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A 3D Printing Scaffold Using Alginate/Hydroxyapatite for Application in Bone Regeneration
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This work aimed to manufacture scaffolds from a hydrogel composed of a sodium alginate 
matrix with hydroxyapatite reinforcements using a 3D bioprinter, aiming at application in bone tissue 
regeneration. The alginate solution was prepared by dissolving sodium alginate at a concentration of 
10% (w/v). Hydroxyapatite (HAp) was added to the solution at 2.5% and 5.0% (w/v) concentrations, 
followed by placing the samples in a container with a 1.0% (w/v) calcium chloride solution. 
The scaffolds were analyzed for HAp concentration and morphological characteristics, physicochemical 
properties, and biological response. The scaffolds show reproducibility and spectroscopic analyses 
confirm hydrogel formation and hydroxyapatite incorporation in the alginate matrix. The hydrophilic 
properties are compatible with scaffolds obtained through 3D printing made from polysaccharides, 
and the thermal analysis showed the expected behavior of these same materials. Preliminary findings 
indicated that scaffolds containing 2.5% (w/v) hydroxyapatite are inside cytotoxicity limit (66.4 ± 7.0%) 
towards canine E20 lineage cells. In contrast, scaffolds with 0% and 5.0% (w/v) hydroxyapatite were 
non-cytotoxic. Notably, the latter scaffold demonstrated enhanced cell proliferation, as anticipated, 
owing to the hydrophilic properties of alginate that enable easy and swift cell seeding, facilitating 
nutrient transport and cellular growth within the scaffold.
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1. Introduction
The skeletal system is called the framework of bones and 

cartilage that protects our organs and allows us to move. Each 
bone in the skeletal system is an individual organ. This system 
has the functions of support, protection, movement, storage, 
mineral homeostasis, site of production of blood cells, and 
energy storage1. Bone health directly influences the quality 
of life. Several factors have been increasing the demand for 
osteochondral repair, a defect in the cartilage of a joint and 
the underlying bone. Among these factors is damage related to 
the growing number of sports injuries, trauma from accidents, 
and congenital and non-congenital pathologies2-7.

Bone tissue can recover naturally under physiological 
conditions for millimetric damage. However, for greater 
extensions, natural repair does not recover the natural 
shape or functionally of the bone and autogenous grafts are 
generally the first medical option. Despite these benefices, 
this treatment has some limitations, such as graft availability, 
defect generated in the graft extraction, and the postoperative 
period of two injured areas8,9.

In this context, bone tissue engineering emerges as a 
promising alternative in cases with bone loss, overcoming 
rejection problems and shortage of donors. Tissue 
engineering seeks lasting and functional solutions for bone 
regeneration by combining scaffolds, cells, and materials 
with high hydrophilic properties, which mimic the aqueous 
living environment. Hydrogels have been widely studied 
as three-dimensional (3D) matrices because they present 
promising systems for healing and regenerating damaged 
tissues precisely because they are highly permeable and 
facilitate the transport of nutrients and metabolites. They 
can mimic body tissues and respond to external stimuli, 
having appropriate softness and flexibility, adequate 
biocompatibility, biodegradability, and desirable rheological 
properties. These characteristics make them important and 
promising biomaterials for various applications, including 
tissue engineering and drug-release devices. Among the 
several materials used to manufacture scaffolds, natural 
polymers are the options that most attract research due to 
their similarities with the extracellular matrix of the tissue, 
biological performance, and cellular interactions10-12.*e-mail: bcrepaldialves@gmail.com
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In this regard, the sodium alginate, a natural polysaccharide 
extracted from seaweed, pH-responsible, with biodegradable 
and biocompatible characteristics is a good candidate to 
this application. It is known to form gels in the presence of 
bivalent cations such as calcium ions (Ca2+). Due to these 
characteristics, this polymer has been also widely used for 
depositing drugs and growth factors, cell encapsulation, 
and scaffolds in tissue engineering applications. However, 
alginate has limitations for bone tissue, such as a lack of sites 
for cell binding or interactions with receptor tissue, limiting 
its long-term functionality. Therefore, using hydroxyapatite 
(HAp) as a bioactive component with osteoconductive 
capabilities may overcome some limitations3.

HAp is commonly used in the regeneration of bone tissue 
due to its chemical similarity with the inorganic component 
of the bone matrix, biocompatibility, osteoinduction, 
osteoconduction, and osteointegration characteristics4,7. The 
amount of HAp within the composition of polymer-based 
hydrogels is crucial to design efficient tissue for bone 
regeneration. Once HAp is gradually degraded, it releases 
Ca2+ and PO4

-3 ions, which can modify cellular behavior, 
influencing bone mineralization and biding to surrounding 
tissues. The concentration of HAp incorporated in 
polymer-based composites can directly influence the level 
of solubility, cell fixation, proliferation and differentiation, 
and bone growth rate3,13-17.

Bone grafts have typically been performed through bone 
tissue transplants; however, there are several problems in 
using both allografts (transplantation between genetically 
different individuals of the same species) and autografts. These 
disadvantages include infections and pathogenic immune 
responses to the first case, the donor site´s morbidity, and the 
limited amount of usable bone tissue for the second case18.

The restrictions described leading to the need for a safer 
and more reliable method that circumvents the problems 
with current therapeutic strategies for bone defects. 3D 
printing is promising as a methodology that assists in bone 
regeneration by mimicking the properties of mineral bone, 
providing bone construction and tissue growth guidelines. 
It is a promising method to fabricate tissue constructs, 
which provides a high degree of control on construct design 
parameters essential for bone tissue regeneration, such as 
pore size, interconnectivity, filament diameter, degradation 
rate, and mechanical properties19. However, the 3D printing 
systems required to produce bone tissue-mimicking devices 
that support tissue growth are generally expensive, creating 
a barrier to widespread implementation, especially in 
laboratories with limited resources20.

In this context, several studies have been conducted to 
investigate the potential of composite hydrogels composed of 
alginate and hydroxyapatite for biomedical applications. These 
hydrogels are printed on 3D scaffolds. The results have shown 
that the incorporation of hydroxyapatite into alginate-based 
hydrogels leads to increased secretion of type X collagen 
and promotes mineral deposition by chondrocytes within 
the composite hydrogel. These outcomes, in comparison to 
controls consisting solely of alginate, highlight the promising 
nature of the alginate/hydroxyapatite composite hydrogel 
for the formation of calcified cartilage and its suitability for 
3D bioprinting21,22.

As aforementioned, it is known that alginate combined 
with HAp can become a material with enormous potential for 
application in tissue engineering and 3D bioprinting. Therefore, 
the objective of this study was to fabricate alginate scaffolds 
with varying proportions of HAp using 3D printing technology. 
To overcome the limitations, associated with conventional and 
commercially available systems, a conventional filament 3D printer 
was modified and optimized for this purpose. The fabricated 
scaffolds were subjected to qualitative and quantitative analysis 
to evaluate their morphological characteristics, hydrophilicity, 
thermal and spectroscopic properties. Additionally, the biological 
response of the scaffolds was investigated through cell viability 
and cytotoxicity assays.

2. Experimental

2.1. Preparation of alginate/HAp scaffolds

2.1.1. Preparation of composite solution
Initially, it was prepared a sodium alginate solution 

(Cromoline Química Fina, MV = 85.000 g/mol) at a concentration 
of 3.0% (w/v) in distilled water at 25ºC using electromagnetic 
stirring for 3 hours. After printing attempts, it was noticed that 
it would be necessary to increase the alginate concentration 
to optimize the printability of the solution due to the low 
viscosity. The samples were then prepared in the same way, 
however, with concentrations of 5.0, 7.0, and 10.0% (w/v), 
and the latter ideal for use in printing the scaffolds. HAp 
(nanoXIM.HAp202, FLUIDINOVA, S.A, spherical nanoHA 
microaggregates with an average particle size of 5 μm) was 
added to this solution by mechanical stirring for 3 hours, 
at concentrations of 2.5 and 5.0% (w/v )3.

2.1.2. Design and extrusion of scaffolds
The modeling of the scaffolds was carried out using 

PrusaSlicer software, which allows the control of process 
parameters such as speed, extrusion force, internal filling, and 
filling pattern. The models have a diameter of 20mm, a layer 
height of 0.2mm, an internal filling of 20%, and “hexagonal” 
filling patterns. After modeling, the scaffolds were manufactured 
using a Bioender (Bioedtech). Table 1 presents the parameters 
used in the manufacture of scaffolds. Some adjusts were necessary 
due to the difference in printability presented with the presence 
of hydroxyapatite. In this way, the parameters were tested 
and optimized according to the morphology presented by the 
scaffolds. After printing, the scaffolds remaining for 24 hours 
at 25ºC in a container containing 1.0, 2.5, and 5.0% (w/v) of 
calcium chloride (Vetec Química Fina, M = 110,99 g/mol). 
The concentration of calcium chloride in the crosslinking 
did not show morphological and hydrophilic changes in the 
samples. Therefore, the smallest concentration of 1.0% (w/v) 
became the standard. After crosslinking, the scaffolds were 
immersed in distilled water for 24 hours at room temperature 
for dialysis. All samples were dried by conventional oven 
drying for 24 hours at 40°C. A schematic representation 
of the scaffold synthesis was presented in Figure 1. The 
models and bioprinting processes are exemplified in Figure 2. 
Three scaffolds compositions were produced: Alg (control), 
AlgHAp2.5, and AlgHAp5.0, where 2.5, and 5.0 correspond 
to the HAp concentrations.
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Table 1. Printing parameters used in the scaffolds synthesis.

PARAMETERS Alg AlgHAp2.5 AlgHAp5.0
Extruder speed (mm/s) 8 7 7

Number of layers 5 5 5
Nose size (mm) 0.4 0.4 0.4

Setup Temperature (ºC) 25 25 25
Extrusion multiplier 0.45 0.45 0.45

Extruder diameter (filament diameter) (mm) 1.55 1.55 1.55
Retraction length (mm) 7 5 5

Retraction Speed (mm/s) 9 15 15

Figure 1. Schematic representation of the alginate-based scaffold synthesis.

Figure 2. (a) Scaffold model obtained through slicing software, and (b) 3D bioprinting process.
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2.2. Characterization of AlgHAp scaffolds

2.2.1. Morphology
The morphological analysis was conducted with the 

scaffolds swollen and dried using a stereo microscope (ZEISS 
Stereo Discovery.V8), aiming at comparing the proportions 
of hydroxyapatite and investigating the parameter of the 
bioprinting process.

2.2.2. Swelling behavior
The gravimetric method assessed the hydrophilic 

property by determining the degree of swelling (Q) as 
a function of time, using distilled water as the swelling 
medium. To determine the Q values, the dry hydrogels were 
weighed (Ms) on an analytical balance (Shimadzu AUY-220) 
and subsequently immersed into 20mL of distilled water. 
After predetermined times, the hydrogels were removed 
from the swelling medium and weighed again (Mt). 
Q values were determined in g/g (gram of water per gram 
of hydrogel), according to Equation 120:

 MtQ
Ms

=  	 (1)

2.2.3. Thermogravimetric analysis (TG) and differential 
thermogravimetric analysis (DTG)

Thermogravimetric analysis (TGA) was conducted on a 
TA Instruments SDT Q600 analyzer and was used to obtain 
information on the thermal degradation of materials. Samples 
of 8 mg were heated from 25 to 900 °C under a nitrogen 
atmosphere at a flow rate of 100 mL/min. All experiments 
were conducted at 10 °C/min to record thermogravimetric 
and derivative (TG/DTG) curves20.

2.2.4. Chemical Characterization by Fourier transform 
infrared spectroscopy (FTIR) Spectroscopy

FTIR was used to characterize the presence of 
specific chemical groups in the AlgHAp samples. For 
this, the constituents of the scaffolds and the dry scaffolds 
were macerated, mixed with potassium bromide (KBr), 
and pressed at high pressure to obtain the tablet. The 
measurement was performed using transmission mode 
with investigated spectral range from 4000 to 400 cm-1 
accumulating 128 scans with resolutions of 2cm-1. 
The spectra were obtained using a Nicolet-NUXUS 610 FTIR 
spectrometer20.

2.3. Cytotoxicity and cell viability assay 
Cell viability and cytotoxicity of the alginate/hydroxyapatite 

scaffolds were assessed in triplicate by incubating them 
for 28 days in Dulbecco’s Modified Eagle’s Medium 
(DMEM) supplemented with 10% fetal bovine serum 
(Sigma-Aldrich). No medium change occurred during the 
incubation period. Benign canine mammary cells (E20) were 
directly seeded onto 24-well culture plates at a density of 
5.10^4 cells per well and incubated at 37°C with 5% CO_2 
for 48 hours. Following this period, the culture medium was 
removed from each well and replaced with fresh medium, 
without supplementation, for an additional 24 hours. 

Subsequently, the culture medium was replaced with extracts 
obtained from the incubation of the scaffolds. After another 
24 hours, the scaffold extracts were collected, and cell 
viability was assessed using the methylthiazoltetrazolium 
bromide (MTT) assay. The aliquots of these solutions were 
collected and incubated at 37°C with 5% CO_2 for 3 hours. 
Afterward, their absorbances were measured at 540 nm 
using a Multiskan FC (Thermo Scientific) instrument. 
Statistical analysis was conducted using one-way ANOVA 
with a Tukey´s post hoc test in GraphPad Prism 8. Statistical 
significance was determined at p-values less than 0.0521.

3. Results and Discussion

3.1. Scaffolds characterization

3.1.1. Morphological characterization
Figure 3 displays digital images of the dried and swollen 

scaffolds, illustrating that the model’s shape remained 
unchanged after the crosslinking process, even following 
swelling. The samples exhibited well-bonded and smooth 
surfaces, with a whitish color proportional to the amount 
of HAp present. The inclusion of HAp, regardless of the 
proportion, resulted in better printability of the samples. 
The original measurements of the project and the samples 
indicated that the swollen scaffold diameter was reduced 
by approximately 55% compared to the model’s diameter. 
Additionally, the dry diameter exhibited a reduction of 
approximately 65%, regardless of the HAp proportion.

3.1.2. Swelling behavior
The swelling behavior was evaluated by measuring the 

weight of the samples over time, aiming to analyze the swelling 
kinetics, as shown in Figure 4. Optimized scaffold hydrogels 
should exhibit appropriate medium/water absorption22,23. 
Swelling analysis can provide insight into the water and 
nutrient absorption capacity of a hydrogel. Our findings 
indicate that the samples exhibited similar behavior, with 
swelling equilibrium achieved after 5 hours, independently 
of the HAp proportion3,20,24. The swelling degree values 
and time until equilibrium presented are compatible with 
scaffolds produced via natural polymer bioprinting or with 
hydroxyapatite reinforcements22,23.

3.1.3. Thermogravimetric analysis (TG) and differential 
thermogravimetric analysis (DTG)

Figures  5  and  6 depict the TG and DTG curves of 
HAP, Alg, and their composites. Alginate-based scaffolds 
exhibited a typical first thermal event in the region of 
100ºC, which may be attributed to the vaporization of 
absorbed water on the sample surface. These samples also 
exhibited a second thermal event between 200 – 310ºC, 
attributed to the onset of degradation and decomposition 
of the carbonaceous structure. A third thermal event 
observed between 360 – 530°C was attributed to complete 
matrix decomposition and subsequent formation of 
sodium carbonate (Na2CO3) through the recombination 
of thermally stable elements in this temperature range. 
Lastly, a fourth event was observed above 600°C, which may 
be related to non-elementary decomposition of Na2CO3

20.
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Figure 3. Dry and swollen scaffolds: a) Alg (control); b) AlgHAp2.5; c) AlgHAp5.0.

Figure 4. Dependence on the swelling degree by time of alginate 
and alginate-HAp composites. Figure 5. TG curves of pure HAp, Alg, Alg-HAp composites.
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In pure HAp, a similar thermal event up to 100ºC associated 
with the loss of physically adsorbed water molecules was also 
observed. The second thermal event between 250 – 600ºC 
could be attributed to the loss of adsorbed carbonated 
molecules. The final event after 600ºC is associated with 
the slow loss of lattice water25,26.

The inclusion of HAp in the scaffolds did not considerably 
affect thermal stability, resulting in only a slight elevation 
of the initial degradation (Ti) temperature of the second 
thermal event. For instance, Ti values for Alg, AlgHAp2.5, 
and AlgHAP5.0 scaffolds were 186, 192, and 190°C, 
respectively. It was also noticed that the residue after the 
heating cycle increased with the increase in the amount of 
HAp, as expected.

3.1.4. Fourier transform infrared spectroscopy (FTIR)
The FTIR spectra of the hydrogels are shown in Figure 7, 

revealing their chemical composition. Alg hydrogel displayed 
characteristic alginate bands such as the asymmetric and 
symmetric stretchings of carboxylic group (COO-) at 1620 
and 1414 cm-1, respectively. The broad band observed 
from 3200 to 3600 cm-1 in all spectra could be assigned to 
intramolecular and intermolecular O-H stretchings. The 
FTIR spectra of AlgHAp exhibited bending and stretching 
vibrations related to the phosphate group (PO4

3-) at 1020 and 
605 cm-1 coming from HAp, respectively. Furthermore, the 
intensity of these bands increased with an increase in the 
HAp content, confirming the formation of hydrogels and 
the incorporation of hydroxyapatite in the alginate matrix. 
No suppression or displacement of the composites bands 
was observed, indicating that the HAp-hydrogel interaction 
is weak. Table  2 summarizes the relevant spectroscopic 
absorption bands identified in the analysis3,20.

3.2. Cytotoxicity and cell viability assay
The MTT assay was conducted in triplicate to evaluate cell 

viability. After 24 hours of incubation in the DMEM medium, 
the Alg and AlgHAp5.0 samples exhibited viability indexes 
exceeding 70% (Figure 8), indicating no significant decrease 
in cell viability compared to the benign canine mammary cells, 
E20 (control group). In the case of AlgHAp2.5 samples, the 
viability index are inside cytotoxicity limit (66.4 ± 7.0%). 
AlgHAp5.0% displayed cell viability values exceeding 
100%, suggesting that the scaffolds are non-cytotoxic for the 
investigated cell lineage and may promote cell proliferation. 
These preliminary findings will be further complemented 
with additional data in future research.

Table 2. Main absorption bands observed from FTIR technique.

WAVENUMBER (cm -1) FUNCTIONAL GROUPS

3200-3600 Stretching of hydroxyl group (-OH)

1620 and 1414 Asymmetric and symmetric stretchings 
of carboxylic groups (-COO -)

892 Stretching of ether groups C-O-C

1020 Bending of P-O present in PO4
3-

605 Stretching of P-O present in PO4
3-

Figure 6. DTG curves of pure HAp, Alg, Alg-HAp composites.

Figure 7. FTIR spectra of pure HAp, Alg, Alg-HAp composites.

Figure 8. Cell viability of pure HAp, Alg, Alg-HAp composites.
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4. Conclusions
Based on the results obtained, it can be inferred that 

the development of alginate scaffolds with hydroxyapatite 
reinforcements using a 3D bioprinter is feasible and shows 
good reproducibility through modeling in slicing software. 
The analyzes indicate that the swelling kinetics and the main 
morphological aspects were maintained, regardless of the 
hydroxyapatite concentration. From FTIR, it was possible to 
prove the formation of hydrogels, and the peaks of 1020 and 
605 cm-1 demonstrate the incorporation of hydroxyapatite 
in the alginate matrix. Thermal analysis demonstrates that 
HAp slight improves the thermal stability of the scaffolds. 
The results showed the promising potential of alginate as a 
composite matrix, offering the ability to integrate important 
properties for bone regeneration through the incorporation of 
hydroxyapatite, preserving the fundamental characteristics 
of alginate. Furthermore, the scaffolds are not cytotoxic to 
the cell line studied and can help cell proliferation.
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