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Abstract 

Due to the accelerated growth of human population and the consecutive increase of life 

expectancy, several problems related to aging have started to arise in the last decades. 

Therefore, there is a demand for strategies capable to address problems like osteoporosis, bone 

cancer and bone infections. One of those strategies is based on the use of materials that are 

similar to the real bone so, the first step to succeed in finding a good bone substitute is to 

choose the best suitable material. Since the natural bone is composed by an organic and an 

inorganic part, the use of a hybrid polymeric-ceramic material sounds promising. The polymeric 

part gives the material its biocompatibility and biodegradability, besides acting as a supportive 

matrix, and the ceramic part confers the properties that mimic the mineral phase of bone. In 

this work, Konjac Glucomannan (KGM) and powders of Hydroxyapatite (HA) and β-Tricalcium 

Phosphate (β-TCP) were used to develop 3D scaffolds via an additive manufacturing technique 

(robocasting) because its ability to produce scaffolds with predefined morphology and 

structure, such as 3D porous scaffolds that are ideal for bone ingrowth. The goal is that these 

scaffolds can promote bone regeneration and at same time treat bone infections or kill cancer 

cells. 

In the first part of this work the hybrid polymeric-ceramic 3D scaffolds were submitted to 

in vitro tests, to evaluate their capacity to promote the adherence and proliferation of human 

Mesenchymal stem cells (hMSCs). The results obtained confirmed this hypothesis, but further 

tests would have been necessary to evaluate if the cells were able to differentiate into the 

osteogenic lineage. 

After, nanoparticles incorporated with a drug, levofloxacin, were developed to be 

incorporated on the scaffolds in order to grant them anti-microbial properties. Polydopamine 

particles were also included in the scaffolds’ materials as a strategy to provide a multi-

functional material with hyperthermic properties for cancer treatment applications. However, 

it was not possible to see the incorporation of the drug into the nanoparticles, which lead us 

to a new strategy to develop a bi-functional scaffold for bone tissue engineering applications. 

This strategy consisted on the incorporation of polydopamine (PDA) particles into the 

scaffolds since their proven potential in the field of photothermal therapy to treat cancer cells. 

The in vitro tests revealed improved adherence and proliferation of hMSCs throughout the 

entire time of culture. In addition, an U20S osteosarcoma cell line was also used on the in vitro 

tests of these scaffolds and the results demonstrate that these cells had a better adhesion on 

the scaffolds that did not include the PDA in their constitution. However further assays need to 

be performed, to evaluate the ability of these scaffolds increase their temperature under laser 

irradiation. A simulated body fluid (SBF) assay revealed that the developed material could form 

a carbonated apatite-like layer at their surface, showing promising properties for future in vivo 

applications.  

Taking together all the results obtained during this work and the previously demonstrated 

features of the PDA particles, we can conclude that the hybrid organic-inorganic 3D scaffolds 
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developed are promising candidates to be used in bone tissue engineering approaches and, in 

particular, may act as a bi-functional material. 
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Introduction 

1. Bone tissue 
 

Bone are living, active tissues that are constantly being remodelled. Specifically, bone is a 

type of connective tissue that provides important functions in the body such as locomotion, 

support and protection of internal organs and soft tissues. Moreover, bones function as a storage 

for minerals (e.g. calcium and phosphate), as well as harbouring site for the bone marrow [1].  

With the advance of the knowledge in the health area and the technological developments, 

life expectancy is increasing thus leading to a rise of the amount of individuals that suffer of 

age-related tissue loss or impairment. These events give rise to a reduced quality of life since 

it can lead to a reduction of their capacity to perform basic tasks, such as walking, or even 

cause social and psychological problems. In this way, it is urgent to find new and better 

approaches to overcome this problem [2]. Bone graft is the second most commonly transplanted 

tissue [3], approximately 2.2 million bone grafting procedures are performed annually 

worldwide [4] . 

Given the importance of this tissue, there is a need to know the structural, molecular and 

functional biology of bone to better understand this tissue as a multicellular unit and with 

dynamic structure [1]. 

 

1.1. Bone tissue – composition 

1.1.1. Cellular composition 

Bone is composed of 4 types of cells: osteoblasts, osteocytes, bone lining cells, and 

osteoclasts. The origin of these cells is different as well as their location and functions (Figure 

1) [5].  

 

 

 

 

 

 

 

 

Figure 1 - Bone cells. Different origins and locations: (A) A schematic representation of the bone cells 
and its different origins: Osteoblasts are originated from mesenchymal stem cells, which can originate 
subsequently osteocytes and bone lining cells. Osteoclasts derive from hemopoietic stem cells. (B) 
histological representation of the bone cells, showing its different localizations: Osteoblasts and 
osteoclasts are found on the bone’s surface, whereas osteocytes are located in the interior. Adapted from 
[6,7]. 
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Osteoblasts are cuboidal cells (Figure 1) representing 4-6% of total resident cells in the bone 

and are known for their capacity of bone building. They derive from mesenchymal stem cells 

(Figure 1. A) and can further differentiate into osteocytes or become bone lining cells [8]. Their 

morphologic characteristics include an abundant rough endoplasmatic reticulum and prominent 

Golgi apparatus, as well as various secretory vesicles [1]. Since they can be classified as 

polarized cells, osteoblasts are responsible to secret osteoid (unmineralized organic bone 

matrix), that is formed before the maturation of the bone tissue. This matrix, which contains 

a high amount of collagen (94%) and several proteins, growth factors and cytokines, allows the 

mineralization of the tissue [9]. 

Osteocytes represent 95% of the total amount of bone cells and are the cells with the higher 

life span (up to 25 years) [10]. They are spider-shaped cells that are embedded in the 

mineralized bone matrix (Figure 1) and are formed when a number of osteoblasts become 

completely surrounded by the matrix (at the end of a bone formation cycle) since, once 

encapsulated in the bone, the cell is called osteocyte [11]. These cells are tightly connected 

to each other through gap junctions, forming a three-dimensional net buried in the bone matrix. 

These features allow them to have sensing and signal transport functions and they can act as 

mechanosensors, since their interconnected network has the capacity to detect mechanical 

pressures and loads, helping the adaptation of bone to daily mechanical forces [12]. Moreover, 

osteocyte apoptosis plays a key role in the bone resorption, acting as a chemotactic signal 

(during bone resorption, apoptotic osteocytes are engulfed by osteoclasts). In this way, 

osteocytes act as orchestrators of bone remodelling, through regulation of osteoblast and 

osteoclast activities [1]. 

Bone lining cells (BLC’s) are thin, elongated cells that cover inactive (nonremodeling) bone 

surfaces in the mature/adult skeleton and are linked to each other or to osteocytes through 

cytoplasmic extensions or gap junctions [5]. Regarding their origin, it is though that they derive 

from previously active osteoblasts that have entered a quiescent phase [13], so they can be 

referred as “resting osteoblasts” or “surface osteocytes” [5]. In fact, BLC’s can differentiate 

into osteoblasts able of producing osteoid and the matrix vesicles responsible for the 

mineralization process, in the bone formation cycle [13]. Though not completely understood, 

it is thought that these cells hamper the direct interaction between osteoclasts and bone matrix 

when bone resorption is not supposed to happen, and participate in osteoclast differentiation 

[1]. 

Osteoclasts are multinucleated cells (Figure 1) that are responsible for the bone resorption 

during the bone remodelling process. They derive from Hematopoietic Stem cells (Figure 1. A), 

in particular from the monocyte-macrophage lineage [14], and they become differentiated 

when stimulated by two essential factors: the monocyte/macrophage colony stimulating factor 

(M-CSF) and receptor activation of NF-κB ligand (RANKL) [15]. The correct balance between 

bone formation and destruction is essential to form an adequate bone mass so it is important 

to maintain the correct balance between the activity of osteoblasts and osteoclasts. This is 

achieved not only by systemic factors but also by keeping a cross-talk between osteoblasts and 
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osteoclasts. In this way, osteoclasts can produce factors that stimulate osteoblast 

differentiation and function [8,15].  

 

1.1.2. Extracellular matrix  

The extracellular matrix (ECM) of each tissue is formed by the secreted product of resident 

cells of that tissue and organ, being composed by a mixture of structural and functional proteins 

arranged in a three-dimensional ultra-structure. The ECM is able not only to bind the cells 

together, but also, to influence their survival, development, shape and migratory behaviour 

[16]. 

 

Figure 2 - Principal components of the bone ECM. Bones consist of living cells embedded in a matrix 
that has both organic and non-organic components: The organic constituents are both collagenous and 
noncollagenous proteins, whereas the inorganic part is composed essentially of hydroxyapatite. The bone 
ECM has also important biomolecules, such as growth factors and polysaccharides. Adapted from [17]. 

 

Bone ECM is composed of both an organic component (approximately 35% of the total weight 

of bone tissue) and an inorganic component (65%) (figure 2) [5]. The organic matrix contains 

collagenous proteins (90%), that are predominantly type I collagen, and noncollagenous proteins 

including osteocalcin, osteonectin, osteopontin, fibronectin and bone sialoprotein II, bone 

morphogenetic proteins (BMPs), growth factors and polysaccharides. In addition, it is also 

composed by small leucine-rich proteoglycans including decorin, biglycan, lumican, 

osteoaderin, and seric proteins [1,17]. The inorganic matrix is composed by mineral salts, 

containing predominantly calcium and phosphate ions, that are responsible to form the 

hydroxyapatite crystals, but phosphorus, sodium, magnesium, bicarbonate, potassium, citrate, 

carbonate, fluorite, zinc barium, and strontium are also present. These two types of matrix, 

are responsible for the characteristic stiffness and resistance of bone tissue, since the collagen 
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and the noncollagenous matrix proteins form a scaffold for hydroxyapatite deposition (figure 

3), which hardens this connective tissue [1,5]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 - The collagenous and noncollagenous proteins of bone ECM (organic matrix) form a scaffold 
for the deposition of hydroxyapatite (inorganic matrix). (A) Hierarchical structure of the bone - 
collagenous molecules assemble into fibrils that are mineralized via the formation of apatite crystals, 
such as hydroxyapatite (B) Collagen microfibril model representing 0% mineralization (it is only present 
the basic structural unit of collagen, Tropocollagen), 20% mineral content (inset shows a hydroxyapatite 
unit cell) and 40% mineral content - Hydroxyapatite deposits into the gap region of the collagen 
microfibrils. Adapted from [18]. 

 

1.2. Bone Tissue - structure 

The adult skeleton is composed by 80% of cortical (compact) bone and 20% of trabecular 

(cancellous) bone. These two forms of bone tissue have the same composition and structure, 

but differ in terms of density, porosity and location in the skeleton [19]. The cortical bone 

comprises the outer tubular shell of the long bones (figure 4)  and the outer surface of the small 

and the flat bones, whereas the trabecular bone occurs near the ends of long bones (figure 4), 

in the interior of small bones and between the surface of flat bones [20]. In addition, the 

cortical bone is harder, denser and has less porosity (approximately 10%) than the cancellous 

bone and it surrounds the bone marrow and the cancellous bone plates [19]. Its fundamental 

functional units are the osteons, also called Haversian systems, from which blood vessels run, 

allowing nutrient diffusion within the bone [21]. They have a cylindrical shape, forming a 

network with several branches (figure 4) [22]. Regarding the trabecular bone, it is characterized 
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by an interconnected network of small bone trabeculae, that are aligned in the direction of the 

loading stress (figure 4). This form of bone has a porosity of 50-90%, where these pores are 

filled with bone marrow and cells. Due to this high porosity, the trabecular bone provides less 

mechanical support when compared with cortical bone [21,23]. Given the structure of the 

trabecular bone with larger surface area exposed to the bone marrow (when compared with 

the cortical bone) and since bone resorption and formation occurs on the bones surface, it is 

possible to assume that the trabecular bone displays higher metabolically activity than the 

cortical bone. In this way, it is possible to conclude that the cortical bone provides the 

mechanical and protective functions of the bone, whereas the cancellous bone provides its 

metabolic function (it serves, for example, to maintain serum mineral homeostasis) and it is 

crucial for transmitting loads from the joint surface to the cortex [13]. 

 

Figure 4 - Bone structure. Bone is composed by cortical (compact) bone, which has cylindrical shaped 
osteons that have in their centre Harvesian canals to allow the passage of blood vessels. It is also composed 
by trabecular (cancellous) bone, that is an interconnected network of small bone trusses (trabeculae) 
aligned in the direction of loading stress. Adapted from [24]. 

 

1.3. Bone Remodelling and Regeneration 

Bone is a dynamic tissue that is continuously renewed through an active and dynamic 

process called bone remodelling. This process is based on the correct balance between bone 

resorption by osteoclasts and bone deposition by osteoblasts, since this feature is mandatory 

to maintain a constant bone mass [25]. In fact, this is a highly complex cycle that is achieved 
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through the combined action of osteoblasts, osteocytes, osteoclasts and bone lining cells. The 

activity of these cells, including its formation, proliferation and differentiation is regulated by 

local and systemic factors. Local factors include growth factors, cytokines, prostaglandins 

produced by the bone cells and bone matrix factors released during bone resorption and the 

systemic factors include the parathyroid hormone (PTH), calcitonin, 1,25-dihydroxyvitaminD3 

(calcitriol), glucocorticoids, androgens, and estrogens [1]. For example, osteoclasts can 

produce clastokines that control osteoblast activity during the bone remodelling process so both 

clastokines and factors embedded in the matrix play complementary roles in the recruitment 

of osteoblasts [1,26]. 

In this way, the following phases need to be accomplished to achieve a correct bone 

remodelling (figure 5) [25]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 - The process of bone remodelling is composed by five phases. Activation, driven by the 
detection of an initiating remodelling signal by the osteocytes; Resorption, conducted by the osteoclasts; 
Reversal, performed by the reverse cells; Formation, where the osteoblasts start to produce new bone 
matrix and Termination, due to the conclusion of the bone remodelling cycle, that allows the bone surface 
to return to a resting state. Adapted from [27]. 

 

During Activation phase, osteocytes detect different inputs (such as micro-fractures or an 

alteration of the mechanical loading), or some factors are released in the bone 

microenvironment (such as insulin growth factor-I (IGFI), tumour necrosis factor-α (TNF-α), 

parathyroid hormone (PTH) and interleukin-6 (IL-6)), which can lead to the activation of the 

lining cells (figure 5) and, when they interact with pre-osteoclasts, they fuse and there is a 

differentiation toward multinucleated osteoclasts [25].  

Afterwards, on Resorption phase, osteoblasts recruit osteoclast precursors to the 

remodelling site, in response to signals generated by osteocytes or by direct endocrine 
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activation signals, such as PTH [27]. After being differentiated, osteoclasts adhere to the bone 

surface and start to dissolve bone (figure 5). After performing their function, osteoclasts 

undergo apoptosis, in order to avoid an excessive bone resorption [25]. 

The Reversal phase is performed by the reversal cells (figure 5). They are macrophage-like 

cells that remove the debris produced during the degradation of the matrix, such as undigested 

demineralized collagen matrix. Afterwards, these reversal cells prepare the bone surface for 

the upcoming bone formation, which is mediated by osteoblasts [25,27]. 

On the Formation phase, during the bone matrix resorption, there is a release of several 

growth factors (BMPs, fibroblast growth factors (FGFs) and transforming growth factor β (TGF 

β)), that are responsible for the recruitment of the osteoblasts in the reabsorbed area (figure 

5) [25]. After their recruitment, they secret collagen proteins (mainly type I collagen), 

noncollagen proteins (Osteocalcin (OCN), osteonectin, Bone sialoprotein (BSP) II and 

osteopontin) and proteoglycans (such as decorin and biglycan), producing a newly formed bone 

matrix. This matrix, called osteoid is not calcified at the initial stages but later the osteoblasts 

are able to promote its mineralization through the synthesis of hydroxyapatite crystals, which 

completes the bone remodelling process [8]. 

Finally, the Termination phase takes place when the amount of resorbed bone has been 

replaced, which indicates the ceasing of bone formation. After the mineralization, mature 

osteoblasts undergo apoptosis, revert to a phenotype of bone lining cells or become embedded 

in the mineralized matrix, being differentiated into osteocytes (figure 5). This indicates that 

the bone surface has returned to a resting stage, that will be maintained until the next cycle 

of remodelling is initiated [27]. 

Another important feature of bone is its intrinsic capacity for regeneration. This is a 

complex physiological process that consists of a well-orchestrated sequence of bone induction 

and conduction, and involves several cell types and intracellular and extracellular molecular 

signalling pathways, that have a definable temporal and spatial sequence, with the aim of 

optimizing the skeletal repair and restore the skeletal function [28]. This process is involved in 

fracture healing, defects created by trauma, infection, tumor resection, congenital 

abnormalities and impaired or insufficient regeneration [29]. When it comes to the clinal area, 

fracture healing is the most common form of bone regeneration and bone healing can be divided 

into primary and secondary types of healing. The first happens when there is a small fracture 

gap and no movement at the fracture site and the process of healing is the same as the normal 

bone remodelling. The second, which is the most frequent type of healing, occurs in the 

absence of rigid fixation and consists of an organized pattern of interlinked events that aim to 

activate a number of different cells types, in order to prepare the fracture site for its 

consolidation, to restore the vascularity and to produce a stable mechanical environment that 

leads to the ossification of the area [30]. This type of healing occurs in several phases that are 

described in figure 6. 
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Figure 6 - The stages of secondary bone healing. (A) The healing starts at the time of the injury, with 
the formation of a fracture hematoma and is followed by the inflammatory stage. (B) The next step is the 
formation of granulation tissue then, (C) the formation of the soft callus occurs that eventually calcifies 
and (D) remodels. Adapted from [30]. 

 

Unlike what happens in other tissues, the majority of bone fractures can heal without the 

formation of scar tissue, where the newly formed bone is regenerated with the bone pre-

existing properties and it is indistinguishable from the surrounding uninjured bone [28]. 

Despite having a considerable capacity in repairing, when it comes to regenerating a normal 

fracture and remaining an active organ over continuous remodelling throughout adult life, 

sometimes bone regeneration seems necessary in large quantity and might even need clinical 

interventions, due to the severity of some defects or fractures [31]. In fact, there are several 

bone regeneration and repair strategies to enhance surgical reconstructive procedures, 

including the use of alloplastic and allogenic materials, distraction osteogenesis, 

osteoconductive scaffolds, and bone morphogenetic proteins, being the autologous bone 

grafting the gold standard, that is used widely for healing critical-size bone defects [29]. 

 

 

2. Bone diseases and current approaches  
 

2.1. Bone fractures and therapeutic approaches 

A broken bone or a bone fracture occurs when a force exerted against a bone is stronger 

than the bone can bear. There are different types of bone fractures (that depend on the 

strength and direction of the force, what bone is particularly involved, the age of the patient 
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and its general health) that can result from different causes, such as traumatic incidents like 

sports injuries, vehicle accidents and falls, and conditions such as osteoporosis and some types 

of cancer that cause bones to fracture easily [32]. 

Osteoporosis is acknowledged as the most prevalent bone disorder in the world. It Is a 

disorder characterized by a reduced bone strength and density, as well an altered 

microgeometry and microscopic architecture (figure 7), leading to an increase risk of bone 

fracture [33,34] (figure 7). In fact it is estimated that osteoporosis causes more than 8.9 million 

fractures annually (1 osteoporotic fracture every 3 seconds), being these fractures a major 

cause of morbidity and disability in older people and can even lead to a premature death in 

these individuals, in the case of hip fractures. Another important consequence of these 

fractures is the considerable economic burden imposed on health services all over the world 

[35,36]. Despite being more common in women (61% of osteoporotic fractures occur in women, 

affecting 200 million women worldwide) [36], the risk of fracture increases dramatically with 

age in both sexes because bones become more fragile and the risk of falling increases [37]. Due 

to the inevitable aging of the world population, the prevalence of osteoporosis and low mass 

bone is expected to increase: by 2050, the worldwide incidence of hip fracture in women is 

projected to increase by 240 % and 310% in men [36].  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7 - The differences between a normal and an osteoporotic bone. A normal bone is a honeycomb-
like structure, having small and densely packed spaces inside it. This feature allows bones to be strong 
enough to provide the body structure, as well as being light enough to provide its movement. An 
osteoporotic bone is characterised by the loss of the honeycomb structure, where the spaces become 
larger and the bone density is lost, which reflects the decreased bone strength and its increased fragility. 
Adapted from [38,39]. 

The repair of bone fractures is a regenerative process that recapitulates many of the 

biological events of embryonic skeletal development. The events that lead to the healing of a 

bone fracture are the ones described in section 1.3. This process frequently leads to the 

successful healing and recovery of the damaged bone but about 5-10% of fractures can lead to 

a delayed healing or non-union [40]. 
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Current clinical approaches include distraction osteogenesis and bone transport, and the 

use of different bone-grafting methods, like autologous bone grafts (autografts), allografts, and 

bone-graft substitutes or growth factors. Also, there is an alternative method, known as the 

Masquelet technique that is based on a “biological” membrane that is induced after the 

application of a cement spacer at the first stage and acts as a chamber to the insertion of a 

non-vascularized autograft at the second stage. Moreover, there are also non-invasive methods 

of biophysical stimulation (such as low-intensity pulsed ultrasound (LIPUS) and pulsed 

electromagnetic fields (PEMF)), that can be used as adjuncts to enhance bone regeneration. 

The “gold-standard” treatment is the autologous bone grafting, where several bone sites can 

be used for bone-graft harvesting. The anterior and posterior iliac crests of the pelvis are the 

most commonly used donor sites, since they present all the required elements for bone healing: 

osteoinduction (BMPs and other growth factors), osteogenesis (osteoprogenitor cells) and 

osteoconduction (scaffold) (figure 8) [28]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 8 - Schematic representation of the healing process of a damaged bone using bone graft 
substitutes. Osteoconduction: a degradable support or scaffold material which provides the surface for 
the new bone production; osteoinduction: a matrix serves as a scaffold to support progenitor cells and 
osteoblasts, and it also provides a porous structure; osteogenesis: formation of the bone (bone 
remodelling). Adapted from [4]. 

 
Despite all the advances achieved on the last decades, there are still many drawbacks when 

using bone grafts. The use of autografts can be limited by the volume of bone that is possible 

to harvest. Furthermore, the transplanted autograft may lead to complications due to defect 

size. Other drawbacks include the morbidity at the harvest site, local hematoma and 

remodelling issues of the implanted bone [41]. Regarding allografts (grafts that have been 

harvested from other individual of the same species), their application can be hampered by 

bone tissue integration from the host and vascularization tissues. When it comes to the 
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distraction osteogenesis, where bone is regenerated as a result of gradually separating two 

viable osteotomized bone edges, it can be painful processes. The distraction phase, which 

requires overcoming the resistance of a soft tissue (such as skin), implies the use of a pain-

inducing force. Pain can also occur as a result of premature consolidation of the bone. 

In addition, this technique is also associated with poor healing and re-fracture. 

Consequently, there is still a need of developing novel treatments as alternatives or adjuvant 

methods and therapies to the standard methods currently used for bone regeneration [40] since 

a more sustainable, long term treatment strategy is required. To that end, bone graft 

substitutes (BGS) may be the answer to help impaired fracture healing. 

 

2.2. Bone cancers and therapeutic approaches  

The three most common forms of primary bone cancers are osteosarcoma (OS), Ewing 

sarcoma family of tumors, and chondrosarcoma, being the osteosarcoma the most common 

among them. Osteosarcoma as a worldwide incidence of 3.4 per million people per year and it 

is the third most common cancer in adolescence, affecting more frequently individuals between 

the ages of 10 and 25 [42,43]. It is characterized by the production of osteoid by the malignant 

cells and can arise in any bone, however it occurs more often in the juxta-epiphyseal regions 

of rapidly growing long bones, such as the distal femur, the proximal tibia, and the proximal 

humerus, with more than half being originated around the knee. Besides these common primary 

sites, this tumor tends to produce early systemic metastases. The structure is disorganized and 

can appear as a fine lacey trabecular pattern or as irregular clumps of osteoid (figure 9). This 

cancer begins as a process of medullary bone that progresses in order to destroy the cortical 

bone, associated with a large soft tissue component [43,44]. 

 

 

 

 

 

 

 

 

 

Figure 9 - Microscopic Pathology of a conventional osteosarcoma. This is a hypercellular, spindle cell 
tumor where cells have different sizes and shapes. It is characterized by the production of osteoid, that 
is often laid down in a lace-like pattern between the malignant cells. With haematoxylin and eosin stain, 
osteoid stains pink to red. Adapted from [45]. 

 

In terms of clinical approaches, the treatment currently used for this type of cancer includes 

preoperative (neoadjuvant) chemotherapy followed by surgical removal of all detectable 

disease (including metastases) and postoperative (adjuvant) chemotherapy. Radiation therapy 
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is another treatment option as a local treatment of unresectable tumors, despite OS being 

considered to be resistant to the application of radiation doses [44]. 

Ewing sarcoma is a small, round, blue cell malignancy that is the second most common 

primary bone malignancy in children and adolescent individuals, affecting them in the first 

three decades of life. The most common sites for this cancer are the long tubular bones, being 

the femur the bone where incidence is higher (25%) [43]. Ewing sarcoma treatment includes as 

a first approach, six cycles of neoadjuvant chemotherapy followed by three stages of 

treatment: it starts with an initial cytoreduction, to eradicate micrometastatic disease and 

facilitate effective local control measures, then it is performed a definitive radiation or surgical 

therapy to eradicate all known disease. Finally, a consolidation therapy to reduce the likelihood 

of tumor recurrence is used such as adjuvant chemotherapy [46]. 

Chondrosarcoma is a malignant mesenchymal tumor described by several differentiated 

cells that produce chondroid matrix. It occurs mostly in adults with most cases occurring in 

people over the age of 40 [43]. Regarding the treatment, the surgical resection is the primary 

and preferred type of treatment for patients with localized disease, whereas radiation therapy 

is mostly used for treating surgically hard-to-access sites and in the palliation of local 

symptoms, requiring relatively high doses for cure. Chemotherapy has been considered 

ineffective in treating this cancer however, it might be considered in certain subtypes of 

chondrosarcoma, such as the dedifferentiated and mesenchymal subtypes [47]. 

Taking all this into consideration, it is possible to conclude that surgery, chemotherapy and 

radiation therapy are the main approaches for treating bone cancers. These therapies present 

some drawbacks that need to be taken in consideration: the short and long term collateral toxic 

effects of using chemotherapy and even, in the case of osteoblastomas, there is a  possibility 

of inducing chemotherapeutic agents’ resistance [44]. In the case of radiation therapy, for 

example in treating Ewing’s sarcomas (that are quite radiosensitive), this modality is less 

frequently used given the potential morbidities of this approach, like secondary malignancies 

and adverse effects on bone growth [46]. For these reasons is urgent to find novel therapeutic 

modalities and more target-selective treatments for bone cancers. 

 

2.3. Bone infections and therapeutic approaches 

Bone defects may occur due to several congenital or acquired conditions. Congenital bone 

anomalies usually arise due to the bones’ absence or maldevelopment, whereas acquired bone 

defects often appear because of a trauma, infection, cancer, or surgical resection. Some 

osteodegenerative conditions, such as osteoarthritis, can be also responsible for bone loss over 

time, causing another type of bone defect [48]. The reconstruction of bone defects is a still a 

considerable clinical challenge, especially in the case of infection. It is often associated with 

abnormal bone remodelling due to a massive bone destruction and repair process at the site of 

infection, in response to bacteria and bacterial toxins [49]. Unfortunately, this phenomenon is 

not unusually since the region of the defective bone and most of the synthetic bone substitutes 
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are prone to bacterial adherence and subsequence biofilm formation, which in turn fosters the 

infection progression [50]. 9-36% of the patients that undergo orthopaedic surgeries suffer from 

postoperative deep infections after bone tumor surgeries and additional surgery is usually 

required. Furthermore, the use of antibiotics for extended time periods and delays in the 

scheduled treatments (such as chemotherapy) can lead to infection [51]. Trauma surgeries can 

also cause an infection after fracture fixation (IAFF) that is one of the most challenging 

complications when it comes to trauma surgeries. It can lead to non-union, delayed healing, 

permanent functional loss, and even amputation of the affected limb. This kind of infection 

can happen, with less extension in closed fractures (1-2%) and with greater extension in open 

fractures (reaching up to 30%), resulting in a remarkably prolonged hospitalization and 

increased economic burden for patients [52]. This infection can be caused by several agents 

and can be classified according to three stages, that are described in figure 10. 

 

Figure 10 - Pathophysiology, classification and treatment of IAFF according to the infection stage. 
This classification is a continuum, meaning that there is not a line separating late and delayed infection. 
However, after 10 weeks, inflammation, fibrous encapsulation and osteolysis are more prone to happen 
which can potentially result in a delayed or non-union. Adapted from [53]. 

 

Regarding the treatment used for IAFF, most of the concepts applied have emerged from 

the prosthetic joint (PJ) infection treatment algorithms. Despite having similar clinical 

properties, there are differences regarding the elective arthroplasty patients and the trauma 

patients, in terms of risk of infection at the primary surgery and in treatment options. The 

principal difference between IAFF and PJ infection is the fact that, the first is characterized 

by the presence of a fracture, so there is a need for biomechanical stability for it to heal. In 

fact, construct stability is important not only for prevention, but also for treating IAFF [53]. 
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The main goals of treating IAFF are the fracture consolidation; the infection eradication or, in 

certain cases, the infection suppression until fracture consolidation is achieved; the healing of 

the soft tissue envelop; the prevention of chronic osteomyelitis and the restoration of the bone 

functionality. It is important to consider that treating the infection is not always the priority, 

since the internal fixation device can be removed after consolidation is obtained (as a result, 

it is possible to remove the biofilm, which results in a high chance of clearance of the infection), 

so the bone healing is usually the primary objective. In some cases, a suppressive therapy can 

be established with antibiotics and the material must be retrieved after this treatment in order 

to avoid risk of recrudescence of infection or chronic osteomyelitis [52,53]. This is a progressive 

infection that results in an inflammatory destruction, necrosis and bone neoformation, that can 

progress to a chronic and persistent stage, with the possibility of being a lifetime chronic 

disease. Although there are surgical techniques to be applied to treat this condition (such as 

muscle grafts and antibiotic bone cements), bone infections are still a challenge. In this way, 

there is a need to have improvements in both prevention and treatment, so that is possible to 

achieve a better patient care. Such improvements may be an increased bioavailability of 

antimicrobial functionalized medical devices (antibacterial functionalized implants) or implant 

functionalization with antimicrobial peptides (AMP’s), since they do not induce resistance 

within pathogens after exposure, as the antibiotics do [53,54]. 

 

 

3. New solutions – Development of bone substitutes 
 

Bone injuries are very common and cause serious changes in the quality of life of patients. 

They can limit the ability to accomplish basic tasks, such as walking, and may also cause social 

and psychological problems. As explain in the latest section, the currently solutions available 

for these problems are essentially the use of bone graft transplants (autologous, allogenic and 

xenogenic), bone transport methods and implants based on different types of materials. These 

types of interventions are needed in order to ensure the regeneration of the bone and 

restoration of its function. When bone is not capable to regenerate itself, bone tissue 

engineering shows a great therapeutic potential, since the challenge associated to the current 

orthopaedic solutions can be solved by the development of suitable osteobiologic materials. 

They should replace the conventional allografts, autografts and xenografts, serving as 

implantable materials for bone substitutes for bone repair or remodelling [2,55]. The materials 

used can be classified into different types, based on substitutes like ceramic-based, metal-

based and polymer-based bone graft substitutes, either with or without using various cell types. 

Some materials can even contain several bioactive molecules, including growth factors, such 

as BMP-2, TGF β, growth differentiation factor 5 (GDF-5) and vascular endothelial growth factor 

(VEGF) or a mixture, expressed during bone regeneration (Table 1) [55].  
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Table 1 – Examples of different bone graft substitutes and its properties. Adapted from [55].                                         

Type of bone graft Examples 

Autograft-based 
(Osteoconductive, osteoinductive, 

osteogenic) 

Cancellous autologous graft - [56] 

Cortical autologous graft - [57] 

Allograft-based 
(Osteoconductive, osteoinductive, 

osteogenic) 

Fresh-frozen - [57] 

Freeze-dried allograft- [58] 

Growth factor-based 
(Osteoconductive, osteoconductive and 

osteoinductive with carrier materials) 

BMP and other growth factors - [59] 

Platelet-rich plasma or 
autologous platelet  concentrate - [60] 

Cell-based 
(Osteogenic, osteoconductive and 

osteoinductive with carrier materials) 

Stem cells - [59] 

Collagen - [61] 

Gene - [62] 

Ceramic-based 
(Osteoconductive, limited 

osteoconductive when mixed with bone 
marrow) 

Hydroxyapatite (HA) - [62] 

Tricalcium Phosphate (TCP) - [63] 

Bioactive Glass - [64] 

Calcium Sulfate - [66] 

Polymer-based 
(Osteoconductive, bioresorbable in 

degradable polymer) 

Natural or synthetic polymers - [65] 

Degradable or non-degradable polymers - 
[68] 

Miscellaneous 
(Osteoconductive, bioresorbable) 

Coral HA granules - [66] 

-  
                

Taking all of this into consideration, finding an implanted biomaterial that combines both 

functions of therapy and regeneration should hold a great promise for diseased and damaged 

bone. 

 

3.1. Important features of the new bone substitutes 

A good bone graft substitute should have high biocompatibility, low immunogenicity and it 

should be capable to mould itself according to the injured tissue needs. In the field of bone 

tissue engineering, scaffolds are very important since they are biocompatible 3D structures that 

help the migration, proliferation and differentiation of osteogenic cells, promoting new bone 

formation and regeneration. In other words, they mimic the bone properties in terms of 

mechanical support, cellular activity and protein production through mechanical and 

biomechanical interactions. They should be stable, biodegradable, biocompatible, have pores 

and be permeable for cell seeding, nutrient transport, tissue ingrowth, and vascularization 

[4,67]. Biocompatibility is an important requirement, since this feature allows the material to 

be benign with the surrounding biological systems and eliciting minimal to mild tissue 

responses. Regarding biodegradability, this is a vital attribute for bone substitute scaffolds, 

since they can act as supportive and temporary template for cell attachment and subsequent 

tissue development. In this way, cells have time to produce their extracellular matrix and 

eventually replace the scaffold [68]. In addition, they can also be osteoconductive, 
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osteoinductive, and osseo-integrative in nature, in order to heal a possible damaged bone 

(figure 8) [4,67]. 

For bone tissue engineering, a large range of synthetic and natural scaffolds has been used, 

where they can be divided into composites, ceramics and polymers, each of them having 

specific properties and limitations, as previously seen in table 1 [4]. 

Another important feature for the development of new bone substitutes, is their capability 

of preventing bacterial infection, due to the current challenges associated with bone infection 

treatments. As such, it is urgent to find substitutes with both osteoinductive and antibacterial 

ability [69], which will be addressed during this work. 

 

 

3.2. Ceramic-based scaffolds 

Ceramic based scaffolds are inorganic preparations that are ionically bonded, being 

described as a family of materials with a wide variety of porosity, composition, structure and 

obtained by various manufacturing techniques/procedures [4]. They have high stiffness and 

bioactivity, allowing them to act as a temporary framework to provide a suitable environment 

for cell adhesion, growth and to help bone tissue regeneration. Within this class of materials, 

there is also the group of bioceramics. They have specific biological or physiological function 

and can be used directly in the human body, or in applications related to it. Regarding their 

bioactivity, they can be divided into bioinert or bioactive ceramics, where the difference relies 

on the fact a bioinert implant do not interact chemically with the living tissue after 

implantation, meaning that it will not cause a reaction with the host. The bioinert ceramics 

have a high mechanical strength, excellent biocompatibility and chemical stability, while 

bioactive ceramics are biodegradable and osteoconductive. In this way, both types of materials 

can be used as two integral parts of bone tissue engineering [67]. Different types of ceramic-

based materials can be used to produce scaffolds. The commonly used bioactive ceramic are 

tricalcium phosphate (TCP), that has two structures with different atomic arrangements - α-

TCP and β-TCP (β-TCP has been more commonly studied for bone applications, since the pure 

α-TCP has a quick resorption rate that is faster than the formation of bone, limiting its use in 

biomedical applications [70]); Calcium Sulfate (CaSO4); Hydroxyapatite (HA); Akermanite, 

containing calcium (Ca), silicon (Si) and magnesium (Mg); Diopside (MgCaSi2O6) and Bioglass 

(BGs), composed by Na2O, CaO, SiO2 and P2O5. Regarding the bioinert ceramics, the most used 

materials are Aluminia and Zirconia [71]. 

Table 2 shows a summary of several studies performed using different bioactive ceramics 

for bone applications. The examples given are related to experiments performed only with 

scaffolds that contain the respective ceramic, but some of them have additional components, 

such as dopant oxides or polymeric binders to help the printing process. Additionally, only 

studies that had, at least, one in vitro test (with cells) or one in vivo test were considered for 

this table and for the ones that follow (table 2-6). 
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Table 2 – Ceramic scaffolds for bone tissue engineering applications. 

Ceramic 
type 

Summary 
Scaffold 

Fabrication 
method 

In vitro  In vivo Ref. 

Β-TCP 

Repair of goat 
tibial defects. 

Polymeric sponge 
method 

Goat bone 
marrow 

stromal cells  

Skeletally 
mature 
goats 

[72] 

Adequate 
engineered 

substitutes for 
repairing large 
bone defects. 

Stereolithography 
Human fetal 
bone cells 

- [73] 

Rapid bone 
regeneration and 

accelerated 
healing 

(potentiality in 
clinical settings). 

3D printing - 

Skeletally 
mature 

New 
Zealand 
white 
male 

rabbits 

[74] 

Use of these 
scaffolds for a 
variety of hard 

tissue repair and 
replacement. 

3D printing 
Human fetal 

osteoblast cell 

Sprague–
Dawley 

rats 
[75] 

HA 

Extremely useful 
tissue engineering 
material in bone 
reconstruction 

surgery. 

Foam-gel method 
Rat marrow 

mesenchymal 
cells 

Syngeneic 
7-week-
old male 
Fischer 
344 rats 

[76] 

Support the 
attachment, 

growth and ALP 
production of 

human osteoblast 
type SaOS2 cells. 

Polymer sponge 
replication 

method 

Human 
osteoblast like 

SaOS2 cells 
- [77] 

Rapid in growth of 
new trabecular 

bone across 
substantial 

distances followed 
by subsequent 

scaffold infilling. 

Direct write 
assembly 

- 

Skeletally 
mature 

New 
Zealand 
White 
rabbits 

[78] 

Akermanite 

Bone regeneration 
and bone tissue 

engineering 
applications. 

Polymer sponge 
method  

Human bone 
marrow-
derived 

mesenchymal 
stromal cells  

Male New 
Zealand 
rabbits 

[79] 

New bone 
implants applied 
in load-bearing 

bone defect 
conditions. 

Ceramic ink 
writing  

- 

New 
Zealand 

male 
rabbit 

[80] 

Excellent 
candidates for 

Selective laser 
sintering 

MG-63 
osteoblast-like 

cells 
- [81] 
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3.2.1. Calcium Phosphate-based scaffolds 

Among the class of ceramic materials for biomedical applications and, in particular, bone 

scaffolds, Calcium Phosphate (CaP) ceramics are the most widely used. They are available in a 

variety of products, due to the possibility of changing its chemical composition (Ca/P-ratios) 

and forms [87]. CaPs are minerals composed of calcium cations and phosphate anions that are 

known to be the major inorganic material in all native human bones (approximately 60%). 

Besides that, they are known to be biocompatible, osteoinductive and osteoconductive, which 

makes them an important asset for bone regeneration [88]. Furthermore, they have a high 

affinity for adhesion proteins and growth factors, such as Bone morphogenetic protein 2 (BMP-

2), which stimulates the proliferation and differentiation of osteoprogenitor cells. In this way, 

CaPs can play an important role as carries for growth factors and stem cells, without the 

modification of its chemical surface [89]. However, the use of additives or surface coatings in 

CaP scaffolds can change their properties in order to enhance angiogenesis and osteogenesis 

[71]. Bone cements, scaffolds, implants and coating techniques are some of the bone 

applications that use CaP ceramics, and some of them have been even commercialized [90–92].  

Since the osteoconductivity and osteoinductivity of CaP depends on its physical/chemical 

characteristics (for example the chemistry of the surface and its charge affects protein 

adsorption; the surface roughness affects the protein adhesion on the calcium phosphate 

surface, and the porosity of the CaP can have an effect on the bioactivity), it is important to 

choose the type of calcium phosphate that best suits the desired application [88]. In this way, 

bone tissue 
applications. 

Diopside 

 Bioactive 
material to bone 

tissue 
engineering. 

Polymer sponge 
template method 

Human 
osteoblastic-

like cells 
- [82] 

Bioglass 

Use of these 
scaffolds in bone 

repair and 
regeneration. 

foam replication 
method and 

unidirectional 
freezing of 
suspensions 

Rat bone 
marrow‐
derived 

mesenchymal 
stem cells  

Fisher 344 
rats 

[83] 

The scaffolds may 
be an excellent 
candidate for 

bone 
regeneration. 

3D printing 
Human bone 

marrow 
stromal cells 

- [84] 

Biological 
scaffolds for 

osseous repair and 
regeneration. 

Polymer foam 
replication 

method  

MC3T3-E1 
preosteoblastic 

cells 
- [85] 

Calcium 
Sulfate 

Give a better 
insight into the 

complex nature of 
the process of 
fabrication of 
synthetic bone 

grafts and 
scaffolds.   

3D printing 

MG63 - human 
osteoblast-like 
osteosarcoma 

cells 

- [86] 
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based on the composition, some of the most used CaPs are Hydroxyapatite, Tricalcium 

phosphate and Biphasic Calcium Phosphates (BCPs) (a combination of different concentrations 

of HA and β-TCP) [88,93], being the BCPs considered nowadays as the gold standard of bone 

substitutes in reconstructive surgeries [93], as suggested among several clinical studies 

available in the literature [94–97]. 

Despite the numerous advantages of CaP scaffolds, there are several circumstances where 

the use of a single material is not the best option to mimic the composition of natural bone. In 

this way, researchers started to develop composite materials [98]. In fact, composites have 

demonstrated to be more effective in enhancing both mechanical properties and bioactivity, 

compared to single ceramics and polymers [99]. Table 3 shows an overview of the literature 

available to date about the use of CaP-based scaffolds (composites) for bone applications. In 

respect to the referenced studies, only the ones that contained CaP as the main component of 

the scaffold were considered, whereas the polymeric or metal materials that appear associated 

to them are present in lower amounts or are coated into the scaffolds. In addition, some 

bioactive molecules may have been loaded onto the scaffolds and there is also an example of 

a scaffold that was further modified and biofunctionalized with additional materials (not 

mentioned in the table). 

 

 

Table 3 – Examples of different CaP-based scaffolds for bone applications. 

Scaffolds 
material 

Summary 
Scaffold 

Fabrication 
method 

In vitro  In vivo  Ref. 

    β-TCP/HA/ 
alginate 

 

Bone regeneration 
using a cost-
effective and 
reproducible 
technique. 

Foam 
replication 

method 
 

Human 
osteoblasts 
(CRL-11372) 

- [100] 

β‐TCP/Alginate 

Provide a bone 
tissue engineering 

construct for 
improved cell 

seeding, controlled 
growth factor 

release and ability to 
induce bone 
formation. 

Gel‐sponge 
method 

MG-63 
osteoblast-like 

cells 

Female 
Sprague‐
Dawley 

rats 

[101] 

HA/silk fibroin 

Biocomposites that 
can be used in bone 

repair and as 
scaffolds in tissue 

engineering. 

Freeze-
drying 

Human 
osteosarcoma 
cell line MG-63 

- [102] 

HA/PDLLA 

Bone substitutes 
implanted in 

cancellous bone in 
nonweight‐bearing 

lesions. 

Composite 
fibre 

precipitation 
method 

- 

Mature 
male 

Japanese 
White 
rabbits 

[103] 
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CaP/collagen 

Fabricate calcium 
phosphate scaffolds 
for applications in 
preclinical small 
animal models of 

bone regeneration. 

Low 
temperature 
3D printing 

C3H/10T1/2 
cells 

Female 
BALB/cJ 

mice 
[104] 

HA/TCP 

Serve as precise 
scaffolds for 

intramuscular bone 
induction in a rat 

model. 

3D printing - Lewis rats [105] 

BCP/Li 

Scaffolds can be a 
potential candidate 

for bone repair 
applications. 

3D plotting 
Mouse bone 

mesenchymal 
stem cells  

- [106] 

BCP/PCL 

Potential tool for 
bone regeneration in 

the field of tissue 
engineering. 

Sponge 
replica 
method 

MC3T3-E1 cells 
Sprague-
Dawley 

male rats 
[107] 

BCP  

Generation of 
custom‐made 

bioartificial bone 
implants. 

Indirect 3D 
printing 

Primary rat 
osteoblasts 

Syngeneic 
male 

Lewis rats 
[108] 

BCP/HA/PLLA  

Substitute for 
damaged or defect 
bone in bone tissue 

engineering. 

Foam 
replication 

method 

Immortalized 
rat 

osteoblastic 
ROS 17/2.8 

cell line 

Sprague-
Dawley 

(SD) rats 
[99] 

BCP/Chitosan/ 
calcium 
alginate  

Healing of large 
segmental bone 

defects. 

Sponge 
replica 
method 

MC3T3-E1 
mouse pre-
osteoblast 

cells 

New 
Zealand 
white 

rabbits 

[109] 

BCP/ 
Hyaluronic 

Acid/Gelatin 

Scaffold for bone 
remodelling. 

Sponge 
replica 
method 

Rabbit bone 
marrow 

mesenchymal 
stem cells 

New 
Zealand 
white 

rabbits 

[110] 

 

 

The goal of these synthetic scaffolds is not to permanently replace the bone tissue. Instead, 

they should stimulate bone growth and engage newly formed bone tissue, before being 

remodelled. Therefore, regardless of the method of scaffold production, they should present a 

biomimetic surface, have an open porous microstructure for bone ingrowth (figure 11) and 

should be biodegradable, having suitable degradation kinetics. In addition, the capacity to 

promote changes in the biological microenvironment to support cellular bone healing would be 

beneficial [87]. 
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Figure 11 - Different types of CaP-based scaffolds used for bone applications. Representative structures 
of porous scaffolds: (A) BCP/HA/PLLA scaffold via foam replication method, (B) β-TCP/chitosan scaffold 
via indirect 3D printing, (C) HA/silk scaffold via freeze-drying, (D) HA/α-TCP/collagen scaffold via 3D 
printing, (E) HA/TCP scaffold via 3D printing, (F-H) BCP/Li scaffolds via 3D plotting and (I) 
BCP/Chitosan/calcium alginate scaffold via sponge replica method. Adapted from [99,102,104–
106,109,111]. 

 

3.3. Polymer-based scaffolds 

Polymer-based scaffolds can be distinguished as synthetic or natural, and both have been 

widely used as biodegradable scaffolds in bone tissue engineering. These polymers and their 

composites are seen as the most promising candidates for bone regeneration, due to their 

biocompatibility and biodegradability. Beyond that, they are very versatile, which allow them 

to be easily tailored to accomplish specific and desired requirements, by manipulating them in 

terms of chemical composition and structures [112].  

Both natural and synthetic polymers have advantages and disadvantages. The former are 

bioactive, have biomimetic surfaces that contain particular properties that facilitate cell 

adhesion and cell differentiation, and they can trigger degradation and natural remodelling. 

However, their limitations include inappropriate immunogenic responses, microbial 

contamination, weak mechanical strength and they can undergo an uncontrollable degradation 

[68]. On the other hand, synthetic polymers can be synthesized under more controlled 

conditions. Giving that, it is possible to have more predictable and reproducible scaffolds, since 

their physicochemical and biodegradable properties (such as mechanical strength, degradation 

rate and microstructure) can be adapted to the desired applications. In addition, they feature 

more reproducibility and long shelf life, when comparing with natural polymers [112]. However, 

some of these polymers, in particular the ones belonging to the polyester family (which includes 
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polyglycolides and polylactides) have drawbacks, such as their poor biocompatibility, the 

release of acidic degradation products, the poor processability and the possibility of losing 

mechanical properties very early during degradation [113].  

The most commonly used natural polymers for bone tissue engineering are collagen, gelatin, 

silk fibroin (SF), chitosan, alginate and hyaluronic acid. Regarding the synthetic polymers, the 

most used are Poly(lactic acid) (PLA), poly(glycolic acid) (PGA), the copolymer PLGA 

(PLA+PGA), Polycaprolactone (PCL), Poly(vinyl alcohol) (PVA), Poly(propylene fumarate) (PPF) 

and Polyurethane (PU) [112]. In terms of bone applications, some of these polymers can be 

used alone as is the case of the studies present on table 4. 

 

Table 4 - Natural and synthetic polymers used (alone) as scaffolds for bone applications. 

Polymer 
type 

Summary 
Scaffold 

Fabrication 
method 

In vitro In vivo Ref. 

Collagen  
Repair and 

regenerate bone 
defects and injuries. 

Electrospinning 
Human 
fetal 

osteoblasts 
 [114] 

Collagen 
Promising strategy 
for osteochondral 

repair. 

Temperature 
gradient-guided 
thermal-induced 
phase-separation 

technique 

Rabbit 
bone 

marrow 
mesenchym

al stem 
cells 

Adult male 
New 

Zealand 
white 

rabbits 

[115] 

Silk fibroin 

Scaffolds suitable for 
applications 

involving bone tissue 
engineering. 

Electrospinning 

Human 
mesenchym

al stem 
cells 

(hMSCs) 

Male 
athymic 

nude rats 
[116] 

Silk fibroin 

The scaffolds are 
promising candidates 

for bone 
regeneration. 

Microparticle 
aggregation 

Osteosarco
ma cell line 

MG63 

New 
Zealand 
white 

rabbits 

[117] 

hyaluronic 
acid 

Cell and growth 
factor carriers for 

tissue regeneration. 

Michael-type 
addition reaction 

Human 
mesenchym

al stem 
cells 

(hMSCs) 

Male 
Sprague 
Dawley 

albino rats 

[118] 

Gelatin 
Bone tissue 
engineering 
strategies. 

Crosslinking and 
freeze-drying 

- 
Mature 
male 

Wistar rats 
[119] 

PCL 

Great potential for 
replacement of 
skeletal tissues. 

Selective laser 
sintering 

Primary 
human 
gingival 

fibroblasts  

Immunoco
mpromised 

mice 
[120] 

Results need to be 
translated into more 

clinically relevant 
studies before 

clinical application 
can be considered. 

Fused deposition 
modelling 

Immortaliz
ed human 

mesenchym
al stem 

cells 

Female 
Danish 

Landrace 
pigs 

[121] 

PLGA 
 

Reconstruction of rat 
calvarial defects 

Porogen-leaching 
technique 

Human 
mesenchym

al stem 
cells 

Male non-
immunosup

pressed 
[122] 
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Sprague-
Dawley rats 

Scaffolds for new 
bone growth when 

implanted in 
orthotopic sites 

where transplanted 
cells and secreted 

bone growth factors 
may further induce 
bone ingrowth from 

adjacent bone. 

Solvent-casting 
particulate-

leaching 
technique 

Rat marrow 
stromal 

cells 

Fisher 344 
rats 

[123] 

This work 
demonstrates the 
synergy between 

designing 
electrospun tissue 

scaffolds and 
providing 

comprehensive 
evaluation through 

high resolution 
imaging of resultant 
3-dimensional cell 
growth within the 

scaffold. 

Electrospinning 

Rat 
osteoblast  

cell line 
UMR106 

and mouse 
cell line 

MC3T3-E1 

- [124] 

PLA 

Biological bone graft 
extender for future 
use in the field of 
impaction bone 

grafting. 

High pressure 
carbon dioxide 

mixing 
technology 

 

Human 
bone 

marrow 
stromal 

cells 

Male MF-1 
nu/nu 

immunodef
icient mice 

[125] 

Scaffolds with 
precise dimensions 
that can be later 
assembled in a 
larger tissue 

engineered construct 
for bone repair. 

Fused deposition 
modelling 

Human 
bone 

marrow 
stromal 

cells  

 [126] 

PPF 

Scaffolds may be an 
attractive platform 

for bone tissue 
engineering. 

Photocrosslinking - 

Male New 
Zealand 
White 
rabbits 

[127] 

 

 

Alternatively, several polymers can be used in combination with other polymers, such as 

the ones described in the  studies reported on table 5. Due to the hight number of polymers 

available, wither they are natural or synthetic, by combining them, a variety of applications 

may be addressed, especially in the tissue engineering area. 
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Table 5 - Natural and synthetic polymers used (in combination with each other) as scaffolds for bone 

applications. 

polymer 
type 

Aim of the paper 
Scaffold 

Fabrication 
method 

In vitro In vivo Ref. 

Chitosan/ 
Alginate 

Repair of bone defects 
and functional bone 
tissue engineering 

applications, especially 
with pediatric patients. 

Freeze-drying 

Rat 
mesenchym

al stem 
cells and 
MG‐63 

Osteoblast 
like cells 

Female 
Sprague
–Dawley 

rats 

[128] 

Collagen/ 
Glycosamino

glycan 

Biomaterials that can 
promote effective 

healing of a critical-
sized rat cranial defect. 

Freeze-drying 

Rat 
mesenchym

al stem 
cells 

Young-
adult 
male 

Wistar 
rats 

[129] 

Chitosan/ 
Collagen 

Differentiation platform 
for hMSC for 

regeneration of bone 
tissue implant. 

Phase 
separation 
followed by 

lyophilization 

Human 
mesenchym

al stem 
cells 

- [130] 

SF/ 
collagen 

Scaffolds have the 
potential to be applied 

in orthopaedic, 
reconstructive and 

maxillofacial surgery 

Lyophilization 

rabbit bone 
marrow-
derived 

mesenchym
al stem 

cells 

New 
Zealand 
white 

rabbits 

[131] 

gelatin/ 
chitosan 

bone tissue engineering 
strategies. 

Crosslinking and 
freeze-drying 

- 

mature 
male 

Wistar 
rats 

[119] 

Alginate/ 
Gelatin 

Scaffolds may be 
candidates for bone 
tissue engineering 

applications. 

Freeze drying 

Mouse 
mesenchym

al stem 
cells 

 [132] 

Gelatin/ 
Hyaluronic 

acid/ 
Alginate 

Composite matrix has a 
potential use for in vivo 

MSC-based bone 
regeneration. 

Lyophilization 

Bone 
marrow-
derived 
human 

mesenchym
al stem 

cells 

Mice [133] 

Hyaluronic 
acid/PLGA  

Bone regeneration. 
Multihead 
deposition 

system (MHDS) 

MC3T3‐E1 
preosteobla

st cells 

Sprague 
Dawley 

rats 
[134] 

PCL/PLLA 

The scaffold can be 
applicable in the field 

of bone tissue 
engineering. 

Salt leaching 
method 

MG63 
osteoblast-
like cells 

Adult 
male 
New 

Zealand 
white 

rabbits 

[135] 

PCL/PMMA 
The scaffolds can be 
used for bone tissue 

regeneration. 
Electrospinning 

MG-63 
osteoblast 

cells 

Male 
Sprague 
Dawley 

rats 

[136] 

Polystyrene/ 
PCL 

Bone regeneration. Electrospinning 

Human 
osteoblasts 
MG‐63 and 

rabbit 

Rat 
specime

ns 
[137] 
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mesenchym
al stem 

cells 

PLGA/ 
chitosan 

Custom‐shaped bone 
regeneration tool for 

both basic research into 
osteogenesis and for 

development of 
therapeutic application 

Particulate‐
leaching 

technique 
followed by 
crosslinking 

KUSA/A1 
cells 

Female 
C3H/He 

mice 
[138] 

PU/PLA 

Filler material for 
healing facilitation 
across critical-sized 

bone defects. 

Phase inverse 
salt leaching 

method 

7F2 mouse 
osteoblast 

New 
Zealand 
white 

rabbits 

[139] 

PEG/PLA 
Potential for broad 
application in bone 
tissue engineering. 

Electrospinning 
Rat bone 
marrow 

MSCs 

Sprague 
Dawley 

rats 
[140] 

PLLA/PEG 
Promising substrates for 

bone tissue 
engineering. 

Supercritical 
carbon dioxide 

foaming 
technique 

Mouse 
embryonic 
fibroblast 

cells  

New 
Zealand 
white 

rabbits 

[141] 

PPF/PLGA In vivo bone formation  
Thermal 

crosslinking 
- 

Female 
New 

Zealand 
white 

rabbits 

[142] 

PLGA/PVA 

Improve the 
hydrophilicity and cell 
compatibility of the 
scaffolds for tissue 

engineering 
applications. 

Melt-molding 
particulate-

leaching 

Immortaliz
ed human 

costal 
chondrocyt
e cell line 
C-28/I2 

Skeletall
y 

mature 
male 
New 

Zealand 
white 

rabbits 

[143] 

 

 

Besides all the possibilities covered in tables 4 and 5, polymers can also be combined with 

inorganic materials (table 6), since a single polymer does not hold the ideal properties for all 

applications [68,112]. The examples present on the tables 4, 5 and 6 are related to experiments 

that contain the materials mentioned in the first column as the main component(s) of the 

scaffold. However, some additional components may be present and are not mentioned on the 

tables (as explained before in the section of ceramic-based scaffolds), such as organic 

compounds, cations, proteins, loaded bioactive molecules and drugs, and polymeric binders to 

help the printing process. This highlights the high versatility of this type of scaffolds. 

 
 
Table 6 - Natural and synthetic polymers used (in combination with inorganic materials) as scaffolds for 

bone applications. 

Scaffold’s 
composition 

Applicability 
Scaffold 

Fabrication 
method 

In vitro In vivo Ref. 

Collagen/ 
Apatite 

Scaffold for 
improved bone 

repair and 
regeneration. 

Freeze-casting 

Mouse 
Calvarial 

osteoblasts 
(COBs) cells 

Transgeni
c mice 

[144] 
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Collagen/ 
CaP 

Biomaterials that 
can promote 

effective healing of 
a critical-sized rat 

cranial defect. 

Freeze-drying 
Rat 

mesenchyma
l stem cells 

Young-
adult 
male 

Wistar 
rats 

[129] 

SF/CaP 

Promote newly 
formed bone 

volume being a 
good candidate for 
bone implantation 

and provide a 
feasible 

therapeutic 
approach for 

treating patients 
with bone defects. 

Polymer sponge 
template 

MC3T3E-1 
cells 

New 
Zealand 
white 

rabbits 

[145] 

SF/HA 

Initial screening 
tool to identify the 
most suitable pore 

size 
ranges/morphologi
es with which to 

pursue more 
detailed studies of 

tissue-related 
outcomes. 

Direct‐Write 
Assembly 

Human bone 
marrow 
derived 

mesenchyma
l stem cells 
and human 
mammary 

microvascula
r endothelial 

cells  

- [146] 

Chitosan/ 
Gelatin/ 

Graphene 
oxide 

Application in bone 
tissue 

regeneration. 
Freeze-drying 

Rat calvarial 
osteoprogeni

tor cells 

Male albin
o-Wistar 

rats 
[147] 

Chitosan/ 
Gelatin/ 

BG  

Attractive to be 
assessed for bone 
reconstruction in 

future clinical 
trials. 

Freeze-drying 
Dental pulp 
stem cells 

DPSCs 

Adult 
Sprague-
Dawley 

rats 

[148] 

Gelatin/HA 
Tissue‐engineering 

applications. 
Cryogelation 

L929 mouse 
fibroblast 

cells 

Female 
Sprague–
Dawley 

rats 

[149] 

PCL/gelatin/
BCP 

Bone tissue 
regeneration and 
local delivery of 
biomolecules. 

Electrospinning 

mice 
Preosteoblas
t MC3T3-E1 

cells 

Male 
Sprague–
Dawley 

rats 

[150] 

Chitosan/ 
CaP 

Bone regeneration 
purposes, such as 
some applications 

in dentistry. 

Enzymatically-
induced gelation 

of chitosan 
followed by Ice 

segregation 
induced self-

assembly 

Mouse C2C12 
cell line 

Male New 
Zealand 
rabbits 

[151] 

Chitosan/HA 

Bone tissue 
engineering 

applications in the 
clinical setting. 

Freeze gelation - 
Chinchilla 

rabbits 
[152] 

Chitosan/ 
PCL/Sr(II) 

Application in bone 
tissue engineering 

such as the 
treatment of 
craniofacial 

Casting/ 
solvent 

evaporation 
technique 

MG-63 
osteoblast-

like cells and 
human bone 

marrow 

Male 
albino 
Wistar 
rats 

[153] 
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regeneration, as 
well as on the 

active regeneration 
of other bone 

tissues. 

mesenchyma
l stem cells  

Gelatin/ 
Alginate/ 
PVA/HA 

Preliminary data to 
expect the 

suitability of the 
developed material 

for bone tissue 
engineering 
applications. 

Freeze-thaw 
method 

Human 
osteoblast 
cells and 
MC3T3-E1 

preosteoblas
t cells 

- [154] 

Alginate/HA 
Bone tissue 
engineering 
application. 

3D plotting 

Human bone-
marrow-
derived 

mesenchyma
l stem cells 

(hBMSC) 

- [155] 

PCL/HA  
Synthetic 

substitute for bone 
tissue engineering. 

Solvent casting 
and particulate 

leaching 
techniques 

Primary 
human bone 

cells 

Male ICR 
Mouse 

[156] 

PLGA/TiO2  
Novel scaffold for 

bone tissue 
engineering. 

Sintered 
microsphere 

method 

G-292 and 
SaOS-2 cells 

 New 
Zealand 
white 

rabbits 

[157] 

PLA/ 
PLGA/HA  

Treat segmental 
bone defects in the 
canine long bone. 

Electrospinning 
and 3D printing 

- 
Beagle 
dogs 

[158] 

PLGA/HA 
Treatment of bone 

defects. 

Gas forming and 
particulate 

leaching method 

Rat calvarial 
osteoblasts 

 
 

Female 
athymic 

mice 
(BALB/c-

nu) 

[159] 

PLGA/HA  
Bone tissue 

regeneration. 

Gas foaming and 
particulate 

leaching method 

Osteogenic 
cells derived 
from human 
embryonic 
stem cells 

and  
primary 

bone-derived 
cells 

Female 
immunod
eficient 

mice 
(BALB/c-

nu) 

[160] 

PLLA/HA 

Bone substitute for 
bone tissue 
engineering 
applications. 

Solid–liquid phase 
separation 

Rat 
mesenchyma
l stem cells  

- [161] 

PLA/Magnesi
um/Zinc/ 
HA/PEO/ 
Xenetic 

Potential 
applications for 
bone implant. 

Solvent casting - Dogs [162] 

PU/HA  

Potential scaffold 
for bone 

regeneration 
applications. 

Copolymerization 
and simultaneous 

foaming 

Rat bone 
marrow 
derived 

mesenchyma
l stem cells 

Male nude 
mice 

[163] 

PPF/HA 
Induce the 

osteoblastic 
differentiation of 

Salt leaching 
Rat bone 
marrow 

stromal cells  
- [164] 
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transplanted rat 
BMSCs. 

PPF/β-TCP 
and PFF/BCP 

Promising platform 
for the functional 

restoration of large 
bone defects. 

Stereolithography 
Rabbit bone 

marrow 
stromal cells  

Adult 
female 

New 
Zealand 
White 
rabbits 

[165] 

PCL/PVA/HA 
 

Potential scaffold 
for bone tissue 

engineering 
application. 

 

Electrospinning 

MG-63 
osteoblast 

cells and NIH 
3T3 

fibroblast 
cells 

- [166] 

 

 

3.3.1. Konjac Glucomannan-based scaffolds 

Konjac glucomannan (KGM) is a natural polysaccharide (non-ionic and linear), similar to 

agarose, that has a backbone chain of β-1,4-linked D-mannose and D-glucose (figure 12). The 

mannose to glucose ratio is 1.6:1 and the monosaccharide residues can be randomly distributed 

with 5–10% acetyl-substituted residues. It is one of the main components of Amorphophallus 

konjac C. Koch (Araceae) tubers, that are produced and used in China, south-east Asia and 

Japan. The molecular weight of KGM ranges from 200 to 2000 kDa, depending on the cultivars, 

origin, producing methods and storage time [167,168]. 

 

 

 

 

 

 

Figure 12 - The proposed chemical structure of Konjac glucomannan. Adapted from [167]. 

Two key features of KGM are its high viscosity and gelling properties. In addition, it is water 

soluble being the solution formed extremely viscous. This polymer has both hydrophilic and 

hydrophobic groups, but it is insoluble in organic solvents (such as methanol, ethanol, acetone 

or ether). It is known that the two major factors involved in the mechanism of gelation are the 

hydrogen bonds and the hydrophobic interactions between the KGM molecules [167]. Given 

that, under heating and alkaline pH conditions, KGM can become an elastic, strong and heat-

irreversible gel and stable hydrogels can be formed by heating konjac flour in the presence of 

alkali substances [167,168].  

Due to the high biocompatibility and biodegradability of KGM gels, they have been widely 

used for several applications, such as food, pharmaceutical carriers, tissue scaffolds and 

absorbing materials (figure 13) [169]. 
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Figure 13 - Konjac glucomannan application areas. The gelation capability enables the application of 
KGM gels in several areas, such as food, chemical, pharmaceutical, materials, and other fields. Adapted 
from [169].  

In the biomedical field, KGM-based gels are considered to be a potential carrier for specific 

bioactive protein drug delivery systems [167,169]. For example, they can be used for the design 

of colon-specific drug delivery systems, where KGM acts as an adjuvant, since it can be 

degraded in the colon but not in the small intestine. The drug release effect can be affected 

by the KGM category and degree of acetylation, where different profiles of this polymer and 

different degrees of acetylation can lead to different swelling rates and drug release effects 

on the prepared tablets [170]. Another biomedical application of KGM, is its use to prepare 

controlled release beads. KGM can be combined with chitosan (CS) and alginate (ALG) to 

prepare controlled release beads with KGM wrapped within, where the KGM can help increase 

the drug payload [171]. 

Besides acting as drug delivery system, KGM-based materials can be used in scaffolds for 

tissue engineering applications, namely in wound dressings.  For example, KGM/CS were 

blended in a film that could be used for wound healing and haemorrhage control. The 

microporous structure of the film allowed it to absorb water from the blood and trap blood 

cells [172]. Films based on KGM/CS were found to be nontoxic, biofunctional, biodegradable, 

biocompatible and to having antimicrobial properties [173]. Moreover, KGM could significantly 

improve mechanical properties of CS as a wound dressing material, and the breaking elongation 

and tensile strength were improved in about 40% and 30% respectively [174]. Besides that, the 

addition of KGM improved the biocompatibility of CS materials [175]. 

 

3.4. Other agents 

Besides the usual ceramic-polymeric materials that can be used to develop bone 

substitutes, other agents can be used to enhance the properties of such systems. Between 

them, polydopamine (PDA) can be highlighted due to its photosensitive properties. PDA is a 

dopamine derived synthetic eumelanin polymer which in the past few years has gained 

attention in the field of coating materials [176]. The main advantages of PDA are its ability in 

attach to almost all material surfaces, including metal, oxides, ceramics and polymers, and 
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their properties as biocompatible materials [177]. Other interesting aspects are their 

fluorescence quenching and photothermal conversion abilities, which arouses interest in the 

use of these agents in a wide range of applications such as biomedicine [178]. 

For that reason, when looking for a bi-functional material to be used in bone tissue 

engineering applications, PDA sounds a promising agent to be included on such systems. In fact, 

dopamine-based materials have been used for diagnosis and cancer therapy and also as 

theranostic agents (an agent with both therapeutic and diagnostic applications) [178]. In terms 

of cancer therapy, photothermal therapy has arising as an effective technique due to its high 

selectivity and minimal invasiveness. The process consists in applicating a localized near 

infrared (NIR) laser (650-950 nm) that can increase the temperature of the photothermal 

therapeutic agent that is located on the tumor sites. Thus, this increase of temperature is high 

enough to kill cancer cells by photothermal effects. Besides that, this approach functions in a 

spatiotemporal manner, without damaging the healthy cells and surrounding tissues [179].  

In conclusion, since the already established use of PDA in combination with ceramic 

materials that can be used for photothermal cancer therapy [180], the inclusion of this agent 

in hybrid polymeric-ceramic scaffolds sounds promising. 

 

3.5. Scaffolds production - Additive manufacturing 

Addictive manufacturing (AM) refers to a series of techniques characterized by blending 

materials, either by fusion, binding or solidifying materials (such as liquid resin and powders) 

[181], creating objects in a layered fashion. The layers are formed under computer’s control in 

order to develop 3D products [182,183] meaning that the tree-dimensional (3D) geometric 

information of the designed object is determined by computer-aided design (CAD) models of 

the object parts, or by scanning objects in two dimensions and processing the acquired data 

into a 3D model. Afterwards, the sample is fabricated from a powder or from a sheet material 

[71]. Other terminologies can be used to describe AM processes, such as 3D printing (3DP), rapid 

prototyping (RP), direct digital manufacturing (DDM), rapid manufacturing (RM), and solid 

freeform fabrication (SFF) [181]. 

This kind of technique is a better approach when compared with traditional strategies, 

since a superior structure-function relationship is observed, when an object is 3D printed and 

forms composites with a controlled spatial heterogeneity [184]. This feature has made 3D 

printing an extremely useful tool, both in the fields of biomedical research and tissue 

engineering, due to the capability of replicate the intrinsic architecture and the cellular 

heterogeneity of tissues and organs. In terms of bone grafting, the ability to print 

biocompatible, patient-specific geometries with controlled macro- and micro-pores, creating 

personalized implants, and the possibility to incorporate drugs and proteins, has made this 

technology ideal for orthopaedic applications [184]. Besides that, other advantages include the 

reduced time and cost of making sample implants or physical models, one at a time or even in 

small batches, and the improvement of doctor-patient communication, helping surgeons to 
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have a better preoperative assessment of the condition, allowing the design of more reasonable 

operation plans [71].  

In terms of tissue engineering, some AM techniques currently available for bone scaffold 

fabrication are 3D printing, various forms of direct writing, such as direct write 

assembly/robocasting, Selective laser sintering (SLS) , Stereolithography (SLA) and Fused 

deposition modelling (FDM) [71,185]. Figure 14 presents the most commonly techniques 

employed in tissue engineering and several examples are given for the field of bone tissue 

engineering.  

       Selective laser sintering  
(SLS) - [81,120]   

    

       Three-dimensional  
printing (3D) - [74,75] 

 

 

       Stereolithography (SLA) - [73,165]  
 

       - Fused deposition  
modeling (FDM) - [121,126]  
- Bioplotter - [186,187] 
- Precision extrusion deposition 
 (PED) - [188,189] 
- Bioextruder - [190,191] 
- Bioscaffolder - [192–194]  

 

       - Pressure-assisted 
       microsyringe (PAM) - [195,196] 
       - Low-temperature Deposition 
       Modelling (LDM)- [197–199] 

       - Robocasting - [78] 
 

       Mechanical deposition/ 
       Dispensing: 
       - Bioplotter - [200] 
       - Bioscaffolder - [201] 
       - Fab@home - [202,203] 
 
       - Ink-jet technologies 
      (thermal or piezoelectric 
       cartridge) - [204] 
       
       - Laser-assisted bioprinting 
       (LaBP) - [205,206] 
       - Biological laser printing 

(BioLPTM) - [207] 
 

Figure 14 - Some of the most commonly used AM techniques for tissue engineering and their 
classification. Examples of bone tissue applications are given in each technique. Adaped from [208]. 

 

The principal AM techniques are described on figure 15. The Stereolithography technique 

(figure 15-A) is based on a low power but highly focused UV laser, used to trace out successive 

cross-sections of a three-dimensional object, in a vat of liquid photosensitive polymer [209]. 

Powder based 
techniques 

Photosensitive based 
techniques 

AM 
techniques 

Melt-extrusion 
based techniques 

Solution/slurry 
extrusion-based 
techniques 

Tissue and organ 
printing 
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The fused deposition modelling technique (figure 15-B) uses a plastic or wax material, that is 

heated and extruded through a nozzle that traces the object cross sectional geometry, layer 

by layer [210]. Regarding the selective laser sintering (figure 15-C), this technology uses a 

moving laser beam to trace and selective sinter the desired material into successive cross-

sections of a three-dimensional part, that is built upon a platform. This platform adjusts its 

height as equal to the thickness of the layer being built [211]. On the 3D printing process (figure 

15-D), that is an ink-jet printing-based technology, the head of the ink jet prints a liquid binder 

onto thin layers of powders, based on object profiles that have been generated by a software 

[75]. Finally, the robocasting technique (figure 15-E) consists on the robotic deposition of highly 

concentrated colloidal suspensions, that are capable of supporting their own weight during 

assembly. For that reason, an ink with appropriate rheologic properties is necessary for printing 

with this technique [212], as it will addressed in the next section. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15 - Representation of the most used AM techniques for tissue engineering. (A) 
Stereolithography. (B) Fused deposition modelling. (C) selective laser sintering. (D) 3D printing. (E) 
Robocasting. All these AM techniques feature different characteristic and specifications, that distinguish 
them from one another and allow a broader range of applications that can be achieved with additive 
manufacturing. Adapted from [75,209–211,213]. 

 

3.5.1. Robocasting 

Robocasting is often referred to or included in the definition of Direct Ink Writing (DIW), 

Direct-Write Assembly (DWA) or Microrobotic Deposition. It is an additive manufacturing 
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technology that is based on a robotic deposition of colloidal suspensions at high concentration 

(inks), that are able to support their own weight during the assembly [214]. In this way, lines 

of ink are laid down in a controlled manner to build up a 3D structure in a layer-by-layer fashion, 

following a computer-aided design (CAD) model, that is used to control the movements of the 

robocaster (figure 15-E). Comparing this technique with other AM processes, robocasting allows 

the building of ceramic scaffolds using water-based inks with minimal organic content (<1wt.%) 

and it does not need a especial support material or mould [215]. One of the main advantages 

of this technique is the mechanical quality of the produced material and the flexibility of 

technology in printing different materials. 

Until now, different studies have shown the possibility of developing calcium phosphate-

based scaffolds through robocasting, using β-TCP [214], HA [216], Biphasic calcium phosphates 

(HA/β-TCP) [217] and even ceramic/polymeric composites (Table 7). Besides that, robocasting 

is also able to produce metallic [218], polymeric [219], graphene [220] and ferroelectric [221] 

inks. 

 
Table 7 – Examples of several studies using different ceramic/polymeric scaffolds fabricated by 
robocasting. 

Main components  Aim Ref. 

Si-doped HA/Gelatine 

Optimize the processing conditions to fabricate, by 
rapid prototyping, composite scaffolds with a high 
content of ceramic and without the addition of any 
sort of additive, by means of a simple, fast and low-
cost procedure. 

[222] 

β-TCP/PLA or PCL/Darvan® 
C (dispersant)/ 
hydroxypropyl 

methylcellulose/PEI 
(flocculant)  

Study the effect of polymer infiltration on the 
compressive strength of β-tricalcium phosphate 
scaffolds fabricated by robocasting. 

[223] 

HA/PLA or PCL and 
6P53B glass/PLA  

Show how hybrid organic/inorganic scaffolds of 
various chemical compositions with well controlled 
architecture and porosity can be built using robotic 
assisted deposition at room temperature 

[224] 

45S5 
Bioglass/carboxymethyl 

cellulose (additive)/ 
poly(methylvinyl ether) 

(additive) 

Overcome the difficulties of producing scaffolds 
from 45S5 Bioglass by Direct-writing fabrication 
techniques 

[225] 

13–93 bioactive glass/PLA 
or PLC/carboxymethyl 

cellulose (additive) 

Study the effect of polymer infiltration on the 
mechanical properties of 13–93 bioactive glass 
scaffolds fabricated by robocasting 

[226] 

HA or β-TCP or BCP 
/Pluronic 

Design a flexible ink formulation approach to print a 
wide range of calcium phosphates 

[227] 

Aluminium oxide/ PAA 
(dispersant)/PEI(flocculant)/ 
Methylcellulose(thickening 

agent) 

Study the rheological behaviour of 
Al2O3 suspensions containing polyelectrolyte 
complexes for direct ink writing 

[228] 

HA/β-TCP/Pluronic F-
127 

investigate the porosity, mechanical property, and 
degradation of the scaffolds. 

[229] 

The key factors for robocasting are the properties and composition of the inks. They must 

be homogeneous, free of air bubbles entrapped, have a high-volume fraction of ceramic powder 

and the correct properties of flow. This allows both the extrusion and the ability of holding the 
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shape after printing. Several studies demonstrate that the ink used must be highly shear 

thinning in order to allow the extrusion through fine nozzles, while being capable of retain a 

degree of strength and stiffness to be self-supporting after printing [230]. 

 

 

3.6. Drug Delivery 

In bone tissue engineering, scaffolds are important not only to the bone regeneration and 

formation, but also, they show an enormous potential in the field of drug delivery systems. By 

loading drugs into scaffolds, it is possible to treat bone disorders or to act on the surrounding 

tissues, using an adequate therapeutic concentration level and during a specific/desired time 

[231]. This method brings several advantages when comparing with the systemic administration 

of the drugs, since it can minimize the side effects and the risk of over dose, as well as having 

the capacity of improve the bioavailability of the drug with the appropriate therapeutic 

concentration at the target site [232]. In addition, the direct delivery of biomolecular agents 

(such as growth factors or therapeutic agents) from the scaffold can enable the protection 

against the extracellular barriers that could reduce their therapeutic efficacy, by protecting 

them from being attacked by the immune system [232]. When it comes to 3D scaffolds, they 

have shown the capacity to deliver therapeutic drugs in a controlled manner [233].  

Both bioactive ceramics and biodegradable polymeric materials can be used in bone tissue 

engineering as drug delivery vehicles. However, in the case of bioactive ceramic materials, the 

drug delivery patterns observed are difficult to control and, regarding the biodegradable 

polymeric materials, they show impaired osteoconduction and they can also provoke an adverse 

response due to inflammation that occurs as a result of acidic degradation [234,235]. The 

possibility of combining bioceramics (CaP, silicate BGs and HA) with biodegradable polymers is 

a promising approach because not only should improve the degradability of the inorganic 

material, it should also help to achieve more controlled drug release profiles when compared 

to pure ceramics [233]. 

Virtually all the types of drugs can be incorporated on the 3D scaffolds, with literature 

showing many examples of antimicrobial agents, anti-inflammatory drugs and other type of 

drugs [233]. Antimicrobial agents are important to treat bacterial infections, that can occur on 

scaffolds and medical implants. Levofloxacin is a quinolone antibiotic that has shown 

antimicrobial effects against planktonic and biofilm forms of Staphylococcus aureus. It is able 

to penetrate into both trabecular and cortical bone and can minimize the risk of bacterial 

resistance. Levofloxacin can also be incorporated on 3D meso-macroporous scaffolds based on 

nanocomposites making these scaffolds suitable for the treatment and prevention of 

osteomyelitis [236,237]. Regarding anti-inflammatory drugs, ibuprofen is one of many examples 

that can be incorporated on biodegradable scaffolds to reduce wound inflammation and 

patients’ pain [238]. 
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3.6.1.  Strategies for drug incorporation 

When loading an agent into a 3D scaffold, it is important to consider both its encapsulation 

efficiency and its sustained release rate in order to allow an effective therapeutic dose during 

the desired time. They can be loaded into a scaffold either by attachment to the material 

surface or by entrapment within the scaffold [232]. Some of the most used approaches to load 

biomolecular agents into the scaffolds are (figure 16): 

A. Adding the molecular agent/drug directly into the polymer solution or emulsion 

that will be used subsequently to fabricate the scaffolds [239]; 

B. Immerse a prefabricated scaffold into a drug-containing solution, to allow the drug 

adsorption into the scaffold surface or to get a polymer coating with better ability 

to control drug release [240]. 

C. Load micro/nanospheres that contain the agent into the scaffold. The incorporation 

of the nano/microspheres can be done after the scaffold fabrication [241], or 

before [132]; 

D. Incorporate functional groups into scaffolds’ surface (surface functionalization), 

allowing specific interactions between the agents and the scaffolds’ surface [242]. 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16 - Schematic representation of different approaches for loading drugs into scaffolds. (A) In 
this method a molecular agent is added to the polymer solution or emulsion before the scaffold 
fabrication; (B) a scaffold is immersed in a drug containing solution to allow the drug adsorption into the 
scaffold; (C) shows a pre-encapsulation of the agent using micro/nanospheres that are subsequently 
loaded into the scaffold and (D) uses a specific interaction, through the introduction of a functional group 
into the scaffold surface, to achieve a better control of the bond between the scaffold and the agent. 
Adapted from [232]. 

Despite the advantages of each method, drug-containing micro/nanospheres loaded into a 

scaffold seems to bring some advantages over the other methods.  Since the encapsulation 

system and the scaffold can be made from different biomaterials, it is possible to provide 
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interesting and different composite alternatives to be used in each specific condition. By 

combining  a biodegradable polymer for the drug encapsulation system (to obtain a fast 

degradation rate and sustained release of the entrapped drug) with a composite material with 

lower degradation rate and robust mechanical properties, it is possible to manufacture a 

scaffold that fits the requirements for bone tissue engineering applications. In addition, by 

encapsulating a drug, a physical barrier is created to prevent the diffusion of the agent before 

the encapsulation system has been sufficiently degraded [232]. As such, by modifying the 

composition of the encapsulation system, it is possible to tune its degradation rate and the 

subsequent release of the entrapped drug, which allows maintaining the therapeutic dose for 

the required period of time [243]. Moreover, by using drug-containing micro/nanospheres, it is 

possible to obtain a better control of the drug release, since the encapsulation system can be 

studied and optimized independently, before its incorporation on the scaffold [244]. 

Additionally,  the possibility of loading two (or even more) biomolecular agents into 

nano/microspheres, with different degradation profiles and to be released at different time-

points is being studied [245]. 

Since drug-containing nanoparticles (nanomedicines) are gaining attention as non-invasive 

therapeutic devices [246], this was the elected method to develop a drug loading scaffold in 

this work. After the drug incorporation into the nanoparticles (and before its loading into the 

scaffold), it is necessary to verify how much drug is effectively encapsulated within the 

nanoparticle, once  variations in drug encapsulation can alter the therapeutic activity of the 

encapsulated drug (even if the number of particles is the same) [246]. The most used techniques 

to access this parameter are HPLC (High performance liquid chromatography) and Ultraviolet–

visible (UV-Vis) spectroscopy and the choice between both will be based on the type of drug 

that was encapsulated.   

High-performance liquid chromatography is a separation technique (figure 17), that can be 

applied to analyse compounds of different samples and it is possible to select the type of HPLC, 

depending on the nature, chemical structure, and molecular weight of the analytes [247]. 
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Figure 17 - Diagram illustrating the components of a basic high-performance liquid chromatography. 
The solvent (mobile phase) is hold on a reservoir and a high-pressure pump is used to generate a specific 
flow rate of this mobile phase. After, an injector introduces the sample into the continuously flowing 
mobile phase stream, carrying the sample into the HPLC column that contains the chromatographic 
packing material (stationary phase) needed do perform the separation. The use of a detector is the 
necessary to see the bands of the separated compound, as they elute from the HPLC column. Afterwards, 
the mobile phase exits the detector and is sent to waste (or collected). Adapted from [248]. 

 
  

The UV-vis spectrophotometry is a quantitative analytical technique based in the absorption 

of near ultraviolet (180-390 nm) or visible (390-780 nm) radiation by chemical species in 

solution or in the gas phase. The energy that gives rise to the electronic transitions are provided 

by the near-ultraviolet and the visible regions of the electromagnetic spectrum (figure 18) 

[249]. It is  a very rapid, simple and low cost method and there are spectrophotometers 

available virtually at any laboratory [250].  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 18 - Schematic of an UV-visible spectrophotometer. A beam from the UV/visible light source is 
separated into its component wavelengths by a diffraction grafting and the light from the slit falls onto a 
rotating disc. After, if the light hits the transparent section of the rotating disc, it goes straight through 
the sample cell, it is reflected by a mirror, hits the mirrored section of a second rotation disc and then is 
collected by the detector. However, if the light hits the mirrored section of the first rotation disc, it 
passes through the reference cell, hits the transparent section of a rotating disc and then is collected by 
the detector. Finally, the detector converts the light into a current signal that can be read by a computer. 
Adapted from [251]. 

 

There are some studies comparing these two techniques. One of them, related with the 

encapsulation of Lychnopholide (a sesquiterpene lactone isolated from Lychnophora 

trichocarpha) in a nanocapsule, revealed that the UV–spectrophotometry was appropriated to 

determine the encapsulation efficiency and drug loading; however the HPLC–DAD (high-

performance liquid chromatography–diode array detection) was more sensitive to quantify the 

entrapped agent in dissolution/release studies, in which very small amount of drug is released 

over time [252]. Another work, related with the determination of repaglinide (a miglitinide 

class of antidiabetic drug) in tablets, demonstrated that the quantitative determination of the 

drug was more accurate and precise when using HPLC, over the UV method. However, the UV 

method brings the advantage of not needing the elaboration of treatments and procedures 

usually associated with the chromatographic method and it is less time consuming and 



38 
 

economical [253]. Finally, another study revealed that these two methods applied to determine 

doxorubicin in pH-Sensitive Nanoparticles, have showed non-significant differences; however, 

they have chosen the HPLC technique to determine not only the drug encapsulation efficiency 

but also to measure the in vitro release of the drug and to perform degradation kinetic studies, 

which suggests the versatility of the technique [172].  

 

 

3.6.2. Drug release 

Controlled release drug delivery systems seem to have great advantages over conventional 

dosage forms, such as the ability of performing a localized drug delivery, a reduction in the 

dosing frequency and enhanced patient compliance, a decreasing in the in vivo fluctuation of 

the concentration of the drug and the possibility of maintaining the drug concentration in a 

desired range, providing a therapeutic action for an extended period of time (figure 19), as 

well as fewer side effects. In this way, this is one of the most desired features when develop a 

system for drug delivery [254,255]. 

 

 

 

 

 

 

 

 

 

 
Figure 19 - The plasma concentration of drug in the patient represented as a function of time after 
administration. The dashed line represents traditional delivery systems with repetitive administration 
(*). The continuous line represents prolonged delivery system. The prolonged drug delivery system is 
characterized by the release of the drug in a controlled way, to maintain an appropriate and therapeutic 
plasma concentration for a long period of time. Adapted from [255]. 

Among all type of materials, biodegradable polymers are gaining an exponential interest in 

the field of controlled drug release. In fact, is has been shown that by incorporating the 

therapeutic agent into a biodegradable polymeric vehicle, the agent is continuously released 

as the polymer degrades [255,256]. This process can be achieved following 3 phases. First, the 

erosion of the polymer is the triggering step, where the drug molecules entrapped will be 

liberated and released as the matrix is degraded; then the diffusion of the drug particles 

through the matrix takes place, being the concentration gradient the driving force of this 

process; and finally, there is the dissolution of the drug into the surrounding medium [255] 

(figure 20).  
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Figure 20 - Schematic representation of the degradation-controlled drug release mechanism in 
polymeric materials. (A) the drug is released from the matrix surface or pores that are connected to the 
surface. (B) A little degradation of the matrix takes place, being the remaining drug entrapped (C) the 
entrapped drug is rapidly released when the matrix disintegrates. Adapted from [257]. 

 

To ensure the quality and performance of a product, several in vivo and/or in vitro 

experiments need to be conducted. Since the in vivo experiments need human subjects/animals 

are expensive and are labour-expensive, in vitro release tests are gaining more relevance as 

surrogate tests to assess the product performance, where they can be used as predictors of the 

in vivo behaviour. Generally, these tests are performed at the physiological temperature (37 

ºC). In terms of nanoparticles, the drug release from these nano-sized dosage forms, can be 

evaluated using one of the 3 methods: sample and separate (SS), dialysis membrane (DM) and 

continuous flow (CF) [258] (figure 21). In SS (figure 21 – A) the nanoparticles are introduced 

into the release media that is maintained at a constant temperature and the drug release is 

assessed by sampling of the nanoparticles’ release media (supernatant or filtrate) [258]. The 

release media is selected based in the drug solubility and stability over the duration of the 

release study. Moreover, the size of container, agitation speed and sampling methods can be 

adjusted accordingly with each experiment [257]. In the DM method (figure 21 – B), the 

utilization of a dialysis membrane allows a physical separation between the dosage form and 

the bulk media and the drug release is assessed, generally, from the outer bulk over time. This 

method is considered to be is the most versatile and popular for assess drug release from nano-

sized dosage forms [258,259]. The CF method (figure 21 – C) is characterized by an apparatus 

consisting of a flow-through cell that holds the sample, a pump and a water bath in a closed or 

open ends system. The drug release occurs since the buffer or media is constantly circulating 

in the column that contains the drug-loaded particles and is monitored by collecting the eluent 

at periodic intervals [258,259].  
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Figure 21 - Schematic representation of the methods used to determine the in vitro drug release 
profiles from nano-sized dosage forms. (A) Sample separation method; (B) dialysis membrane method; 
(C) continuous flow method. Adapted from [259]. 

 
 

The ultimate goal of these methods is to prepare the samples to assess the drug release. In 

this way, HPLC is a suitable and validated quantitation method that can determine released 

drug concentrations from nano pharmaceutical formulations. It is one of the most common 

techniques used for this purpose and it can be applied in different physical conditions, over 

different periods of time [260–263]. 

Moreover, there are many types of HPLC methods that depend on the type of column and 

detector, being sometimes difficult for the researches to choose the most suitable method for 

their nano drug delivery system, as well as a simple, fast and validated HPLC technique [264]. 

However, there are still several studies that use UV-vis spectrophotometry technique [265–267]. 

After assessing the drug release from the nanoparticles, it is necessary to evaluate the 

effective drug release from the scaffolds. This feature can be controlled by choosing the type 

of scaffold material that is used, the amount of drug that is loaded, the formulation factors 

and the fabrication process. The mechanisms follow by this process can be divided into three 

categories: solvent-controlled, diffusion-controlled, and degradation controlled. The latter is 

usually the mechanism adopted by biodegradable scaffolds, while the nondegradable scaffolds 

typically follow the diffusion and/or solvent controlled mechanism. However, the desired 

release profiles, such as constant, pulsatile and controlled behaviours within the specific site, 

can be accomplish by an appropriate combination of these mechanisms [257].  In respect to the 

quantitative analysis of the drug/bioactive agent released from de scaffolds (that containing 

the drug/bioactive agent encapsulated on a nanoparticle), as suggested in the literature, the 

preferred method to assess this parameter seems to be the same used to evaluate the drug 

release from the nanoparticles [261,265,268] but, in several  cases, the quantification is only 
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performed once, after the nano system is incorporated into the scaffold [266,267,269]. Either 

way, the HPLC and UV-Vis spectrophotometry were, once more, the preferential choices. 

 

3.6.3. Challenges in developing drug release scaffolds for BTE 

Despite the recent advances in the development of bioactive bone tissue engineered 

scaffolds with a further drug-delivery capability, it seems that there are still challenges needed 

to be addressed in this field, such as controlling the effective and sustained release of the drug, 

prolonging the drug stability and activity, and avoid cell toxicity [236,270]. Moreover, a large 

breakthrough is still needed regarding the biological information available in this subject [233]. 

It is extremely important to fully understand both in vitro and in vivo performance of this 

unique type of scaffold but, by reviewing the literature, it is hinted that there is a lack of 

biological data (such as in vivo studies) regarding some important aspects in this field. One 

aspect that still needs more studies is the relationship between the specific drug concentration 

needed and the local microenvironment, and how this is affected by the interaction between 

the new tissue and the scaffold [233]. In addition, the vascularization process in the scaffolds 

needs to be further investigated due to the insufficient vascularization, which in turn reduces 

the survivability of the cells especially when dealing with large bone defects, that may be 

responsible for slowing the progress of this kind of scaffolds in clinical circumstances [232]. 

Regarding the scaffolds processing parameters and their effect on scaffold microstructure and 

on the resulting drug-release profiles, biodegradation behaviours and scaffold’s mechanical and 

physical properties need further investigation [233]. Other challenges within this field include 

a better understanding of the connection between the variables that determine the scaffold-

processing conditions and the stability of the incorporated drug in the nanoparticles. In this 

way, it is necessary to achieve an accurate control over time and space of specific quantities 

of the drug (in specific applications) and evaluate the interactions between the drug and the 

scaffold, the solubility of the drug and the amount of drug loaded that is effectively available 

to be delivered [233]. Moreover, one of the major challenges for developing composite scaffolds 

with a drug delivery function, is the incorporation of such function with sufficient complexity, 

in order to induce the release profiles that may be necessary not only for an effective 

vascularization, but also for an appropriate osseointegration and bone regeneration [232]. 

To overcome some of these challenges, scientific efforts are being directed to the design 

of 3D scaffolds than can contribute simultaneously to the regeneration process, by promoting 

integration, angiogenesis and osteoconduction and to the delivery of drugs [236,271–274]. In 

the field of 3D scaffolds production, as seen in a previous section, robocasting seems to be the 

preferential choice when choosing a method to print 3D ceramic-based scaffolds and some 

studies reveal also its applicability in develop scaffolds for both bone applications and drug 

delivery [222,236,275]. However, even this promising approach brings challenges, such as the 

necessity of including a sintering step at high temperatures (1100-1200 ºC) after printing the 

scaffolds, in order to achieve adequate mechanical properties. This hampers the incorporation 

of temperature sensitive bioactive molecules in the extrudable ink before the sintering step 
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and this process can also lead to shortcomings in the resulting scaffold, which is translated in 

unexpected crystallizations, unstable mechanical properties due to shrinkage and low 

biofunctional performance. Alternatively, the bioactive molecules can be added after sintering 

but this process may result in a low adsorption efficiency and insufficient clinical effects, as 

well as discontinues release  [275,276]. Moreover, the impregnation process limits the amount 

of the biomolecules that are incorporated, the capacity of the scaffold adsorption, as well as 

their surface properties. This means that it is required a high concentrated solution to 

incorporate only a small amount of drug in the scaffold [275]. Therefore, a good way to surpass 

this problem can rely on the production of sintering-free scaffolds, which holds a great 

promising of develop multifunctional ceramic based scaffolds for bone tissue engineering 

[275,276]. In this work, this will be the approach used to introduce the drugs/bioactive 

molecules on the 3D scaffolds, which will be printed by robocasting. 

 

 

4.  Aim of the thesis 
 

The main goal of this thesis is to develop a sintered-free 3D system, fabricated by 

robocasting, that can function as a multi-functional material for bone tissue engineering 

applications. Initially, the strategy designed to achieve this goal was the incorporation of 

nanoparticles loaded with levofloxacin in our 3D scaffolds of KGM/bTCP-nanoHA in other to not 

only promote bone regeneration but also be able to treat bone infections. The nanoparticles 

were produced but due to operational issues and equipment unavailability, the drug 

incorporation into the NPs was not achieved and we could not optimizer further this process. 

For that reason, we were not able to test the incorporation of LEVO-NPs on the 3D scaffolds 

produced by AM.  

As a result, a second strategy was developed with the resources that were available. Our 

alternative approach consisted on the incorporation of polydopamine particles in our 

KGM/bTCP-nanoHA 3D scaffolds. The goal is making our 3D scaffold bi-functional, allowing it 

not only to promote bone regeneration, but also making it suitable to kill tumor cells by 

hyperthermia.  

Accordingly, the specific goals of the thesis include: 

1. The development of alternative scaffolds than the ones previously used in the scope 

of the project in which this thesis is inserted. The in-house produced powders were 

substitute for commercial powders given the lower reproducibility of the former. 

2. Study the rheological behaviour of the scaffolds’ inks, in order to conclude about 

their suitability for robocasting printing. 

3. Assess the mechanical and structural properties of both type of scaffolds to infer 

about their suitability for bone applications. 

4. Perform in vitro tests on our “base” material (composed by KGM and a mixture of 

HA and β-TCP powders), previously develop in the scope of the project in which 

https://context.reverso.net/traducao/ingles-portugues/alternative
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this thesis is inserted. The objective is to infer the ability of these scaffolds in 

promote bone regeneration, by seeding them with MSCs.  

5. Production of polymeric-levofloxacin loaded nanoparticles with the rationale of 

using this system to develop a scaffold with controlled drug release features. 

6. Inclusion of PDA particles (previously developed in the scope of the project in which 

this thesis is inserted) on KGM/bTCP-nanoHA 3D scaffolds material to infer about 

their potential in killing cancer cells. For that reason, in vitro studies were 

conducted: 

• using hMSC to test the biocompatibility and the ability to differentiate 

onto the osteogenic lineage 

• osteosarcoma cell-line to study their behaviour on our 3D systems. The 

use of this type of cells will be needed to demonstrate that, under 

hyperthermia conditions, the scaffolds might induce cancer cell death 

in future studies. 

• An SBF assay to assess the scaffolds ability in predict the in vivo bone 

bioactivity of a material, by analysing the formation of apatite on their 

surface. 
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Materials and Methods 

 

1. Materials 
 

To produce the Levofloxacin nanoparticles, Levofloxacin (LFX) powder was purchased from 

Sigma-Aldrich (USA), pluronic was purchased from Merck (Germany), PLGA (PURASORB PDLG 

5002A) was acquired from Corbion (Netherlands) 

For the synthesis of polydopamine particles, dopamine hydrochloride was purchased from 

Sigma-Aldrich (USA); 25 % (v/v) ammonia solution was purchased from Merck (Germany) and 

96% ethanol was purchased from Valente e Ribeiro (Portugal). 

To prepare the simulated body fluid (SBF), sodium chloride (NaCl), calcium chloride (CaCl2) 

and Tris-hydroxymethyl aminomethane ((HOCH2)3CNH2) (Tris), were purchased from VWR, 

(USA); sodium hydrogen carbonate (NaHCO3) was purchased from Sigma-Aldrich (USA), 

potassium chloride (KCl), di-potassium hydrogen phosphate trihydrate (K2HPO4.3H2O) and 

magnesium chloride hexahydrate (MgCl2.6H2O) were purchased from Merck (Germany), sodium 

sulfate (Na2SO4) was purchased from PanReac AppliChem ITW Reagents (Germany). 

To produce the KGM-BCP and KGM-BCP-PDA scaffolds, KGM was purchased from Prozis 

(Portugal). β-Tricalcium phosphate (β -TCP, with a phase purity of 100%, a specific surface area  

of 80 m2/g and a particle size (d50) of 5.2 μm) and Hydroxyapatite (HA, with a phase purity of 

100%, a specific surface area  of 133 m2/g and a particle size (d50) of 2.5 μm) were purchased 

from Fluidinova (Portugal). The Polydopamine particles were previously prepared at our lab, 

having a spherical shape with a diameter of around 150 nm (TEM characterization). 

 

2. Levofloxacin-loaded nanoparticles 

Levofloxacin (LFX) was encapsulated in PLGA nanoparticles (NPs) according to the double 

emulsion method (figure 22), According to this technique, polymers are dissolved in organic 

solvent, EA. The hydrophobic solution is then emulsified with an aqueous phase containing the 

drug to be encapsulated or water, in case of empty NPs. The first created emulsion is added to 

a surfactant, to form the w/o/w emulsion using sonication. This emulsion is left under magnetic 

agitation for 3 h at 300 rpm to evaporate the organic solvent. After the 3 h, the NPs formed 

are separated from the surfactant and non-encapsulated drug by centrifugation. Briefly, PLGA 

was dissolved in ethyl acetate for a final concentration of 1 % (w/v) and a solution of 1% 

Poloxamer 407 in ultrapure water was placed under stirring (at 300 rpm). After, a 4 % (w/v) 

LFX solution was added to PLGA solution and this first emulsion was homogenized by quickly 

vortex the tube (max speed) for 30 seconds. To proceed to the 2nd emulsion, 10 mL of the 

Poloxamer 407 solution was added to the Levofloxacin-PLGA mixture and sonicated on ice (70% 

amp) for 60 seconds and it was stirred (at 300 rpm) overnight (ON). The same procedure was 

applied to the same amount of water to serve as control). Nanoparticles were retrieved and 
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washed using a protocol of repeated centrifugations. Nanoparticles were concentrated by 

centrifugation (4,300 rpm/3,490g, 4C, 10-15 min) using Amicon centrifuge filters (100 kDa 

MWCO) and resuspended in ultrapure water (ddH2O). This process was repeated twice. NPs were 

stored at 4ºC at a concentration of 1mg/mL until further use. In addition, NPs were lyophilised, 

and the supernatant was collected after the first concentration by centrifugation of the in other 

to be further analysed by an indirect method. All the samples were studied to assess their drug 

content. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22 - Schematic representation of the double emulsion method used to prepare the LFX-loaded 
PLGA nanoparticles. The same process was applied to produce the nanoparticles loaded with water 
(control) and after this procedure they were washed following a specific protocol of repeated 
centrifugations. At the end, nanoparticles were stored at 4ºC, with a concentration of 1mg/mL. 

 

 

2.1. Nanoparticles characterization 

NPs were characterized for their hydrodynamic diameter and polydispersity index (PdI) 

through dynamic light scattering (DLS) method. Zeta potential was measured by electrophoretic 

light scattering (ELS). Both methods were performed using the Malvern Zetasizer Nano ZS 

instrument (Malvern Instruments, UK). The samples were diluted 1:100 in sodium chloride 

(NaCl) 10 mM solution at pH 7.4. 
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2.2. Assessment of Drug Encapsulation Efficiency via HPLC 

To assess the LFX encapsulation efficiency, both direct and indirect analysis were 

conducted. The samples were named as NP-0 and NP-LFX; Liof-0 and Liof-LFX; Ind-0 and Ind-

LVX for the nanoparticles loaded with water (control) and LFX respectively; NP lyophilized and 

loaded with water and LFX, respectively and NP analysed using the indirect method, loaded 

with water and LFX, respectively. 

On the direct method, both lyophilized and non-lyophilized samples were used. To prepare 

them for analysis, 10 µL of the nanoparticle’s suspension was diluted in 990 µL of acetonitrile 

(ACN), in order to obtain a final concentration of 10 µg/mL. After, they were assessed for drug 

content by HPLC (Merck-Hitachi HPLC) and the encapsulation efficiency was calculated 

according to the following equation: 

 

𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%, 𝑤/𝑤)

=
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑒𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑 (𝑚𝑔)

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑖𝑛𝑖𝑡𝑖𝑎𝑙𝑙𝑦 𝑡𝑎𝑘𝑒𝑛 𝑡𝑜 𝑝𝑟𝑒𝑝𝑎𝑟𝑒 𝑡ℎ𝑒 𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑢𝑐𝑙𝑒𝑠 (𝑚𝑔)
∗ 100 

 

On the indirect method, the supernatant was collected after the washing procedure of the 

PLGA NPs, being after assessed for they drug content by HPLC. 

 The HPLC system used was a Merck-Hitachi HPLC system with UV detector and the drug 

was analysed using a C18 column. The assay was performed at 35ºC and two mobile phases were 

used, one consisting of a solution of 25mM potassium phosphate (KH2PO4) at pH 3 adjusted with 

HCl, and other of ACN. The flow rate and volume of injection were 1 mL/min, and 10 µL, 

respectively. The run time was 15 min and the detection wavelength (UV) was 220 nm. The 

stock solutions and standard concentrations were prepared in mobile phase. The standard curve 

was linear in a concentration range of 0 – 50 µg/mL (R2 = 0.9985) and the standard 

concentrations (P0 – P7) are shown on table 8.  

 

Table 8 – Standards and their respective concentrations used to make the standard curve. 

Standards Concentration (μg/mL) 

P0 0 

P1 1 

P2 5 

P3 10 

P4 20 

P5 30 

P6 40 

P7 50 
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3. Synthesis of Polydopamine particles 
 

The reaction medium was prepared by mixing 2.9 mL of 25% (v/v) ammonia solution, 52 mL 

of 96% vol. ethanol and 117 mL of deionized water under mild stirring at 30 °C. After 30 min, 

a solution of dopamine hydrochloride (0.65g; 0,005 mol) in dH2O (13 mL) was added and the 

reaction allowed to proceed for 24 h at 30 ºC. The colour of this solution immediately turned 

to pale yellow and gradually changed to dark brown, indicating polymerization of dopamine 

(figure 23) [277]. The resultant suspension was centrifuged at 25 000 rpm and the pellet washed 

with water (3x). The precipitate was resuspended in water and freeze-dried, giving a black 

powder (220 mg). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
Figure 23 - Schematic representation of the synthesis of polydopamine particles. The process started 
by injecting a solution of dopamine hydrochloride and water, in a mixture of ammonia, ethanol and water, 
creating a reaction that lasted for 24h. The colour exchange of the solution trough time (from transparent 
to pale yellow and finally dark brown), indicate the successful polymerization of dopamine [278]. 
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4. Preparation of the KGM-BCP and KGM-BCP-PDA inks 
for robocasting  
 

 

4.1. KGM-BCP and KGM-BCP-PDA inks 

A KGM solution with a concentration of 2 % (w/v) was prepared using deionized water (dH2O) 

by overnight stirring (1400 rpm) at room temperature (RT), using an Eppendorf termomixer 

(Eppendorf thermomixer comfort). This concentration was previously optimized in order to 

have the adequate viscosity to be printed later by robocasting, and it was used for the ink of 

the two types of scaffolds (KGM-BCP and KGM-BCP-PDA). 

For the production of the printable inks, four different components were required, namely 

the 2 % (w/v) KGM polymer, the β-TCP and HA powders and Polydopamine (PDA) particles. The 

process consisted in successive blends of these primary materials. First the KGM solution was 

mixed (alone) using a planetary centrifugal mixer (ARE-250, Thinky Corp., Tokyo, Japan). 

Afterwards, the BCP ceramics (HA and β-TCP) and PDA powders were added to the polymer 

gradually and mixed in the planetary centrifugal mixer, in order to obtain a final concentration 

of 52.7 % (w/v) of BCP ceramic powders (KGM-BCP ink). On the KGM-BCP-PDA inks, 1 % (w/v) 

of polydopamine was added after the addition of the BCP powders. At the end, the KGM-BCP 

scaffolds had a concentration in powders of 52.7 % (w/v) (70.9% β-TCP + 29.1% HA) and the 

KGM-BCP-PDA scaffolds had a concentration of 53.7 % (w/v) in powders (69.6 % β-TCP + 28.6 % 

HA + 1.9 % PDA). 

 

 

 

5. Robocasting of the KGM-BCP and KGM-BCP-PDA 
scaffolds 
 

The 3D scaffolds were produced layer-by-layer by DWA, using a robotic deposition device 

(figure 24-C) (3-D Inks, Stillwater, OK). The process was sequential, as explained in figure 24, 

starting by inserting the ink prepared previously (figure 24-A) in a cylindrical deposition nozzle 

(figure 24-B) (EFD Inc., East Providence, RI), that had a diameter of 410 μm, a volume of 3 mL, 

and printed at a speed of 10 mm s-1. After, the desired position of the nozzle was adjusted on 

the software, which was then run, according to specific inputs previously defined. Finally, the 

structures were printed (figure 24-D) and immediately placed for 1h in an ethanol bath (figure 

24-E) to allow their assembly. Subsequently the samples were incubated overnight at 37°C with 

controlled humidity (80%) (figure 24-G). The final structures consisted of grids (figure 24-H), 

which were then cut in smaller structures - 9 individual scaffolds. 
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Figure 24 - Representation of the sequential process involved on the production of the KGM-BCP-PDA 
scaffolds. The KGM-BCP scaffolds were produce following the same process. (A) Final printable ink 
formulation; (B) Cylindrical deposition nozzle with a diameter of 410 μm, a volume of 3 mL and a 
speed of printing of 10 mm s-1, containing the ink that is introduced on the robocaster (C); (D) Printing 
of the structures that are then placed on ethanol bath for one hour (E) and then placed in a specific 
recipient (F) inside an incubator at 37°C with controlled humidity (G); (H) Final grid that is composed 
of 9 individual scaffolds (I). 

 

 

6. Characterization of the KGM-BCP and KGM-BCP-PDA 
scaffolds  
 

 

6.1. Characterization of the KGM-BCP and KGM-BCP-PDA printable 

inks 

 

Rheological measurements of the ink and KGM solution were made using a Kinexus Pro 

Rheometer (Malvern, Pennsylvania, USA). The apparent viscosity of the ink, as well as of the 

KGM solution, was measured in viscometry mode using a cone and plate sensor system (4°/40 

mm) and 150 μm gap size. Samples were placed in the bottom plate geometry and analysed in 

manual viscometry mode applying different shear stress (0.1, 1, 5, 10, 20, 50, 75, 100, 200 and 

Pa). 

 

6.2. Characterization of the KGM-BCP and KGM-BCP-PDA scaffolds 

 

6.2.1. Analysis via Scanning Electron Microscopy / Energy Dispersive 

X-Ray Spectroscopy (SEM/EDS) 
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The samples, that were immerse in basal medium for 28 days without cells, were collected 

and analysed by SEM/EDS at timepoints 0 and 28. To prepare them for analysis, first they were 

fixed for 15 min in a paraformaldehyde (PFA, EMS, Pennsylvania, USA) solution (4 % (w/v) and 

then, to visualize them, they were placed with a carbon tape, in adequate supports for SEM 

visualization. Before visualization, the samples were coated with palladium gold. The micro 

and macroporosity of the scaffolds were assessed through SEM using a High resolution (Schottky) 

Environmental Scanning Electron Microscope with X-Ray Microanalysis and Electron 

Backscattered Diffraction analysis: Quanta 400 FEG ESEM / EDAX Genesis X4M. 

 

6.2.1. Confocal Raman micro spectroscopy  

 

Confocal Raman micro spectroscopy analyses were performed using a LabRAM HR 800 

confocal Raman microscope system (Horiba Jobin Yvon, Tokyo, Japan) comprising a 

spectrometer and a fully integrated Olympus BX41 confocal microscope (Olympus Iberia, S.A.U., 

Lisboa, Portugal). Raman spectra were collected using a 515.5 nm laser and for the 

characterization of the samples, the regions from 400 to 1800 cm-1 and 2700 to 3700 cm-1 were 

analysed. All spectra were acquired using an Olympus LMMPlanFL N 50X objective (N.A. 0.50, 

Olympus, Japan), and a pinhole of 100 µm using the LabSpec 5 software (version 5.25.15, Horiba 

Jobin Yvon, Tokyo, Japan). Spectra were taken from randomly selected points in the fibers and 

at the surface of the materials, with an integration time of 30 s and 2 accumulations. The 

scattered light was dispersed by a grating with 1800 lines/mm (Jobin-Yvon) at 4 cm-1 spectral 

resolution. Spectra were processed using the LabSpec5 software for baseline correction and 

smoothing. 

 

6.2.2. X-ray computed microtomography (microCT) 

 

CT images were acquired from samples stored in 70% ethanol in polypropylene tubes using 

a SkyScan 1276 microCT (Bruker, Kontich, Belgium) at the Bioimaging Scientific Platform from 

i3S. Projection images were obtained using the SkyScan software version 1.0.11 (Bruker, 

Kontich, Belgium), with a resolution of 3 x 3 x 3 µm. X-ray tube potential was 40 KV and tube 

current 100 µA, with exposure time of 800 ms. A total of 1801 projection images were acquired 

over 360 degrees with a rotation angle of 0.2 degrees and average of 4 projections. 

Tomographic images (3D datasets) were obtained by reconstructing the projection images 

using the NRecon software (version 1.7.4.2, Bruker, Kontich, Belgium). This software uses a 

filtered back-projection algorithm developed by Feldkamp and co-workers (Feldkamp 1984). 

For the reconstruction the image alignment with respect to the actual center of rotation was 

specifically chosen to each sample. While for every sample, the ring artifact reduction chosen 

was 19 and the beam hardening compensation of 35%. 
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Further visualization and inspection of the reconstructed 3D datasets was performed using 

the softwares DataViewer (version 1.5.6.2, Bruker, Kontich, Belgium) and CTVox (version 

3.3.0r1383, Bruker, Kontich, Belgium). The DataViewer software was used to extract the images 

for the constructing the figures for this thesis while the CTVox software was used for the 

preparation of the videos and images of the 3D dataset. 

 

6.2.3. Mechanical properties - Compressive strength 

 

The compressive strength was determined by performing uniaxial tests on scaffolds with 

approximately 4 x 4 x 1.7 mm. Tests were carried out in air using a universal testing machine 

(AG-IS 200N, Shimadzu Corpor., Kyoto, Japan) in the perpendicular direction of the printing 

plane at a constant speed of 0.5 mm min-1. The compressive strength of the structures was 

calculated by the maximum applied load divided by the measured square section of the sample 

and a minimum of 5 samples were tested for each composition (KGM-BCP and KGM-BCP-PDA), 

to obtain statistically reliable values. 

 

6.2.4. Biomineralization assay with simulated body fluid (SBF) 

 

The SBF solution was prepared according to a method described on [279]. The scaffolds 

were soaked in specific volumes of SBF solution, at 36 ºC, according to the equation: Vs = Sa/10, 

where Vs represents the volume of SBF (ml) and Sa is the surface area of the sample (mm2). 

Also, an extra amount off SBF solution was added (20% in each scaffold), since the specimens 

analysed were porous. At different timepoints (T0, T3, T7 and T21) the scaffolds were collected 

to assess the formation of apatite on the samples’ surface. Briefly, at each timepoint, the 

samples were washed three times with dH2O for 30 min, placed on an oven overnight at 36ºC, 

to dry, and then stored at a desiccator until their analysis by Confocal Raman micro 

spectroscopy. 

 

 

 

 

7. In vitro studies on KGM-BCP and KGM-BCP-PDA 
scaffolds 
 

7.1.  Cell culture 

Human mesenchymal stem cells (hMSCs) were purchased from Lonza. Cells were thawed and 

maintained in culture at 37°C in a humidified atmosphere with 5% v/v CO2 in air and were 

expanded in an Expansion Medium (EM) before being seeded on the scaffolds. EM consisted of 
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α-Minimum Essential Medium (α-MEM, Gibco, California, USA), 10 % vol of heat-inactivated 

Mesenchymal Stem Cell Fetal Bovine Serum (MSC FBS, Gibco, California, USA) and 1 % v/v 

Penicillin/Streptomycin (P/S, Biowest). To expand the cells, they were cultured on T75 flasks, 

with a concentration of 0.4×106 cells/mL. After reaching 70-80% confluence, cells were 

trypsinized.  

At the second part of this work, an osteosarcoma cell line (U2OS) was used. U2OS cells were 

cultured in Dulbecco's Modified Eagle Medium (DMEM, Invitrogen) with 10 % v/v FBS, 1 % v/v 

Penicillin/Streptomycin (P/S) and 1 % v/v Amphotericin B. U2OS were trypsinized when 70-80% 

confluence was reached.  

 

 

7.2. Seeding test 

A seeding test was performed to infer the optimum number of cells that should be seeded 

on the scaffolds. On the first part of this work, only 3.0 x 104 of cells were seeded on the 

material, but given the results obtained on the in vitro tests, we performed a seeding test with 

a higher number of cells (hMSCs). The number of cells tested was 5.0 x 104 and 10.0 x 104, per 

scaffold, and the procedure to seed them is represented on figure 25. Briefly, the scaffolds 

were pre-incubated with BM for 1h and then the cells were seeded. After, they were incubated 

for 1h and then BM medium was added, being changed every 2 days for 28 days. Samples were 

collected at different timepoints to be further analysed with immunostainings 

 

 

7.3. hMSCs and U2OS cell culture on KGM-BCP and KGM-BCP-PDA 

scaffolds  

Prior to cell seeding, the scaffolds were sterilized using 70% vol. ethanol for at least 15 min 

and were washed three times with ultrapure water. First, hMSCs were seeded on the Konjac 

Glucomannan-Biphasic calcium phosphate scaffolds (KGM-BCP) initially by placing a droplet 

of 10 μL per scaffold, containing 3.0 x 104 cells. On a second approach the number of cells 

seeded increased to 1.0 x 105. In addition, two experiences were conducted: one had a seeding 

process as explained above and other underwent a pre-incubation period of 7 days in both basal 

and osteogenic mediums before cell seeding 

For Konjac Glucomannan-Biphasic calcium phosphate-Polydopamine scaffolds (KGM-

BCP-PDA scaffolds), hMSCs were seeded by placing a droplet of 10 μL per scaffold containing 

1.0 x 105 cells. hMSCs were allowed to adhere before adding 300 μL of Basal Medium (BM) per 

well. Basal Medium is composed by α-MEM (Gibco, California, USA), 10%vol of heat-inactivated 

fetal bovine serum (FBS, Gibco, California, USA) and 1% v/v Penicillin/Streptomycin (P/S).  

After 7 days in BM, in half of the scaffolds the culture medium was switched to Osteogenic 

Medium (Figure 25). Osteogenic medium is composed of BM supplemented with 5x105 M Ascorbic 
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Acid (Sigma, Missouri, USA), 0.1 μM of dexamethasone (Sigma, Missouri, USA) and 0.01M of β-

glycerophosphate (Sigma, Missouri, USA). 

Medium was changed every 2 days for up to 28 days on both scaffolds. 

U20S osteosarcoma cell line was seeded on KGM-BCP and KGM-BCP-PDA scaffolds after 

scaffolds sterilization, by placing a droplet of 20 μL per scaffold containing 1.0 x 105 cells. U20S 

cells were allowed to adhere before adding DMEM medium, which was changed every 2 days for 

up to 10 days in culture. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25 - Schematic Illustration of hMSCs culture on the 3D KGM-BCP and KGM-BCP-PDA scaffolds. 
The cells were seeded on top of scaffolds with a drop of 10 or 20μL. After promoting the attachment of 
the cells to the scaffolds, 300μL of Basal medium was added to the wells. After 7 days the osteoinduction 
was initiated. In half of the samples the basal medium was changed to an osteogenic medium – basal 
medium enriched with dexamethasone, β-glycerophosphate and ascorbic acid. 

7.4. Metabolic activity of hMSCs and U20S cells 

The Metabolic activity of the cells, for both type of scaffolds, was estimated using a 

resazurinbased assay. At different time-points, the culture medium was removed from the wells 

and fresh medium with resazurin (20 % (v/v), Sigma) was added (300μL/well). Samples were 

incubated (37ºC, 5 % (v/v) CO2) for 3h, after which 100μL/well were transferred to a black 96 

well plate and the fluorescence signal was measured (λex ≈ 530 nm, λem ≈ 590 nm) using a 

micro-plate reader (Synergy MX, BioTek). 
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7.5. Immunostainings 

To perform immunostainings in each time point, the samples were transferred into new 

wells and washed three times with HBSS. After, each sample was fixed for 15 min in a 

paraformaldehyde (PFA, EMS, Pennsylvania, USA) solution (4 % (w/v) in HBSS). PFA solution was 

removed, the samples were washed again three times with HBSS and permeabilized with Triton 

X-100 (CALBIOCHEM, San Diego, USA) (0.1 % (v/v) in HBSS) for 5 min. Then the samples were 

washed 3 times with HBSS and incubated for 30 min with a bovine serum albumin (BSA, VWR 

International, Pennsylvania, USA) solution (1 % (w/v) in HBSS). Afterwards, the 1 % BSA solution 

was removed from the scaffolds and they were incubated overnight at 4ºC with primary 

antibodies, diluted in BSA 1 % (table 9). On the day after the solution of the primary antibodies 

was removed from the samples, washed 3 times with HBSS and incubated for 45 min with a 

secondary antibody diluted also in the 1 % BSA solution (table 9). Subsequently, the samples 

were washed 3 times with HBSS and DNA was counterstained with a solution of 4',6-diamidine-

2′-phenylindole dihydrochloride (DAPI) (0.1 mg/ml) in anti-fading mounting medium 

(VECTASHIELD, Vector Laboratories) 10 min before confocal microscope visualization (CLSM, 

Leica SP5, Leica Microsystems, Wetzlar, Germany) using LCS software (Leica Microsystems, 

Wetzlar, Germany). The scanned Z-series were projected onto a single plane and pseudo-

colored using ImageJ. 

 

Table 9 – Combination of antibodies used for the immunostainings.  

 Antibodies Manufactures Dilution 

Primary 

Rabbit Fibronectin 
Polyclonal Antibody 

Invitrogen 1:400 

 
Flash PhalloidinTM Green 488 

 
BioLegend  1:100 

Secondary 

 
Alexa Flour TM 594 (fragment of 

goat anti-rabbit) 
 

Invitrogen 1:1000 

 

 

7.6. SEM visualization 

The samples were placed, with a carbon tape, in adequate supports for SEM visualization. 

Before the visualization the samples were coated with palladium gold. The micro and 

macroporosity of the scaffolds were assessed through SEM using a High resolution (Schottky) 

Environmental Scanning Electron Microscope with X-Ray Microanalysis and Electron 

Backscattered Diffraction analysis: Quanta 400 FEG ESEM / EDAX Genesis X4M. Images were 

acquired but due to service constrains were not available to include in this version of the thesis 

 

 

https://www.thermofisher.com/antibody/product/Fibronectin-Antibody-Polyclonal/PA5-29578
https://www.thermofisher.com/antibody/product/Fibronectin-Antibody-Polyclonal/PA5-29578
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Results and discussion 

 

1. Hybrid 3D KGM-BCP scaffolds 
 

Since KGM shows high biocompatibility and biodegradability and can act as drug delivery 

system [169], this polymer can be a great promising when combined with BCPs. Both β-TCP and 

HA are naturally present on a normal and healthy bone, so they are important assets when 

developing successful bone substitutes [280–282]. Despite the existing controversies in the 

literature regarding the optimum composition ratio of β-TCP/HA, it is considered that a higher 

ratio of β-TCP results in a higher biodegradation rate of the BCP material [283] and in the 

formation of more apatite agglomerates on the material’s surface, which indicates a better 

bioactivity [284]. Given that, it is possible to control the material resorption rate and 

bioactivity by modifying the percentage ratio of β-TCP/HA within it. Taking all this into 

consideration, composites of BCPs and KGM are expected to be excellent biomaterials for bone 

tissue engineering applications. On the first part of this work, only scaffolds composed by KGM 

and BCPs where used, with the aim of comparing them with the previously developed scaffolds 

(in another work inserted within this project) and optimize them to improve the outcomes 

related with the material’s bone regeneration induction ability. 

 

1.1. Characterization of the KGM-BCP and KGM-BCP-PDA printable 

ink 

Two of the most important characteristics for printing in robocasting are the properties and 

composition of the inks. They need to be homogenous, free of air bubbles, they must have a 

high-volume fraction of ceramic powders, to assure their mechanical properties, and they need 

to be able to flow through a fine deposition noozle, while maintaining their shape after printing. 

For that reason, robocasting relies more on rheology rather than solidification in order to print 

a self-supporting material [230].  

Therefore, to characterize our inks, first it was evaluated their shear viscosity with time, 

when applying different shear stresses (figure 26). It was possible to conclude that the viscosity 

of both inks increased with time, in every different shear stress applied and it increased until 

a value of shear stress of 100 Pa (figure 26 A and C). When comparing the two types of inks, it 

was possible to conclude that unlike what happened in the KGM-BCP-PDA scaffolds (figure 26 

C), in the KGM-BCP scaffolds (figure 26 D), for all the values of shear stress applied, the shear 

viscosity reached a plateau. This might be explained by the fact that, in polymeric systems, at 

a certain point, the population of macromolecules achieve a state of maximum disentanglement 

and the viscosity stops changing with time. This is called the plateau value of infinite shear 

viscosity and is characteristic of shear-thinning fluids [285]. 
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Figure 26- Rheological characterization of the KGM-BCP and KGM-BCP-PDA inks. (A) and (C): Evaluation 
of shear viscosity with time for different shear stress values applied on the (A) KGM-BCP and (C) KGM-
BCP-PDA inks. (B) and (D): Evaluation of the shear viscosity versus shear rate for the (B) KGM-BCP and (D) 
KGM-BCP-PDA inks. The shear thinning behaviour is confirmed by the decrease of viscosity with shear rate 
and by achieving a plateau value of infinite shear viscosity. 

 
 

After, the viscosity of both inks versus shear rate was analysed, in order to confirm 

their shear thinning behaviour (Figure 26 B and D). The graphics represent the behaviour of the 

inks when submitted to a shear stress of 100 Pa, since this is the maximum value of pressure 

that the ink will be submitted during the printing process on the robocasting system but all 

other values of shear rate  (1, 5, 10, 20, 50, 75 and 200 Pa) showed the same behaviour (data 

not shown). On both inks it is possible to perfectly see their shear tinning behaviour of the inks, 

since it is verified the decrease of viscosity with shear rate, making them suitable for 

robocasting printing. The shear tinning behaviour will facilitate the deposition of the ink 

through the robocaster needle [286]. 

 

 

1.2. Preparation and characterization of the scaffolds   

The scaffolds developed in this work, composed by KGM and BCP powders were produced 

as explained in the materials and method section, having a concentration in powders of 52.7 % 

(w/v) (70.9% β-TCP + 29.1% HA). 

The previously developed KGM-BCP scaffolds had a composition of 3 % (w/v) KGM with 40 

% (w/v) of ceramic solids (BCPs). According to the literature, to obtain a sintered-free scaffold 

that is able to keep its 3D structure after printing, a high percentage of solids is required since 

they can decrease the shrinkage levels during drying, avoiding shape distortions [287]. Also, it 

is reported in a study that tested different polymeric/ceramic mass ratios in a composite, that 

the highest values of bending and compressive strength occured when the percentage of 
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ceramic solids was ~60 % wt  [288] . Moreover, since most bones are composed by approximately 

60-70% of mineral part, of its dry mass [289], the ink formulation used for this work was 

optimized to 2 % (w/v) KGM with 52.7 % (w/v) BCPs, from this corresponding 70.9% to β-TCP 

and 20.1% to HA. The scaffolds where prepared following a DWA technique, as explained 

previously, and the ink formulation and the scaffolds were characterized regarding their 

structural and physicochemical properties. The polymer characterization was not performed, 

since it was made previously [278] 

 

1.3. Structural characterization of the scaffolds 

The structural characterization of KGM-BCP and KGM-BCP-PDA scaffolds was assessed by 

Micro-CT (micro-computed tomography). This is a modern preclinical imaging method that 

allows the non-destructive visualizations and structural analysis of the material in study, in a 

resolution of a few micrometres [290]. Micro-CT can be a complementary method to 

conventional analysis, such as SEM, that will be performed later. 

The use of this type of analysis in the developed scaffolds is important to evaluate their 

structural parameters, such as their macropore size, which is a very important aspect when 

designing structures for bone tissue engineering apllications. Due to time constrains we were 

only able to perform a preliminary analysis and full analysis in ongoing. 

The 3D micro-CT reconstructed the images are showed in figure 27. These images show the 

well-organized macroporous arrangement of the developed 3D scaffolds, which highlights their 

adequate structure for bone tissue engineering applications. The use of porous structures in 

this work relies on the fact that the porosity is a key factor when developing bone substitutes, 

playing a key role in the possible osteoconductivity of the material. To a bone regenerate with 

the help of a scaffold, in vivo, it is necessary the recruitment and penetration of cells that 

surround the bone tissue, along with the vascularization, which can enhance osteogenesis. 

Consequently, these processes take place in structures with high porosity [291]. 

The porosity parameters of the scaffolds will be determined later from these 3D micro-CT 

images. 

Figure 27 - 3D micro-CT reconstruction images of the (A) KGM-BCP and (B) KGM-BCP-PDA scaffolds. It 
is possible to see the characteristic pores of these scaffolds that were design with a macropore size of 
500 μm. 
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1.4. Mechanical characterization of the scaffolds 

 

After printing the scaffolds with an adequate ink, it is necessary to evaluate the mechanical 

properties of the material. Since we are looking for a bone substitute, and its mechanical 

properties are crucial to the movement of our skeletons and provide protection to our vital 

organs, it is necessary to evaluate the compressive strength of the scaffolds. This analysis will 

predict the overall strength of our material and evaluate if it can support as much compressive 

strength as the real bone. Both cortical and cancellous bone have different values for the 

compressive strength since the porosity can affect this property [292]. Cortical and trabecular 

bone have a compressive strength around 130-200 MPa and 0.1-16 MPa, respectively [293]. 

To calculate the compressive strength of both KGM-BCP and KGM-BCP-PDA scaffolds, first 

it is necessary to have the maximum applied load on each sample. These values were taken 

from a graphic which evaluates the strength applied to the scaffold versus its shift (figure 28 A 

and B), and is marked with an arrow, that represents the maximum load that the scaffold can 

bear. After, the maximum applied load on each sample was divided by the measured square 

section of the samples to obtain the compressive strength of the scaffold. The results, for each 

type of scaffold, on average, are present on figure 28 C. 

 

 

 

 

 

 

 

  

 
Figure 28 - Compressive strength of the KGM-BCP and KGM-BCP-PDA scaffolds. (A) and (B) - strength 
applied on the KGM-BCP and KGM-BCP-PDA scaffolds versus their shift, with the arrows representing the 
maximum applied load on each sample. (C) – compressive strength of the two types of scaffolds, showing 
the better mechanical properties of the KGM-BCP-PDA scaffolds. 

 

As seen by figure 28 C, the compressive strength of both scaffolds is far below of the 

desired, even with the KGM-BCP-PDA scaffolds showing better results, that might be due to the 

higher solid content in this formulation. A strategy to enhance this property could be the 

reduction of the material’s pore size, since it has been reported that scaffolds with higher pore 

sizes show diminished mechanical properties [287,293,294]. However, higher pore sizes (>300 

µm) allow new bone formation, greater bone ingrowth and the formation of capillaries [293], 

since it enables an effective release of proteins, genes or cells and provide good substrates for 

nutrient exchange.  Besides that, some studies have reported that a better osteogenesis occurs 

with a pore size of (>300 µm) [295]. For that reason, a balance must be established between 
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the mechanical and mass transport functions of the scaffolds. Additionally, the addition of more 

ceramic content could improve the compressive mechanical properties of the scaffolds and 

their coating with nanocomposites, such as SiO2/MgO may also be advantageous [296,297] 

 

 

1.5. Biomineralization assay with simulated body fluid (SBF) 

Simulated body fluid (SBF) is a solution having an ion concentration close to that of human 

blood plasma that can predict the in vivo bone bioactivity of a material, occurring through the 

formation of an apatite layer on its surface. In vivo bioactivity is provided by osteoblasts, which 

proliferate and differentiate to produce apatite and collagen recognized by the surrounding 

bone. Following that reasoning, a material which forms apatite can also bind to the living bone, 

through the formation of a tight chemical bond between the apatite layer and the bone [279]. 

Therefore, several researchers have been using this assay to assume that the in vitro ability to 

form apatite, measured by SBF, is a strong predictor of in vivo bioactivity [298–300]. In this 

work, this assay was performed in the hybrid organic-inorganic scaffolds and the formation of 

an apatite-like layer was investigated by Confocal Raman micro spectroscopy) at different 

timepoints (T0, T3, T7, T14 and T21). The Raman spectrum provides information for the 

identification of functional groups present in the samples, where it is expected to see the 

formation of an amorphous calcium-phosphate layer that can later convert to crystalline 

hydroxyapatite.  

 

1.5.1. Characterization of the scaffold’s components 

 

Before proceeding to the analysis of the scaffolds, it is important to understand the 

structural composition of their components, namely the KGM polymer, the β-TCP and HA 

powders, and the particles of PDA. All the spectra were analysed in the wavenumber range of 

400–1800 cm−1 and 2700-3600 cm−1. 

The spectrum of KGM (figure 29) exhibit weak peaks at 3197,3445 and 3648 cm-1 

corresponding to the O-H stretching vibrations from the hydroxyl groups present in monomeric 

glycosidic units, whereas the intense peak at 2902 cm-1 corresponds to the C-H stretching 

vibrations of aliphatic methylene groups. The weak peak at 1600 cm-1 corresponds to the 

vibration of carbonyl (C=O) which together with the peak at 1461 cm-1 characteristic of the 

vibration of methyl (–CH3) evidences the presence of acetyl groups. The peaks at appearing at 

lower wavenumbers, 1116 cm−1 and 1086 cm−1, can be assigned to the C-O-C vibration from the 

glycosidic units of KGM [301]. Furthermore, there are also peaks appearing at 532 cm-1 , 435 

cm-1 , and 473 cm-1 that should correspond to C-H deformation vibrations [302]. Finally, the 

peak at 900 cm-1 is characteristic of the presence of mannose units composing the KGM polymer 

chain [303]. 
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Figure 29 - Raman Spectrums of Konjac Glucomannan (KGM), taken from two different regions. (A) – 
800-1400 cm-1 region. (B) 2700-3600 cm-1 region.  In both spectra it is possible to see the appearance of 
peaks that are characteristic of functional groups present in the structure of KGM. 

 

 

The spectra of B-TCP and HA (figure 30) present high similarity with each other, exhibiting 

the same peaks with varying intensity. The peaks that appear in the range of 500-1400 cm-1 

correspond to the vibration bands of PO4 groups. In this range it is possible to observe the 

symmetrical stretching vibration mode of PO4 groups (v1), that appears at 960 cm.1 and 

correspond to the peak with the highest intensity for both materials. It could also be observed 

the symmetrical bending (v2) peak appearing at 426 cm-1, the antisymmetric bending (v4), 

usually appearing at 588 cm-1 and the antisymmetric stretching vibrations (v3) associated with 

the 1045 cm-1 peak. On the B-TCP spectrum it is important to highlight the splitting of the peak 

at v3  (1000 cm-1), which is not present on the HA spectrum [304–306]. Additionally, the low 

intensity peak at 3570 cm-1 corresponds to the bending mode of O–H group [304], that is more 

intense on the HA spectrum due the presence in its structure (figure 30-D).  
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Figure 30 - Raman Spectrua of β-TCP and HA powders. (A) β-TCP spectrum in the 800-1400 cm-1 region. 
(B) B-TCP spectrum in the 2700-3600 cm-1 region. (C) HA spectrum in the 800-1400 cm-1 region. (D) HA 
spectrum in the 2700-3600 cm-1 region. 

 

Regarding the polydopamine particles (figure 31), the more characteristic peaks are 

revealed at 1353 and 1596 cm-1, which are associated with the stretching of C-O in the catechol 

group and with the C=C stretching in the aromatic ring, respectively [307]. A low-intensity peak 

is also observed at 698 cm-1, which together with the broad peak appearing at 3000–3400 cm−1 

indicate the presence of aromatic O-H moieties [308]. 

 

 

 

 

 

 

 

 

 

 

Figure 31 - Raman spectra of PDA particles. (A) PDA spectrum in the 800-1400 cm-1 region. (B) PDA 
spectrum in the 2700-3600 cm-1 region. 

 

1.5.2. Characterization of the KGM-BCP and KGM-BCP-PDA scaffolds 

after immersion in SBF 

After analysing their individual components, the KGM-BCP and KGM-BCP-PDA scaffolds were 

analysed both at their surface and inside their fibres, obtaining the corresponding spectra in 

the range of 400–1800 cm−1 and 2700-3600 cm-1. The KGM-BCP scaffolds were analysed at day 

0, 3, 7, 14 and 21 after immersion in the SBF solution and the KGM-BCP-PDA scaffolds where 

only analysed at day 0, 7 and 14, since these were the days that showed more significant 

differences throughout the experience. 

Regarding the analysis of the scaffolds’ fibres (figure 32), it is possible to conclude that 

both KGM-BCP (figure 32- A and B) and KGM-BCP-PDA scaffolds (figure 32 – C and D) showed 

characteristics peaks from the spectra of their individual components. More specifically, In the 

range of 3600-3700 cm-1, besides the characteristic peak of the bending vibration of O–H from 

the inorganic powders (at 3570 cm-1), it was also possible to see the peaks corresponding to 

the KGM polymer at 2900 cm-1, and from polydopamine nanoparticles at 1353 and 1596 cm-1 

in the spectrum of KGM-BCP-PDA scaffolds. This highlights the successful incorporation of all 

components in the material. The intensity of these bands is different in each day but since 

there is not a correlation with the number of days and the intensity of peaks, these differences 

may be related with the zone that the spectra were acquired rather than with the deposition 
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of a calcium-phosphate layer on the materials surface.  However, by comparing the two kind 

of materials, it is possible to see that the peaks of the KGM-BCP-PDA scaffolds are much more 

intense when comparing the peaks obtained for the KGM-BCP scaffolds. The intensity of the 

peaks is higher not only in the region of the phosphates (form 540 cm-1 to 1165 cm-1) but also 

at higher wavenumbers (2900-3550 cm-1) characteristic of the vibrations from aliphatic and 

hydroxyl groups from thepolymer and HA, respectively. However, also here there is not a clear 

relation of the increasing intensity with the days of experiment, meaning that this feature may 

be intrinsic to the material. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 32 - Raman spectra of KGM-BCP and KGM-BCP-PDA fibres. (A) KGM-BCP spectrum in the 800-1400 
cm-1 region. (B) KGM-BCP spectrum in the 2700-3600 cm-1 region. (C) KGM-BCP-PDA spectrum in the 800-
1400 cm-1 region. (D) KGM-BCP-PDA spectrum in the 2700-3600 cm-1 region. 

 

The surface of the scaffolds was analyzed to evaluate the formation of an apatite-like Ca-

P layer. Pictures were taken at the surface of the scaffolds following local acquisition of the 

raman spectra to assess its structural composition. The acquired images showed the presence 

of some deposited structures along the surface of the KGM-BCP scaffolds at days 7 and 14, 

whose size seems to increase with time (figure 33). 

It was possible to see what looks like crystals deposited on the surface of the material and 

their size seems to increase with time, until day 14. This may suggest the deposition of an 

apatite like layer on the scaffolds’ surface, supporting the bioactivity of the hybrid organic-

inorganic biomaterial. However, regarding the KGM-BCP-PDA scaffolds these crystals were not 

observed at similar timepoints, meaning that the presence of these particles mixed in the 
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hybrid organic-inorganic phase of KGM and HA/β-TCP may impair the ion exchanges between 

the inorganic phase of the scaffolds and SBF solution, retarding the formation of this layer. 

 

 

 

 

 
 
 
 
 
 
 
 
 

 
Figure 33 - Photos taken by confocal Raman micro spectroscopy at the KGM-BCP scaffolds’ surface. It 
is possible to see some structures deposited on the scaffolds, which is thought to be HA crystals. Scale 
bar: 2μm. 

 
 

The raman spectra were acquired at the surface of the scaffolds, preferentially, whenever 

possible, in the region where the deposited crystals have been detected at different timepoints 

(figure 33), and compared with the spectrums observed for the scaffolds’ fibres (Figure 32). In 

the case of the KGM-BCP-PDA scaffolds, the analysis was made in a region where the crystals 

should have been detected, based on what has been observed for scaffolds without PDA. 

Regarding the KGM-BCP scaffolds, the Raman spectra acquired at the surface of the 

material (Figure 34) revealed some differences when comparing with the spectra obtained for 

the materials’ fibres (Figure 32). Between them, it is important to highlight the presence of 

peaks in the region of 1400 cm-1, attributed to the presence of carbonates that precipitate from 

SBF solution forming a carbonated apatite layer. Moreover, the intensity of these peaks 

increases form day 0 to day 14, which may suggest the in vitro ability of the material to form 

an apatite-like layer. These ions are involved in the biological mechanism of apatite formation, 

being associated with the transition of the amorphous calcium phosphate into the crystalline 

hydroxyapatite phase [309,310]. In addition, the intensity of the peaks at 1045 cm-1 

(characteristic of phosphates) increases from day 0 to day 14, supporting the formation of a 

Ca-P layer at scaffold surface. As the Ca2+ ions from present in SBF accumulate with time, the 

surface of the scaffolds becomes positively charged and therefor it attracts the negatively 

charged phosphate ions also present in SBF, forming an amorphous calcium phosphate. This is 

a metastable phase that eventually may latter transform into a stable crystalline apatite [311]. 

In the region corresponding to higher wavenumbers, 2700-3600 cm-1, the raman spectra did not 

revealed significant differences when compared with the ones from scaffolds’ fibres, meaning 

that the peaks detected in that region are characteristic of scaffold components. 

The KGM-BCP-PDA scaffoldsdid not show considerable differences when comparing the 

scaffolds’ fibres, except on the intensity of the detected peaks. The intensity of the peaks on 
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day 7 is much lower than the one registered at day 14 and at the scaffold’s fibre on day 7. In 

addition, the peaks located in the region 2700-3600 cm-1 also decreased in their intensity, and 

the characteristic peak of carbonates (~1400 cm-1) did not appear in the spectrum. For that 

reason, the increase of the peaks intensity from day 7 to day 14 at the surface of these scaffolds 

may not be related with the deposition of a Ca-P layer. Probably these variation in intensity 

may arise from the higher heterogeneity of the scaffolds caused by the presence of PDA 

nanoparticles in the composition. 

 
 
 

 

 

 

 

 

 

 

  

 
 

 

 

Figure 34 - Raman Spectrums of KGM-BCP and KGM-BCP-PDA surface. (A) KGM-BCP spectrum in the 800-
1400 cm-1 region. (B) KGM-BCP spectrum in the 2700-3600 cm-1 region. (C) KGM-BCP-PDA spectrum in the 
800-1400 cm-1 region. (D) KGM-BCP-PDA spectrum in the 2700-3600 cm-1 region. 

 

 

Taking together all these results, the KGM-BCP scaffolds demonstrated bioactivity through 

the formation of a carbonated apatite-like layer on their surface, which is a strong predictor 

of their in vivo bone bioactivity. Regarding the KGM-BCP-PDA scaffolds, it appears that the 

presence of PDA may retard the formation of such layer. However, the inclusion of SEM images 

complemented with an energy dispersive spectroscopy (EDS) is needed, to effectively conclude 

if the “crystals” at the KGM-BCP scaffolds represent the deposition of crystalline apatite.  

 

 

1.6. In vitro assessment of the metabolic activity and morphology 

of hMSCs seeded on the KGM-BCP scaffolds 

 

After the production of the 3D KGM-BCP scaffolds, we studied some in vitro parameters in 

order to simulate the complex interactions between cells and scaffolds in a relatively controlled 
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environment. The in vitro studies included the metabolic activity assessment of a cell 

population (hMSCs) and the morphologic evaluation of the cells on the developed scaffolds, to 

investigate the possibility of these scaffolds support a long-term cell attachment and 

proliferation. The choice in using hMSCs is due to their intensive and establish use in the study 

of osteogenic differentiation on CaP scaffolds for bone applications [312–314], since these cells 

are important for making and repairing skeletal tissues, such as bone, cartilage and fat. 

The in vitro studies in this part of the work were performed following two different 

experiments. On the first (experiment A) before hMSCs seeding, the scaffolds were pre-

incubated for 7 days with both basal and osteogenic medium with the aim to evaluate if a pre-

incubation time with OM is advantageous over a pre-incubation with BM. It is reported in the 

literature that more cell proliferation and attachment occur as the pre-incubation time 

increases, which might happen because of the long term increase of protein adsorption after 

the incubation [315]. On the second experiment (experiment B) a “normal” seeding process 

was realized as described in the “materials and methods section” (figure 25). 

To assess the metabolic cell activity of hMSCs on the KGM-BCP scaffolds, a resazurin-based 

method was used after collecting the samples at specific timepoints (T0, T7 and T28 for 

experiment A and T0, T7, T14 and T28 for experiment B). Although the absence of statistical 

analysis, on experiment A (figure 35-A) it is possible to observe an overall increase of the hMSCs’ 

metabolic activity from day 0 to day 28 in both conditions, and this increase seems to be more 

significant on the cells that were pre-incubated with osteogenic medium. Also, in both 

conditions, the increase of the metabolic activity of the cells seemed to be more significant 

from day 0 to day 7. A (slightly) decrease was detected form day 7 to day 28 on the cells that 

were maintained in the basal medium through the entire experience. These results indicate 

that hMSCs remained viable and metabolically active until the end of the experience, being 

able to proliferate. Also, they reveal that a pre-incubation period with osteogenic medium 

seems advantageous.  

To confirm these results, the morphology of the hMSCs on the scaffolds was assessed by 

CSLM visualization (figure 35-B). The images show the presence of cells until the 28th day of 

experiment. However, it is not possible to verify a difference on the cell number throughout 

the time they were in culture. In all the images it is possible to observe the presence of 

fibronectin, an ECM protein. This glycoprotein is crucial not only for attaching cells to matrices 

but also for guiding cell migration, being also able to interact with several extracellular 

processes. The actin filaments are also very visible on T7 of the cells that were pre-incubated 

with osteogenic medium. This protein is essential to maintain the cell stability and 

morphogenesis, being involved in many crucial processes, such as cell division, endocytosis, 

and cell migration. Cells presented a normal morphology as can be observed by the cytoskeleton 

visualization (f-actin). Cells are able to adhere and spread over the scaffold fibers along time. 

Taking all together these results, despite the resazurin based assay not being in 

agreement with the confocal images, it is possible to confirm that the cells were able to adhere 

to the scaffolds throughout the entire time in culture and a typical hMSC morphology, a 
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polygonal shape with a multiple contact points with the scaffolds. These results also indicate 

that resazurin assay may not be the ideal technique to assess the metabolic activity either due 

to limits of detection (thus, the assay must be optimized for our system), or due to problems 

with the diffusion of resazurin solution to the interior of the scaffold. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 35 - Metabolic activity and morphology of hMSCs on the KGM-BCP scaffolds (experiment A)  (A) 
From day 0 to day 28, an increase of the metabolic cell activity if verified both basal and osteogenic 
conditions. Outlier values were excluded from this analysis. (B) Confocal microscopy images to assess the 
morphology of hMSCs throughout the entire experience, stained for nuclei (blue), F-actin (green) and 
fibronectin (red). Scale bar: 100 μm.  

On experiement B, the resazurin-based assay showed negative values (after normalization 

with blank values) on the metabolic activity of the cells (figure 36-A), which indicates that the 

cells may not be alive or, at least, are not metabolic active. However, when looking for the 

confocal images (figure 36-B), it is possible to see that are present both fibronectin and actin 

filaments, as happened in experiment A. Also, we can observe once again the prevalence of 

fibronectin on the scaffolds and a typical hMSC morphology is even observed until the later 
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culture timepoints. The discrepancy between the resazurin assay and the confocal images may 

be due to the low number os cells present on the scaffolds, that did not allow their detection 

on the resazurin assay. The number of cells present in the scaffold can be on the limit of 

detection of the resazurin assay. Future experiments should adress this issue. Limits in the 

difusion are also an hypothesis and could be solved with agitation during the resazurin assay 

incubation period. 

Moreover, these in vitro results are not in agreement with what is reported on the literature 

as it was expected an increase of the cells’ metabolic activity in both conditions (basal and 

osteogenic) from day 0 to day 28, and this increase should have been more emphazied on the 

basal medium. Regarding the osteogenic medium, the metabolic activity of the cells should 

have been lower than on basal medium [316,317].  

 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

Figure 36 - Metabolic activity of hMSCs and their morphology on the KGM-BCP scaffolds (experiment 
B) (A) – Metabolic Cell Activity during the differentiation assay for basal and osteogenic conditions.  (B) - 
Confocal microscopy images to assess the morphology of hMSCs throughout the entire experience, stained 
for nuclei (blue), F-actin (green) and fibronectin (red). Scale bar: 100 μm. 

 
 

2. Hybrid 3D KGM-BCP scaffolds with drug-delivery 
properties 
 

 

In order to develop scaffolds that allow bone   and also with the capability of treating 

infections (bi-functional scaffold), we intend to develop nanoparticles loaded with levofloxacin 
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(LFX), able of being incorporated on the scaffolds (figure 37). This drug has been reported to 

be effective eradicating S. aureus bacterial biofilm while allowing bone regeneration at the 

same time, once incorporated on a hierarchical mesomacroporous 3D scaffold [236]. PLGA 

nanoparticles were selected to load the drug since it is reported in the literature its efficacy 

and capability of promoting a sustained release of the drug [260,318]. The NPs were produced 

according to the doble-emulsion method and they were stored at 4ºC with a final volume of 

1mL and a LFX concentration of 1mg/mL. 

 

 

  

 

 

 

  

  

  

  

 

 

  

 

 

 

Figure 37 - Representative scheme regarding the incorporation of levofloxacin on the 3D KGM-BCP 
scaffolds to produce a bi-functional scaffold. The inclusion of levofloxacin-loaded nanoparticles aims to 
give the scaffolds the feature of drug delivery, whereby the nanoparticles can be incorporated during the 
ink preparation. Besides that, bone tissue regeneration ability is also desired. 

 

 

2.1. Preparation and characterization of the levofloxacin-loaded 

nanoparticles 

 

The w/o/w double emulsion technique was the method used to produce empty and LFX-

loaded PLGA NPs. All NPs formulations were characterized after production regarding particle 

size, PdI and surface charge (Table 10). Mean particle size (Z-average or hydrodynamic radius) 

and surface charge (Zeta potential) are the two most commonly studied factors that are 

responsible for a range of biological effects of NPs. They were measured by DLS and ELS, 

respectively. Zeta potential is the potential at the slipping/shear plane of a colloid particle 

moving under electric field, and its widely used to assess the surface charge of NPs. PdI was 
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used to characterize the NP size distribution, where small values of PdI (near to zero) confirm 

the uniformity of size distribution. 

 

Table 10 – Nanoparticles characterization regarding their Average size, Polydispersity index and Zeta 
potential. 

 LFX-NPs Control-NPs 

Average Size 
(nm) 

89.59 97 

Polydispersity 
Index 

0.133 0.143 

Zeta Potential 
(mV) 

-4.71 -7.1 

 

 

These results are slightly different with the ones reported on the literature, since it is 

reported in the literature that using the same method to prepare these kind of NPs the average 

size of the NPs is around 424 nm, the PdI is around 0.35 and the zeta potential -33 mV [318], 

which is not in accordance with the developed nanoparticles. 

It is known that the size of polymeric nanoparticles can range between 10 nm and 1 μm 

[319] and both particle size and size distribution are a major characteristic of nanoparticles. 

They determine the in vivo distribution of these delivery systems, and also their biological fate, 

toxicity and targeting ability. Moreover, they can influence drug loading, drug release and the 

stability of the nanoparticles. Smaller nanoparticles, by having a larger surface area-to-volume 

ratio, allow the drug to be incorporated near or at the particle surface, which leads to a faster 

drug release and, on the other hand, the larger core of bigger nanoparticles, allows the 

encapsulation of more drug per particle and have a slower release [320]. The PdI can measure 

the heterogeneity of a sample based on the size, since it is a representation of the distribution 

of size populations within a given sample. It is stablished, according to International standards 

organizations (ISOs), that PdI values < 0.05 are characteristic of monodisperse samples, while 

values > 0.7 are assigned to a broad size (e.g., polydisperse) distribution of particles (ISO 

standards ISO 22,412:2017 and ISO 22,412:2017). In polymer-based nanoparticle materials, 

values of 0.2 and below are considered to be the most acceptable [321,322].  Regarding the 

zeta potential, its value is affected by the chemistry of the NP surface, particle concentration, 

size of particle, pH of the medium, temperature and ionic strength [321]. This parameter 

indicates the stability of the NP suspension, since a higher electric charge on the surface of the 

NPs will prevent aggregation of the NPs in a buffer solution. In fact, it is established that 

absolute values above 30 mV provide good stability and above 60 mV excellent stability. In 

contrast, if the zeta potential falls below a certain level, the emulsion droplets or colloids will 

aggregate as a result of the attractive forces, so a ZP about 20 mV provides only short-term 

stability and values in the range -5 mV to +5 mV indicate fast aggregation [323]. Since we 

obtained a zeta potential that falls into this range, the fast aggregation of the nanoparticles 
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may be the cause of the size reduction of the nanoparticles after drug incorporation, when 

compared with the NPs loaded with water (control). 

 

2.2. Levofloxacin Encapsulation Efficiency 

In order to assess the amount of drug that was efficiently loaded into the nanoparticles, 

levofloxacin-loaded samples were analysed by HPLC. The chromatograms showed that the 

characteristic peak of the levofloxacin, which appears approximately on min 7 (figure 38-A) 

[324] appeared only on the samples obtained using the indirect method (Ind-LVX) (figure 38-B), 

which reveals that the drug was not incorporated on the NPs and remained only on the 

supernatant (that was collected after the first concentration of the NPs suspension, using 

Amicon filters). Moreover, there are no significant differences between the chromatograms 

obtained on the drug-loaded NPs and their controls (data not shown). Regarding the amount of 

drug that appeared on the supernatant, by using the standard curve equation (𝑦 = 104741𝑥 +

48749), it was possible to conclude that the supernatant had a levofloxacin concentration of 

14 μg/mL. Given that the initially concentration of the drug was 88.9 μg/mL (2 mg of 

levofloxacin in a final volume solution of 22.5 mL), the efficiency of the process was very low 

(15,7 %), which   demonstrates that a lot of drug was lost during the NPs fabrication process. 

 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 38 - HPLC analysis of Antibiotics and chromatograms obtained to assess the levofloxacin (LFX) 
encapsulation. (A) Fluoroquinolones chromatograms. The retention time of LFX is at, approximately,  7 
min [324]; (B) HPLC chromatograms correspondent to the vial nº1 of the samples obtained by the direct 
method (NP-LFX), the indirect method (Ind-LVX), and after NPs lyophilization (Liof-LFX). It is possible to 
observe that levofloxacin is only detected on the Ind-LFX samples. 

 

 

To a nanodelivery system be successful, it should have a high drug-loading capacity, in order 

to reduce the quantity of dose administrations. The drug solubility in the excipient matrix (solid 

polymer or liquid dispersion agent) it is a parameter than can affect both drug loading and 

entrapment efficiency. It is related with the matrix composition, molecular weight, the 

presence of end functional groups in either the drug or matrix and drug-polymer interactions 

[320]. According to a study reported on the literature that used a PLGA nanoparticle to 
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incorporate a polar model drug (Rose Bengal), a low drug loading can be attributed to several 

factors. First, if the drug is hydrophilic, it can happen a significant loss of the drug to the 

external aqueous phase during the production process. Second, if the particle has a small size, 

as said before, the drug will be incorporated near or at the nanoparticle’s surface, allowing it 

to be readily release during the nanoparticle production or during the removal of 

unincorporated drug [325]. Other aspects that may influence the absence of drug incorporation 

in the delivery system develop during this work can be the potential zeta of the nanoparticles 

and the nanoparticle’s time of storage. The low potential zeta shows a low stability of the 

system and combining that with the long period of storage and low size of the particles, it may 

have result on drug loss before it was possible to quantify it. Besides that, by using a 

biodegradable polymer, it is possible to infer that the polymer could have started to degrade 

during the long period of storage, allowing the drug to be released. It is also known that the 

release of NPs produced through PLGA 50:50, used in the present work, achieve a complete 

degradation profile after two months [326]. 

Taking all this into consideration, and in order to obtain a more reasonable explication 

about the absence of drug incorporation, the characterization of the nanoparticles should have 

been done also after their storage (and before HPLC analysis). This could verify if the 

parameters of average size, polydispersity index and zeta potential have changed and, if so, 

they might have explained the results. 

Since the nanoparticles did not show any incorporation of the drug, we did not proceed to 

the assessment of its encapsulation efficiency, as reported in the materials and methods 

section. Moreover, we did not perform the incorporation of the PLGA-LFX NPs on the scaffolds 

as planned in the beginning of this thesis.  

  

 

3. Hybrid 3D KGM-BCP scaffolds with hyperthermia 
properties  
 

 

On the first part of this work, only scaffolds composed by KGM and BCPs where used, with 

the aim of comparing them with the previously developed scaffolds (in another work inserted 

within this project) and optimize them to improve the outcomes related with the material’s 

bone regeneration ability. On the second part, we tried to develop a scaffold with drug delivery 

properties but, due to some technical constrains, it was not possible to accomplish that 

purpose. Finally, the third strategy to develop a bi-functional scaffold relied on the 

incorporation of polydopamine particles within the scaffold (during the ink preparation, as 

explained in the materials and methods section), that could have the capability of killing tumor 

cells by hyperthermia (figure 39). The use of polydopamine is due to its properties as a 

photosensitive agent, being considered as a therapeutic agent in the field of photothermal 

therapy to treat cancer cells [178]. It is reported in the literature that using a laser irradiation 
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of 808 nm, nanospheres of PDA can increase the temperature hight enough on the region  

affected with tumor cells, being even able to kill them [327].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 39 - Second strategy adopted to produce a bi-functional scaffold. The goal is to develop scaffolds 
that are capable of treating bone cancer cells. To achieve that, polydopamine particles were added during 
the ink preparation of the scaffolds, since they have showed an optical absorption in the NIR region. Once 
again, bone tissue regeneration is also desired. 

 

The polydopamine particles were developed previously by our lab, by a alkaline 

polymerization of dopamine hydrochloride (figure 40-A) and did show promise results upon their 

characterization, especially by having a strong optical absorption in the NIR region (600 to 1000 

nm) (figure 40-C) [278]. Also, this is a continuation of a work develop within this project, which 

goal is to develop scaffolds with photosensitive properties, to be applied in the treatment of 

bone cancers. 

 

 

 

 

 

 

 

 

 
Figure 40 - Characterization of the previously prepared polydopamine particles that were used to 
fabricate the KGM-BCP-PDA scaffolds. (A) synthesis reaction of polydopamine from dopamine [328]. (B) 
SEM characterization of polydopamine particles that show their spherical shape and a diameter around 
150 nm [278]. (C) Uv-vis spectrum of polydopamine particles, showing their good absorbance in the Near 
infrared region (NIR) [278]. 
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3.1. In vitro studies on the 3D KGM-BCP and KGM-BCP-PDA scaffolds 

3.1.1. Metabolic activity and morphology of hMSCs seeded on the 

KGM-BCP and KGM-BCP-PDA scaffolds 

 

To assess the metabolic cell activity of hMSCs on the KGM-BCP and KGM-BCP scaffolds, the 

parameters assessed were the same as the ones in the previously in vitro experiments. 

Accordingly, first a resazurin-based method was used after collecting the samples previously 

seeded on the scaffolds, at specific timepoints (T1, T7, T14 and T28). On figure 41-A, it is 

possible to observe an increase of the hMSCs’ metabolic activity from day 1 to day 28 but this 

increase is not constant with time. However, by looking to the confocal images taken on the 

same timepoints (figure 41-B) it is possible to see a high number of cells attached and spread 

over the scaffolds, even on timepoints that have showed very low metabolic activity (such as 

on T14). It is possible to see that on the scaffolds that have showed less autofluorescence (T1 

of KGM-BCP scaffolds on basal medium and T1 and T7 of KGM-BCP scaffolds on osteogenic 

medium) the nuclei of cells are visible, confirming that the intense signal of the scaffolds might 

have obscured the signal of the nuclei. When comparing the two type of scaffolds, the confocal 

images always show a higher number of cells on the KGM-BCP-PDA scaffolds, being this 

difference more significative on the cells incubated with osteogenic medium. These results are 

consisting with the ones reported on the literature, as it is reported that the inclusion of PDA 

in scaffolds allow a better adhesion and proliferation of hMSCs, , when comparing with the 

same materials without PDA [329]. Regarding the basal medium, this conclusion is only verified 

on T1 and T7. Cytoskeleton visualization indicates that the cells present the expected 

morphology. 

 When comparing the influence of the type of medium where the cells were incubated, 

regardless the type of scaffold, the confocal images indicate that the osteogenic medium seems 

to have allowed the growth, attach and spread of a higher number of cells, when comparing to 

the basal medium (figure 41-B). However, this tendency is not verified for every timepoint on 

the resazurin assay (figure 41-A). 
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Figure 41 - Metabolic activity of hMSCs and their morphology on the KGM-BCP and KGM-BCP-PDA 
scaffolds. (A) From day 0 to day 28, an increase of the metabolic cell activity if verified both basal and 
osteogenic conditions, that is not constant with time. Outlier values were excluded from this analysis. (B) 
- Confocal microscopy images to assess the morphology of hMSCs throughout the entire experience, 
stained for nuclei (blue), F-actin (green) and fibronectin (red). Scale bar: 100 μm.  

 

3.1.2. Metabolic activity and morphology of U20S osteosarcoma cell 

line on the KGM-BCP and KGM-BCP-PDA scaffolds 

 

To assess the metabolic cell activity of U2OS cell line on the KGM-BCP and KGM-BCP 

scaffolds, the parameters assessed were the same as the ones in the previously in vitro 

experiments. On figure 42-A it is possible to see that the cells maintain their metabolic activity 

constant through all the time in culture, when seeded on KGM-BCP scaffolds but, on the KGM-

BCP-PDA scaffolds, their activity increases from day 1 to day 10. The confocal images confirm 



75 
 

the analysis done for the resazurin based assay on the KGM-BCP-scaffolds (figure 42-B), but on 

the KGM-BCP-PDA type of scaffolds a higher number of cells in only observed on T1 indicating 

higher initial seeding efficiency. The images of the scaffolds regarding T10 were lost and thus 

they are not present on this work. The analysis of these results leads us to conclude that 

osteoblasts proliferate better, when seeded on KGM-BCP scaffolds than on KGM-BCP-PDA 

scaffolds. The morphology of these cells is different from hMSCs, showing a more spherical form 

as expected. 

Unlike what happened for hMSCs, the inclusion of PDA on the KGM-BCP scaffolds does not 

seems to bring advantages for the adhesion and proliferation of osteoblasts and the causes 

should be addressed in future experiments. However, as reported on the literature, these cells 

should have showed a better adhesion, spread and proliferation when seeded in a material with 

PDA [330] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

Figure 42 - Metabolic activity of U20S and their morphology on the KGM-BCP and KGM-BCP-PDA 
scaffolds. (A) From day 1 to day 7 the cells on KGM-BCP scaffolds maintain their metabolic activity 
constant. Outlier values were excluded from this analysis. (B) - Confocal microscopy images to assess 
the morphology of the U20S cells throughout the entire experience, stained for nuclei (blue), F-actin 
(green) and fibronectin (red). Scale bar: 100 μm.  
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Conclusions and Future Work 

 

On the first part of this work, the KGM-BCP scaffolds validated the hypothesis of being a 

material that can support cell attachment and proliferation of hMSC. Cells were able to adhere 

to the scaffolds throughout the entire time in culture but, to infer about their capacity in 

promoting bone regeneration, further studies are necessary. They include the assessment of 

the hMSCs’ ability to differentiate into the osteogenic lineage, which can be done, for example, 

through ALP enzymatic assays and gene expression tests. Additionally, the inclusion of 

additional experiments is also fundamental to rule out out possible experimental errors that 

led to controversial results, especially when comparing the results obtained in the assay of 

metabolic cell activity and confocal images. 

Regarding the second part, the aim was to develop a bi-functional scaffold that could, 

simultaneously promote bone regeneration and treat bone infections. However, despite the 

successful production of PLGA nanoparticles, HPLC assays revealed that the drug (LFX) was not 

incorporated on the NPs, possibly due to the high period of incubation time. Unfortunately, due 

to time constraints, no additional advances were made regarding this part of the work. 

Finally, a different approach was developed to produce bi-functional scaffolds. The 

production of the new KGM-BCP-PDA scaffolds was conducted by robocasting, as in our base 

material (KGM-BCP scaffolds). Both developed inks were characterized regarding their 

rheological properties and it was revealed that both had a shear thinning behavior that is 

essential for printing in robocasting. The characterization of the scaffolds proceeded with the 

assessment of their mechanical properties, by evaluating their compressive strength. Both KGM-

BCP and KGM-BCP-PDA scaffolds showed a very low compressive strength (far below the one in 

the real bone).  A strategy to overcome this problem can be the reduction of the pore size of 

the material, keeping in mind that a balance must be established. The size of the pores needs 

to be relatively small in order to increase the mechanical properties of the scaffolds but 

sufficiently high to allow new bone formation. Finally, when it comes to the characterization 

of these systems, a SBF assay was performed in order to infer about the in vivo bone bioactivity 

of the scaffolds. The confocal Raman micro spectroscopy of the samples showed the possibility 

of apatite formation on the surface of the scaffolds but further analysis (such as SEM/EDS) 

should be conducted to confirm this hypothesis. Further characterizations, such as degradation 

studies, and viscoelastic properties measurements in dry and wet states are also important to 

have into consideration. 

These new hybrid systems were also assessed for their in vitro ability to support cell 

attachment and proliferation of two types of cells: hMSCs and U20S osteosarcoma cell line. The 

KGM-BCP-PDA scaffolds showed a better adhesion and proliferation of hMSCs when comparing 

with the same materials without PDA but the opposite happened when using U20S cells. 

From this thesis we can conclude that the use of KGM-BCP-PDA scaffolds is a promising tool 

when looking for bi-functional scaffolds capable of regenerating bone and, at the same time, 
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kill cancer cells. However, a major assessment still needs to be performed - The evaluation of 

the hyperthermic potential of these scaffolds under laser irradiation, to further confirm their 

suitability for cancer treatment applications. Only after this study, more conclusive statements 

can be done regarding the bi-functionality of the developed scaffolds 
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