10–12 mm and beam energy of 10.0 kV were applied. Before SEM 

analysis, biosilica samples were platinum-coated. EDS analysis was performed at three 

different points using beam energy of 15.0 kV and magnification of 35X, 200X, and 1000X. 

The EDS spectra were presented after analyses using the Aztec software (Oxford 

Instruments, UK). 

2.4.4. Thermogravimetric analysis 

Thermogravimetric analysis of the biosilica samples was carried out on 

Simultaneous Thermogravimetric Analyzer STA7000 (Hitachi, Japan) under nitrogen and 

oxygen atmosphere at a flow rate of 150 and 50 mL·m−1, respectively. 4.5 - 5 mg of sample 

was placed in the platinum sample holder and analysis was performed in a temperature 

region from 23 to 600 °C using a heating rate of 10 °C·min−1. 

2.5. Ink formulation preparation and its characterization 

To select the appropriate concentration of alginate needed to prepare biosilica-

based inks, the aqueous solutions of sodium alginate at 8 % (wt. %) were prepared and 

analyzed. The viscosity of the prepared solution was measured using a rheometer (Kinexus 
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pro+, Malvern, UK) over a shear rate range of 0.01–100 s−1 with a cone (4° angle and 40 

mm diameter) and plate geometry. After the alginate test, the inks formulations used for 

printing were prepared using a ratio of 100 mg of silica-based material (GB, DE, or BG) to 

1 mL of alginate 8% (wt. %) solution. The silica powders were dispersed in alginate solution 

with dispersion device Ultra-Turrax® (IKA Werke, Germany) followed by crosslinking with 

50 µL of 7.5 % (wt. %) CaCl2. This is an important step since CaCl2 crosslinks the polymeric 

alginate chains, increasing the solution viscosity, thus allowing better control of the 

extrusion process. The apparent viscosity of the inks was measured in viscometry mode 

using the same rheometer and with the same condition used for the characterization of 

alginate solutions. The viscoelastic properties were assessed using a plate with a radius of 

20 mm and a gap of 1 mm in the oscillatory mode. Frequency sweep experiments were 

performed with 1% of shear strain (within in a linear viscoelastic region (LVR), previously 

determined), over a frequency range of 0.01–100 Hz (Walls et al., 2003). All dynamic 

experiments were performed at 25 °C and in triplicates. 

2.6. 3D printing of biosilica-based scaffolds 

The 3D printing process was performed using a customized extrusion-based 3D 

Printer (Regemat 3D, Spain). The scaffolds were designed via internal equipment software 

with 10 layers at the height of 3 mm and a triangular infill pattern, resulting in a 15 mm2 

structure with 500 µm pore size. The dispensing nozzle of 0.41 mm diameter was attached 

to the syringe. The printing was executed at room temperature (RT), with a stationary table 

and spindle X, Y, and Z axes, at a flow rate of 2 mm·s-1 and a printing speed of 10 mm·min-

1. The equipment resolution of X and Y is 150 microns and of Z is 400 microns. After printing, 

the scaffolds were immersed in 7.5% (wt.%) CaCl2 solution for 24 h at RT (as the second 

cross-linking step). The crosslinked scaffolds were cut into smaller cylindrical samples of 

4mm and 6mm in diameter, which were subsequently washed with ultrapure water to 

remove the salt solution, frozen at − 80 °C, and subsequently freeze-dried. Scaffolds for in 

vitro biological tests were sterilized with ethylene oxide at 45 ºC for 4 h.  

2.7. Collagen coating process 

After the sterilization process, the scaffolds were divided into three groups: scaffolds without 

coating, scaffolds with 0.5% COL1 and 1% COL1 coating. To coat the scaffolds with marine 

collagen, the solutions of COL1 0.5%  and 1% in 10 mM HCl (w/v) were dropped on the top 

of the scaffolds, namely 20 µL and 40 µL of each solution were used for coating of the 

scaffold with 4 mm- and 6 mm-diameter, respectively, followed by crosslinking with the 

same corresponding volumes of 60 mM 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 
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hydrochloride (EDC). After an overnight crosslinking reaction, the scaffolds were washed 

twice with ultrapure water, frozen at − 80 °C, and freeze-dried.  

2.8. Scaffolds’ characterization  

The scaffolds were characterized according to the proposed design and 

composition. The morphological, physicochemical, thermal and mechanical characteristics 

of the developed scaffolds were evaluated with a series of methods described below. 

2.8.1. Morphological analysis 

The morphology of developed scaffolds (filament width, layer height, pore size, 

porosity, and interconnectivity) was assessed by micro-computed tomography (micro-CT) 

and SEM. Scaffolds’ microarchitecture was evaluated through an X-ray diffraction technique 

using a high-resolution micro-CT SkyScan 1272 (Bruker, USA). For image acquisition, the 

selected parameters were as follows: a pixel size of 6 µm, a voltage range of 35 kV, and a 

current source of 180 µA (version 1.1.3). All samples were acquired over a rotation angle 

of 360°, with a rotation step of 0.45°. Data sets were reconstructed using a standardized 

cone-beam reconstruction software (NRecon version 1.6.10.2), and representative slices 

were segmented into binary images with a dynamic threshold between 25 – 255. After that, 

the binary images were used for morphometric analysis (CT Analyzer, v1.15.4.0, Bruker) 

and to build the 3D models (CTvox, version 3.0.0). Quantitative information of total porosity 

(%), pore size (µm), and interconnectivity (%) were assessed. The results are the mean of 

three measurements per formulation. 

The theoretical porosity of the scaffolds was calculated using the equation. 

!"#"$%&' = 1 (
)*$"+%,

)*&"&-+
*. 100/23 

Where )*$"+%, is the volume of the scaffold, and )*&"&-+ is the volume determined 

by the dimension of the scaffold (LxWxT). 

The morphology of the scaffolds, pore size, filament width, and layer height were 

determined using SEM. The samples were coated with a thin layer of platinum (approx. 2 

nm) before the analysis. The analysis was carried out with beam energy of 10 kV and at 

35X, 150X, 300X, and 1000X magnification.  

EDS was used to analyze the surface elemental composition of scaffolds at 40X and 

200X magnification. 
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2.8.2. Mechanical tests 

The mechanical characterization of silica:alginate (S:Alg) scaffolds was performed 

using uniaxial compression tests according to ASTM F2064 – 17 on a universal testing 

machine (model 5543, Instron, UK) using a load cell of 50 N and a crosshead speed of 1 

mm·min-1, until the maximum load of the scaffold’s architectures or equipment load cell limit. 

The compressive stress and strain were recorded for every 20 ms, and the compressive 

modulus was calculated by the slope of the stress-strain linear region before failure (in the 

range of 10-15%). At least 5 specimens were tested for each composition. 

2.8.3. Thermogravimetric analysis 

Thermogravimetric analysis (TGA) of the printed scaffolds was performed on a 

Simultaneous Thermogravimetric Analyzer STA7200 (Hitachi, Japan). Samples (2-4 mg) 

were placed in a platinum crucible and an empty crucible was used as reference. The 

samples were heated from 40 ºC to 600 ºC at 10 ºC·min-1 and held at that temperature for 

20 min, under an air simulating atmosphere (nitrogen (79%)/oxygen(21%)) with a flow rate 

of 200 mL·min-1. The mass change was recorded as a function of temperature. Each sample 

was measured in triplicate. 

2.9. In vitro bioactivity via assay in simulated body fluid (SBF) 

To evaluate the apatite formation on the material surface, the bioactivity test was 

performed by incubating 3D printed scaffolds without COL1 coating in SBF for up to 21 

days, under different time points of analysis (1, 3, 7, 14, and 21 days). The assay was 

conducted according to ISO 23317:2014. The test was done in triplicate. SBF was prepared 

with an ion composition that is similar to that of human blood plasma following the protocol 

described in work by Kokubo et al. (Kokubo, Kushitani, Sakka, Kitsugi, & Yamamuro, 1990). 

Each scaffold was inserted into a plastic tube containing 15 ml of SBF. Afterward, the tubes 

were placed in a water bath at 37 °C under shaking. At each time point, the scaffolds were 

removed from SBF and washed thoroughly with ultrapure water. SEM/EDS was used to 

analyze the surface of scaffolds previously dried at 37 °C. 

2.10. Cell culture assays using SaOS-2 cell line 

 

2.10.1. Culture, expansion and seeding of osteosarcoma (SaOS-2) cells 

The cell culture assay was performed to evaluate cell attachment and 

cytocompatibility (Tamburaci & Tihminlioglu, 2018) in the scaffolds of GB:Alg, DE:Alg, and 

BG:Alg scaffolds, with 0.5%, 1%, or without COL1. The SaOS-2 cell line was chosen in this 
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study as model of osteoblasts. The cells were unfrozen from -80 ºC and incubated in a T75 

flask with Dulbecco’s Modified Eagle’s medium-high glucose (DMEM) (Merck, Germany) 

supplemented with 10% v/v of fetal bovine serum (FBS) (Thermo Fisher, USA) and 1% v/v 

of penicillin-streptomycin (Thermo Fisher, USA). The culture medium was refreshed every 

2–3 days. SaOS-2 cells were harvested at pre-confluence using the TrypLE™ solution. 

Cells were used between 7 and 9 passages. The cells were seeded using top-down 

approach in a 48 well-plate for suspension culture by dropping 20 µL with a cell density of 

150.000 cells/scaffold followed by scaffolds incubation for 1h to allow cell attachment. After 

that, 300 µL of culture media as previously described were added to each well. The culture 

medium was changed after every 3 days. Three different culture time points were evaluated, 

namely 1, 3, and 7 days.  

2.10.2. Cytotoxicity assay 

The cytotoxicity studies were carried out at predefined culturing time points. The 

relative cell viability was evaluated by Alamar Blue Assay using the Alamar Blue® kit (Bio-

Rad, USA), following the manufacturer's instructions (Bio-Rad). Briefly, after the addition of 

Alamar Blue reagent 10% v/v, the scaffolds were incubated at 37 °C with 5% CO2 for 3h. 

Then the fluorescence intensity was read at 530/590 (excitation/emission) using a 

microplate reader (Synergy HT, Bio-Tek, USA). 

2.10.3. DNA quantification 

Cell proliferation assays were carried out at the same culturing period as for 

cytotoxicity assay. Briefly, the scaffolds were collected and washed with Tris-Buffered 

Saline (TBS) (Thermo Fisher Scientific, USA), and then transferred to 1.5 mL microtubes 

containing 1 mL of ultrapure water. After incubation at 37 °C for 1h, the microtubes with 

scaffolds were frozen at -80 °C until use. To lyse the cells, the scaffolds were thawed and 

placed in an ultrasound bath for 30 min. The DNA analysis was done using a Quant-iT™ 

PicoGreen® Kit, (Thermo Fisher Scientific, USA), according to the manufacturer's 

instructions. The DNA concentration was calculated from a calibration curve generated 

using DNA standards at a concentration range of 0 – 2 µg·mL-1. The fluorescence intensity 

was read at 485/528 (excitation/emission) on a microplate reader (Synergy HT, Bio-Tek, 

USA). 

2.11. Statistical Analysis 

The data are represented as mean ± standard deviation SD. The Shapiro–Wilk test (p < 

0.05) was used to check the normality of the data distribution (p < 0.05). For non-parametric 

values, the data were analyzed using the Mann-Whitney test. For parametric values, a t-
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test was used. Significant differences are marked with **** for p < 0.0001, *** for p < 0.001, 

** for p < 0.01, and * for p < 0.05.  
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3. RESULTS AND DISCUSSION 

In this study, we evaluated the potential of the biosilica from Geodia barretti in 

comparison with other silica-based material to be used for bone tissue engineering 

applications. We introduce the reader to physicochemical and morphological properties of 

the particles, the process of the biomaterial formulation ink production and 3D printing, the 

characterization of scaffolds’ properties by physicochemical, biological and mechanical 

assays. 

 
Figure 2. Particles’ standardization scheme. 

 

3.1. Physicochemical analysis of biosilica particles 

The biosilica bioseparation from the GB sponge included the calcination process at 

600 ºC to remove the organic portion. This calcination temperature was chosen as a 

consequence of the results based on TG analysis of GB sponge in the work by Dudik O. et 

al. (Dudik et al., 2021). The authors demonstrated that the organic part of the marine sponge 

undergoes thermal decomposition in the temperature range 200 - 544 ºC and final removal 

when temperature increases. In comparison to previous work and the described calcination, 

at 600º C it is already possible to obtain biosilica with differentiation in crystal-forming at 

16.6º and the physical properties of this could be investigated. 

The calcination process efficacy was confirmed by elemental characterization of the 

sample before and after the calcination process using the EDS method (Table I). The 

absence of carbon in GB after calcination confirms a complete removal of the organic 

portion from the sponge. From Table I GB and DE particles are mostly composed of SiO2. 

EDS analysis showed 2.9 wt% of Al in the structure of DE and minor concentrations of 

additional ions, i.e. S, Na, Ca, P, K, Mg, and Al, in GB-derived structure. The elemental 

analysis of GB-derived biosilica obtained in the study of Dudik et al. (Dudik et al., 2021) as 

well revealed the traces of the listed ions, among which the Al content was 6.5 times higher 
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(1.3 wt%). EDS analysis of BG showed the presence of O, Si, Na, Ca and P in its structure 

proving its chemical composition. 

 

Table I. Elemental composition of silica particles. 

Element (Wt%) C O Si S Na Ca Cl P K Mg Al 

BG 0 50.5 16.1 0 13.7 17.6 0 2.1 0 0 0 

DE 0 53.8 43.3 0 0 0 0 0 0 0 2.9 

GB raw material 56.9 32.5 8.4 0.6 0.3 0.3 0.3 0.2 0.2 0.2 0.1 

GB after calcination 0a 57.8 37.9 0.2 1.5 1 0 0.6 0.4 0.4 0.2 
 a The process of calcination was successful due to the absence of carbon in the structure of GB-
derived silica. 

 

The crystallography analysis by XRD revealed that particles of BG and DE present 

amorphous structures as shown in Figure 3-A. In contrast to them, the crystallography 

analysis demonstrated a crystallization of GB-derived biosilica after the sponge calcination 

process, which can be a good sign for a biomaterial in terms of physical stability (Murali, 

Ramamurty, & Shenoy, 2008). The XRD spectrum of GB-derived biosilica presents an 

intense peak at 16.6º and small peaks at the range from 18° to 35° which could be related 

to zeolite formation during the calcination process, time and temperature, and the 

processed by-products by the marine sponge (Liu, et al., 2019). In the work by Dudik et al. 

(Dudik et al., 2021) the XRD pattern of GB-derived silica presented a strong peak around 

22°, revealing the transition of silica from amorphous to cristobalite. It was explained by the 

fact that cristobalite formation occurred during the extraction process of silica upon sponge 

calcination at 800 °C. In the present study, the temperature used for sponge calcination was 

600 °C. In our study, the less intense XRD peaks in the range from 27° to 32° for the GB 

sample could be assigned to cristobalite (Shuang-Hong Xue, Hao Xie1, Hang Ping, Qi-

Chang Li, 2018). 

The structural bonds and functional groups of silicates were found in the silica 

particles as presented in Figure 3-B. There are peaks in IR spectra of GB-based biosilica 

and DE that can be attributed to the asymmetrical and symmetrical stretching vibrations of 

Si-O of the SI-O-Si network, namely at 1100 cm-1 (DE), at 1050 cm-1 (GB) and 797 cm-1 (DE 

and GB). The peak observed in the spectrum of BG at 960 cm-1 is related to vibrations of 

the silanol group, and the broad peak around 3450cm-1 is related to stretching vibrations of 
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the O-H bond in the silanol group (Karbowiak, et al., 2010). The band at 1646 cm-1 

corresponds to adsorbed water. 

 

 
Figure 3. Graphical identification of biosilica particles: A and B figures are the FTIR 
spectra and XRD diffractograms respectively for the different biosilica (DE, GB, and BG). 

 

The morphological features of biosilica particles are displayed in SEM micrographs 

in Figure 4. The particles of all biosilicas presented different sizes and shapes. It is also 

evident that morphological features of biosilica particles strongly depend on the silica 

source. The DE presented the fossil shells as cylindrical structures with a hollow interior 

and nanopore walls, the BG presented structures in irregular shapes with approximate 

three-dimensional dimensions, like broken cubes and sizes within the defined pattern. 

Finally, the GB particles represented sponge spike structures (siliceous spicules), with a 

greater presence of sterrasters (spherical) and dichotriaenes (rod-like) that were broken 
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during the calcination process and grinding. To standardize the particles by size, the sieving 

was performed with sieve pore sizes between 36 to 63 µm. The particle’s standardization 

makes it possible to obtain a specific range, important to avoid clogging the syringe. 

However, some GB-derived biosilica particles with a size larger than 63 µm passed through 

the sieve, as shown in Figure 4.  

 

Figure 4. SEM micrographs of the silica-based particles particles at 200X and 1000X 
magnification. 

3.2. Rheological characterization of biomaterial ink formulations 

The fabrication of 3D printed BS:Alg scaffolds comprised several steps, such as 

optimizing the Alg hydrogel concentration and the ratio between BS particles and 

polysaccharide solution for preparation ink formulation and printing parameters setup. 

Furthermore, one of the essential printing parameters is correlated to the rheological 

characteristic of the Alg hydrogel and biomaterial ink formulation. For instance, the material 

viscosity impacts the printing accuracy. Figure 5-A represents the rheological behavior of 

ink formulations, showing that the addition of BS to 8% alginate solution at a concentration 

of 1:1 (w/v) resulted in higher viscosity values at shear rates up to 102 s -1. However, there 

is no significant difference in viscosity between ink formulations with different BS particles.  
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Oscillatory tests results are depicted in Figure 5-B showing viscoelastic properties 

of biomaterial ink formulations and Alg hydrogel as control. The viscoelastic modulus 

presented a stable behavior in different frequencies, with small differences between BS 

particles. 

  

Figure 5. Rheological studies BS:Alg inks and control (Alg 8% wt.) A - Viscosity versus 
shear rate and B - G’ - storage modulus and G’’ – loss modulus versus frequency. 

The concentration of alginate hydrogel makes possible the good dispersion of these BS 

particles with the assistance of Ultra-Turrax® and followed by the crosslinking with CaCl2 

7.5%. It is important to observe that this biomaterial ink should be performed at the same 

time as printing, to avoid the BS weight could affect the dispersion. Other study related the 

how the addition of bioactive glasses in polymers - for biomaterial inks production - could 

decreases the sol-gel transition temperature, and particle size as well can affect (Zeimaran 



30 

 

et al., 2021), in comparison to this data, the size standardization of our BS particles seems 

to assure the stability of the biomaterial inks G’ and G’’ moduli. 

3.3. Morphological analysis of produced scaffolds 

Scaffold porosity and interconnectivity are essential attributes in biological 

performance since they influence the mechanical properties of the constructs and can play 

a significant role in cell adhesion, proliferation, and vascularization. It has been shown that 

ideal scaffolds for bone tissue engineering strategies should have a 3D architecture with 

150-500 µm pore size to enable cell migration into the scaffold core towards complete 

population of the structure (Dai, et al., 2015) (Roohani-Esfahani, et al., 2013). In our study, 

the design of the scaffold porous structure comprised a 500 µm pore size a 410 µm 

dispensing nozzle (influencing the diameter of the printer struts). From the microscopic 

observation of scaffolds (Figure 6), it can be observed that the freeze-drying process 

affected their structure by the reduction of pore size and appearance of fractures. Micro-CT 

analysis also confirmed the decrease of pore size in scaffolds´ structure (Figure 7). The DE-

based scaffolds (0 % COL1) presented a smoother surface compared with other scaffolds, 

as it showed on SEM micrograph in Figure 6. To improve cell attachment to 3D printed 

constructs, the BS:Alg scaffolds were coated with COL1. From SEM images of scaffolds 

with 0.5 and 1 % of COL1, we can notice COL1 nets formed between pores and on the 

surface of 3D scaffolds. 
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Figure 6. SEM images of BS:Alg scaffolds with and without COL1 coating with 20X, 70X 

and 200X magnification.  

The Micro-CT analysis is a technique with various  key advantages for architecture 

evaluation and morphological assessments since it is non-destructive, samples remain 

intact for further assays (Ho & Hutmacher, 2006). In our study, Micro-CT was performed to 

evaluate the pore size, porosity, and interconnectivity, and a representative image of the 

samples is presented in Figure 7-A. It was found high interconnectivity (>90%) for all 

scaffolds, except GB:Alg + 1% COL1 (Figure 7-B), which presented 87.98%. Moreover, the 

mean pore size of the 3D printed scaffold (Figure 7-C) is inversely proportional to the COL1 

concentration, for DE:Alg and GB:Alg. For BG:Alg scaffolds with or without coating 

presented lower pore values, in comparison with other 3D printed scaffolds. The BG 
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particles' weight, shape, density and distribution could affect the BG:Alg scaffolds, (Figure 

5), into aggregation or even coalescence effect, which in turn leads to less aggregation in 

biopolymer during obtaining ink formulation and increasing pore size during 3D printing 

process. The total porosity (Figure 7-D) of BG:Alg scaffolds increases proportionally to the 

COL1 coating concentration, presenting a higher value in comparison to the others. DE:Alg 

scaffolds present a lower percentage of total porosity. It could be explained by the particles 

of DE are formed by micro aggregates, and when dispersed during the 3D printing process, 

could have higher aggregation within the COL1 matrix, and that results in the formation of 

the larger pores in DE:Alg scaffolds without COL1 coating. 

From the Micro-CT analysis of pore size, the COL1 coating caused a decrease in 

pore size in DE:Alg and GB:Alg scaffolds, as expected, by the increment of the COL1 

coating material within the scaffold pores size. This pore reduction could be observed, as 

another study for bone scaffolds (Peyrin, 2011) and for diatom as biosilica and chitosan 

polymer (Tamburaci & Tihminlioglu, 2018), both performing Micro-CT, observing different 

materials-base scaffolds and the pore size impact for the bone regeneration, since they 

observed the neovascularization after implants, in comparison to biological in vivo 

experiments and other techniques, as histology. 
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Figure 7. Micro-CT structural analysis of 3D printed BS:Alg scaffolds with and without COL1 
coating A – Representative image of samples. B - Interconnectivity of all BS:Alg scaffolds 
seem above 80%. B - BG:Alg presents higher total porosity in comparison to other BS:Alg 
scaffolds, and C - The mean pore size of BS:Alg scaffolds present a reduction with a 
collagen coating, except for BG:Alg scaffolds. Data in the graphics are presented as mean 
± SD and the statistical differences are presented with * for p < 0.05 and ** for p < 0.01. 

3.4. Mechanical properties 

BS particles from a different origin, even with standardized size, have particularities 

in morphological structure, that could influence on mechanical properties of fabricated 

materials. The compression assay was performed to evaluate the mechanical properties of 

BS:Alg scaffolds without collagen coating and the determined compressive modulus values 
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are displayed in Figure 8-A. For the development of biomaterial mimicking cancellous bone 

tissue, the compressive modulus value of the engineered construct should be in the range 

of 0.12 – 1.1 GPa (or 120 – 1100 MPa) (Xiaojian Wang et al., 2016)(Vogl et al., 

2017)(Keaveny et al., 2001). In our study, the mechanical properties of BS:Alg scaffolds 

presented a mean of 11.85 MPa and did not achieve the range proposed for cancellous 

bone or hard tissues and may be improved, or directed for non-load-bearing applications. 

DE:Alg scaffolds exhibited the highest compressive modulus, with a mean of 29.4 MPa, and 

GB:Alg the mean of 21.0 MPa. The addition of collagen coating onto 3D scaffolds may have 

a small influence on the compression resistance of the scaffold, but this was estimated as 

non-relevant and thus it was not determined. 

3.5. Thermogravimetric assay 

TGA of the developed scaffolds without COL1 coating was performed to evaluate 

the percentage of dry mass, corresponding to biosilica content. The total mass loss for BG-

, DE- and GB-based scaffolds were 63.32%, 57.23% and 66.13%, respectively 

(corresponds to organic content) (Figure 8-B) and thus the inorganic content of the scaffolds 

was estimated as 36.68 %, 42.77%, 33.87% for BG, DE and GB, correspondingly. In our 

study, 100 mg of BS was dispersed in 1 mL (0.08 g mL-1) of Alg upon preparation of ink 

formulation. TGA results revealed that the fabricated scaffolds have different mass ratios 

between organic and inorganic parts which may be caused by the difference in particle size 

that affected their distribution in the polymer matrix during the 3D printing process.  

Figure 8. Structural assessments of BS:Alg scaffolds: A - The compressive modulus of 

BS:Alg scaffolds, and B - TGA curves of BS:Alg scaffolds presenting weight loss percentage 

as a function of the temperature. Data in the graphics are presented as mean ± SD and the 

statistical differences are presented with * for p < 0.05. 
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3.6. Assessment of scaffolds´ bioactivity via in vitro SBF assay 

The surface of scaffolds after immersion in SBF at different time points was 

examined by SEM and EDS analysis. From Table II, which presents the evolution of 

elements’ concentration of each BS:Alg scaffolds during the bioactivity via in vitro SBF 

assay, it can be noted that the concentration of P (from the phosphates) increases on the 

BG:Alg surface along incubation period time. An increase of Ca ions on BG:Alg scaffold 

was observed from day 1 to day 3, and the subsequent decrease from day 7 to day 14 

showed release of ions to SBF. The maximum concentration of Ca ions on BG:Alg was 

achieved on day 21 days of incubation in SBF. In the case of DE:Alg the maximum 

concentration of Ca ions was observed on day 14. In contrast, for GB:Alg scaffolds, on day 

1 the Ca concentration was almost halved and insignificantly changed up to 21 days of 

incubation in SBF. This behavior can be explained by the diffusion of ions from scaffolds to 

SBF and can be supported by the results from the study by Dudik et al. (Dudik et al., 2021) 

demonstrating a decrease of Ca ions on GB-derived biosilica surface during immersion time 

in SBF. Figure 9 demonstrates the formation of CaP deposits on the surface of 3D scaffolds 

after 14 days of incubation in SBF, followed by Table II, which presents the evolution of 

elements’ concentration of each BS:Alg scaffolds during the bioactivity via in vitro SBF 

assay. 

It was possible to evaluate the chemical composition and calcium phosphates 

deposition when immerse in Simulated Body Fluid using EDS, however, spectrometry could 

be used for further analysis. A study with alginate and BG scaffolds also observe an 

increment of Ca2+, the differentiation was the SaOS-2 already encapsulated into biomaterial 

ink (Xiaohong Wang, Tolba, et al., 2014). A recent study using bioactive glass-alginate 

composition observed the these materials did not show any adverse effect on cell viability 

(Özarslan et al., 2021).Another study with biosilica from diatomaceous earth has noted the 

increment of this biosilica particle in the referred scaffold increased the Ca/P ratio in 7 and 

21 day incubation (Tamburaci & Tihminlioglu, 2018). 
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3.7. Cell culture assays 

To check the biocompatibility of the developed scaffolds, we performed a first 

assessment by evaluation of potential cytotoxicity using SaOS-2 cells. From Figure 10-A, it 

is noted that COL1 coating improved cell viability in the fabricated scaffolds. A higher 

concentration of COL1 promoted the higher Alamar Blue Fluorescence. DNA quantification 

was performed to evaluate cell proliferation in the developed scaffolds. Several differences 

in the DNA concentration were observed in scaffolds with respective biosilica particles and 

COL1 coating concentrations. On day 3 of culturing, the BS:Alg scaffolds with 0.5% and 1% 

COL1 demonstrated a significantly higher amount of DNA when compared with the ones 

without COL1 coating, as shown in Figure 10-B. The results on DNA quantification are 

consistent with Alamar Blue Assay indicating improvement of material cytocompatibility by 

addition of COL1. On day 1 and day 3 after the cell seeding, the GB:Alg scaffolds without 

coating presented higher DNA concentration when compared to other BS:Alg without 

coating. Additionally, the GB:Alg + 0.5 COL and GB:Alg + 1% COL presented the higher 

DNA concentration in comparison to other BS:Alg coated in all time points, excluding the 

day 3 for scaffold coated with 1 % of COL1. 
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Figure 10. 3D scaffolds’ Biological experiments using SaOS-2 cell line culture assay at 1, 3 

and 7 days with A - DNA quantification, and B - Cellular viability. Data in the graphics are 

presented as mean ± SD and the statistical differences are presented with * for p < 0.05, ** 

for p < 0.01, *** for p < 0.001 and **** for p < 0.0001. 

 

  



41 

 

 

CONCLUSIONS 

In this study, biosilica could be retrieved from marine sponge Geodia barretti by 

calcination, and it was tested as a potential bioactive component for preparing printable inks 

based on alginate hydrogel for 3D printing scaffolds envisaging bone tissue engineering. 

The effects of GB loading on the mechanical and morphological properties of the resulting 

scaffolds were evident, with the obtained results showing that the GB:Alg scaffolds 

presented higher compressive modulus, as well as higher mean pore size and lower total 

porosity, in comparison to scaffolds comprising other silica-based materials, namely 

bioglass (BG). The morphological structures of the silica from marine sponge and diatom 

seems to impact the mechanical resistance of the respective scaffolds. The 

cytocompatibility of scaffolds were investigated with osteosarcoma cell line and the 

performance of GB:Alg were favorable to cell attachment and proliferation. Further studies 

should be performed to observe longer culture periods, but the COL1 also leads to the 

improvement of the cell attachment, viability and proliferation in all scaffolds. The GB 

presented interesting properties as bone replacement material’s compound. Nevertheless, 

further studies on the enhancement of scaffold stiffness and bioactivity by incorporation of 

additional components into the biomaterial ink should be performed. 
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CONCLUSION AND FUTURE PERSPECTIVES 

Our main objective in this work was successfully attended by the evaluation of the 

sponge-derived biosilica as potential component of biomaterials for bone tissue 

engineering, namely 3D printing scaffolds, in comparison to other silica-based materials - 

Diatomaceous earth and Bioglass 45S5®. Biosilica could be retrieved from marine sponge 

Geodia barretti by calcination at 600 °C, which was required for the elimination of organic 

matter but also caused the fracture of the biosilica spicules. Alternative procedures for the 

isolation of sponge spicules can be tested in the future, namely the processing of sponge 

samples with nitric acid, to access if the partial fracture of the spicules has influence on the 

elaboration of inks and the consequent performance of the 3D printed scaffolds. 

It was possible to develop ink formulations based on biosilica, after adjusting the 

conditions for ion gelation of alginate that enable the production of a printable hydrogel. This 

was performed by considering the amount of added calcium chloride and the ratio of 

alginate and biosilica, considering that the initial concentration of alginate has been 

determined in previous studies. The 3D-printed scaffolds produced with the developed 

protocol using the three types of silica-based materials presented a similar morphological 

profile, with similar interconnectivity and porosity, with an exception for the mean pore size 

of BG:Alg, which may be by working on the definitions of the design model established for 

printing. Playing with the morphological characteristics of the scaffolds may enable to 

improve the mechanical resistance of the scaffolds to compression, aiming to achieve the 

minimum necessary to be used as a replacement component for cancellous bone, while the 

current design resulted in compressive moduli significantly lower than the reference values 

for bone, thus suggesting the use of the developed scaffolds for non-load-bearing 

applications only. 

The scaffolds developed with biosilica derived from Geodia barretti presented 

interesting performance on the in vitro biological pilot experiment, exhibiting higher DNA 

amount (proportional to the number of cells) than the one observed with scaffolds produced 

with bioglass. However, during the culture time studied (7 days), it was not possible to 

observe a clear cell proliferation, despite the apparent increment in cell metabolic activity 

(used to assess cell viability). This may suggest that seeded cells are still adapting to the 

template matrix and eventually proliferation could be observed with longer culture times. In 

this regard, it is also recommended to perform microscopic analysis of the cell-laden 

scaffolds at different culture times to better assess cell adhesion, spatial distribution and 

morphology in these scaffolds. 



48 

 

The marine biosilica presented a interesting potential for bone tissue engineering 

from the chemical composition of these organisms and Geodia barretti, as observed in our 

study has physico-chemical and morphological properties that deserves special attention 

as a candidate for biomaterial applications in further studies as a bioceramic for bone tissue 

engineering. The bioactivity may be performed in association with a technique to evaluate 

the composition of the elements dissolved in water. The biodegradability assay may be 

performed as well, to evaluate the silica-based particles in comparison to biopolymer 

degradation. 
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