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Abstract: Three-dimensional (3D) models with improved biomimicry are essential to reduce animal 
experimentation and drive innovation in tissue engineering. In this study, we investigate the use of 
alginate-based materials as polymeric inks for 3D bioprinting of osteogenic models using human 
bone marrow stem/stromal cells (hBMSCs). A composite bioink incorporating alginate, nano-
hydroxyapatite (nHA), type I collagen (Col) and hBMSCs was developed and for extrude-based 
printing. Rheological tests perfomed on crosslinked hydrogels confirm the formation of solid-like 
structures, consistently indicating a superior storage modulus in relation to the loss modulus. The 
swelling behaviour analysis showed that the addition of Col and nHA into an alginate matrix can 
enhance the swelling rate of the resulting composite hydrogels, which maximizes cell proliferation 
within the structure. The LIVE/DEAD assay outcomes demonstrate that the inclusion of nHA and 
Col did not detrimentally affect the viability of hBMSCs over seven days post-printing. PrestoBlueTM 
revealed a higher hBMSCs viability in the alginate-nHA-Col hydrogel compared to the remaining 
groups. Gene expression analysis revealed that alginate-nHA-col bioink favoured a higher 
expression of osteogenic markers, including secreted phosphoprotein-1 (SPP1) and collagen type 1 
alpha 2 chain (COL1A2), in hBMSCs after 14 days, indicating the pro-osteogenic differentiation 
potential of the hydrogel. This study demonstrates that the incorporation of nHA and Col into 
alginate enhances osteogenic potential and therefore provides a bioprinted model to systematically 
study osteogenesis and the early stages of tissue maturation in vitro. 

Keywords: alginate; bioInk; bioprinting; bone regeneration; collagen; hydroxyapatite; human bone 
marrow stem/stromal cells 

 

1. Introduction 

Bone diseases are an important global public health problem that have significant economic 
effects, particularly for people suffering from osteoporosis [1–3]. Research models that replicate the 
bone structure, its functions, the cell-cell and cell-matrix interactions that occur in vivo have been 
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developed to ensure the clinical translation of new treatments to more reliably treat these bone 
pathologies [4]. Considering ever-increasing growth of bone tissue engineering and the challenge of 
bone’s complexity, in the last decade, several three-dimensional (3D) models have been developed to 
mimic the bone microenvironment aiming to reduce or replace the dependence on animal 
experiments [5]. Nevertheless, these models are unable to fully replicate the complex structural and 
cellular composition of bone tissue [6].  

Bioprinting has emerged as a transformative approach within regenerative medicine and tissue 
engineering, demonstrating significant potential for the generation of three-dimensional tissue 
constructs [7]. A noteworthy application of this technology is in the field of bone tissue regeneration, 
which has been increasingly emphasized. This is mainly due to the structural and biological 
complexities that define the nature of bone tissue [8]. The production of 3D models of bone tissue 
remains a major challenge to achieve, since the selection of materials, manufacturing processes and 
the establishment of optimal conditions to support multiple cell populations, as well as their 
osteodifferentiation, leads to the development of these models not being a trivial task [9]. The choice 
of biocompatible materials plays an important role not only in mimicking the physical properties of 
bone, although it also provides the biochemical pathways necessary to guide the behavior of stem 
cells. Various biomaterials, such as calcium phosphate ceramics, bioactive glass and hydrogels (e.g., 
alginate), have been used in bioprinting to promote osteogenesis. 

Alginate, an FDA-approved natural polysaccharide, is widely employed in biomedical 
applications as a bioink [10,11]. This widespread use is attributed to its low cost [12], accessibility 
[13], and ease of preparation [14]. Consequently, alginate-based hydrogels emerge as a promising 
candidate capable of offering a three-dimensional (3D) microenvironment encompassing both 
organic and inorganic elements vital for osteoblast functionality. Nevertheless, alginate is an inert 
material and lacks osteoinductive signals necessary for promoting osteoblast differentiation and bone 
formation. To address these limitations, additional modifications are required to enhance its 
osteogenic potential. Combining alginate with collagen (Col), the primary structural component of 
the extracellular matrix (ECM), and bioactive ceramics, such as hydroxyapatite (HA), can 
significantly increase osteoconductivity [12,15,16]. These materials were selected due to bone's 
hierarchical structure, consisting of living cells immersed in a matrix primarily composed of Col and 
HA [17]. Researchers focus on mimicking the bone's composition to achieve a high degree of 
similarity between the 3D printed scaffold and bone tissue. Col represents nearly 80% of the organic 
material in bones [18,19]. It is a suitable biomaterial due to its outstanding biocompatibility, 
degradability, adhesion characteristics, osteogenic induction properties, and minimal 
immunogenicity [20].Additionally, nano-HA (nHA) presents stability, biocompatibility, 
hydrophilicity, and degradability. This ceramic enhances the adhesion and proliferation of 
osteoblasts and possesses the capacity to establish chemical bonds with the surrounding bone tissue 
[21]. The combination of alginate, a biocompatible polymer capable of forming stable gels, nHA, an 
osteoconductive element, and Col, a primary organic component of natural bone, has been 
demonstrated to improve the biomineralization, promoting natural bone regeneration [22]. These 
biomaterials have been utilized in bone bioprinting applications to replicate the complex hierarchical 
structure of bone tissue, which is essential for its biological functions [23–26]. Hassani et al. developed 
cell-laden alginate-nHA-Col microcapsules for modular bone tissue and the results suggest that this 
structure promotes mineralization and the osteogenesis signaling pathways of the encapsulated cells 
[27]. Despite their effectiveness in creating controlled microenvironments for osteogenesis, 
microcapsules present certain limitations. They are unable to fully replicate the complex hierarchical 
structure of native bone tissue, as cell-material interactions are restricted by the encapsulation process 
within the alginate matrix. This confinement limits the degree of cell-matrix interaction, potentially 
hindering cellular behaviors such as migration and differentiation. Additionally, microcapsules 
present challenges in reproducibility, as their size, composition, and cell distribution can differ. In 
contrast, bioprinting techniques using the same materials offer advantages in creating more 
structured, complex 3D environments that more closely mimic native bone architecture. These 
methods enable enhanced cell-matrix interactions, which can improve osteogenesis. Furthermore, the 
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automation and standardization of biofabrication processes, provides greater reproducibility of 3D 
tissue models. 

In the field of regenerative medicine, the integration of biomaterials with mesenchymal 
stem/stromal cells (MSCs) has been prevalent, as this approach promotes the proliferation and 
differentiation of MSCs [28,29].These cells can be isolated from several tissues, including bone 
marrow [30]. Human MSCs derived from bone marrow (hBMSCs) are considered multipotent 
stromal cells and they possess the inherent capacity to differentiate into osteoblasts and form bone 
tissue, allowing their osteogenic differentiation to be studied directly in a 3D environment [31,32]. 

In light of these considerations, the present study aimed to develop a bioink formulation tailored 
for extrusion-based bioprinting, incorporating alginate, nHA, and Col, along with hBMSCs. This is 
the first study applying these biomaterials and hBMSCs, through biofabrication (using a pressure-
assisted extrusion technique), seeking to address the fundamental challenge of replicating the 
composition of the native ECM in terms of materials (organic and inorganic) to study osteogenesis in 
3D. Therefore, this technique ensures the spatial distribution and cell loading efficiency, facilitates 
the detailed study of cell-biomaterial interactions, and results in the creation of highly structured and 
functional tissue constructs. This approach provides a bioprinted model to study osteogenesis and 
the early stages of tissue maturation in vitro. Therefore, the current work highlights the production 
of a tailored bioink and underlines its significant contribution to the development of a 3D model for 
studying the osteogenic differentiation of MSCs. The methodology presented in this study can be 
readily adapted for broader applications in personalized medicine, including 5D bioprinting. 5D 
bioprinting integrates 3D model construction with data on physiological activity, providing a 
powerful tool for personalized therapies, as demonstrated in previous studies [33,34]. Moreover, 
this alginate-based system holds potential for promising applications in toxicological testing using 
organoid models. This flexibility highlights the adaptability of our biofabrication approach, 
extending its utility to the broader contexts of 5D personalized medicine and organoid-based 
toxicological screening. 

2. Results and Discussion 

The aim of the study was to explore the combination of alginate, nHA and Col to create a 
composite ink for 3D bioprinting of constructs capable of replicating the composition of native bone 
ECM, facilitating in vitro studies on osteogenesis and contributing to reducing animal 
experimentation in the field of tissue engineering. 

Alginate was used due to its properties, namely easy adjustability, low price, and accessibility 
[12,14,35]. Furthermore, the inclusion of nHA, a mineral, and Col, a protein, has been implemented 
due to their well-known capacity to enhance osteogenic potential and accelerate the regeneration of 
modular bone tissue [36]. Whilst the inclusion of hydroxyapatite in hydrogels can improve the 
osteogenic and rheological properties; Col can support high cell viability, proliferation and 
differentiation, providing an optimal microenvironment conducive to cell survival and functional 
performance of the printed composite [19,37,38].  

The concentrations of alginate, nHA, and Col used in this study (2%, 0.5%, and 0.5%, 
respectively) were selected based on findings from previous research. A 2% alginate concentration 
was selected for its ideal balance of gel strength and printability, providing excellent gelling 
properties, structural integrity, and effective cell encapsulation and nutrient diffusion [39]. 
Additionally, the incorporation of 0.5% nHA and 0.5% Col is based on the research conducted by 
Hassani et al., which demonstrated that these concentrations contribute to an osteogenic 
microenvironment favourable to the development of bone tissue. These concentration ratios were 
chosen to leverage their synergistic effects, aiming to enhance the osteogenic differentiation and the 
overall structural integrity of the hydrogel [27]. The selected concentrations are consistent with those 
used in similar studies, but preliminary experiments were conducted to test a range of concentrations 
for each component. The final concentrations achieved the best balance of printability, structural 
stability, and biological functionality, as verified by our data. 
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The dual crosslinking methodology employed in this study follows a sequential process aimed 
at optimizing both the biological and mechanical properties of the hydrogel. Initially, Col 
fibrillogenesis was induced by raising the temperature to 37°C for 90 minutes, allowing the collagen 
component to self-assemble into fibrils that closely mimic the natural extracellular matrix. This step 
is key for promoting cell-matrix interactions, which support cellular adhesion and osteogenic 
differentiation. Afterwards, CaCl2 solution was introduced to initiate the ionic crosslinking of 
alginate. Despite the rapid gelation of alginate upon contact with Ca2+ ions, the solution was left to 
interact for an extended period of 40 minutes. This duration was selected to ensure comprehensive 
crosslinking throughout the hydrogel matrix, thereby enhancing its mechanical stability and 
functional integrity. The sequential approach of collagen self-assembly followed by alginate 
crosslinking is essential for creating a composite hydrogel that balances bioactivity with mechanical 
strength [39]. The dual crosslinking methodology employed presents notable benefits, but it also has 
limitations, including potential spatial heterogeneity and extended processing times. Future research 
should aim to address these issues by improving the distribution of crosslinking agents, investigating 
more efficient methods, and optimizing cell encapsulation techniques to enhance the methodology’s 
applicability and performance in tissue engineering [40–43]. 

3.1. Rheological Characterization 

To achieve optimal print fidelity, several material properties, including viscoelastic behavior, 
must be considered to ensures that the bioink flows smoothly through the nozzle, maintaining high 
cell viability during deposition [44]. The viscoelastic characteristics of the crosslinked hydrogels were 
assessed through oscillatory rheology using amplitude and frequency sweep tests (Figure 1). First, 
the upper limit of the linear viscoelastic region (LVR) was determined from the storage modulus (G’) 
curve assuming a ±5% deviation between two consecutive measurements at 0.1% oscillation strain 
(Figure 2a).  

Amplitude sweep tests (Figure 1a) also demonstrated that both formulations exhibited a gel-like 
or solid structure behaviour in the LVR with a higher G’ compared to the G’’ (G’>G’’). According to 
literature, viscoelastic solids present a higher storage modulus than loss modulus, due to the strong 
internal chemical bonds and physicochemical reactions in the material [45]. Considering constant 
amplitude and frequency conditions (1% strain, 1 Hz frequency), the G’ was about ten times higher 
than the G’’, indicating a solid elastic behavior for both formulations. Furthermore, the addition of 
nHA and Col did not appear to significantly alter LVR (p>0.05). Clearly from the results, nHA and 
Col did not seem to affect the initial characteristics of the hydrogel. The overall modulus of elasticity 
and loss values did not change between the gels.  

Analysing Figure 1a also shows that the alginate-nHA-Col group presented a higher yield point 
(0.00974) compared to the alginate group (0.00864), suggesting that the addition of nHA and Col 
increased the material's resistance to initial deformation. Meanwhile, the flow point, indicating the 
transition to a viscous-dominated behavior, was lower in the alginate-nHA-Col group (0.0318) than 
in the alginate group (0.0685). This data suggest that although the composite hydrogel requires 
slightly more stress to begin yielding, it transitions to a flow state more readily, possibly due to the 
combination of the effects of the nHA reinforcement and the elastic behaviour of the Col. To further 
evaluate the transition from the LVR to the flow state, the flow transition index (ratio of flow point 
to yield point) was calculated. The alginate group presented a higher index (3.26) compared to the 
alginate-nHA-Col group (7.93), suggesting that the alginate-nHA-Col group is less tendency to brittle 
fracture [46].  

Frequency sweeps were performed within the linear viscoelastic range (LVR) of both 
formulations at an oscillation strain of 0.1% (Figure 1b). The results demonstrated that both 
formulations exhibited viscoelastic gel-like properties, with no clear dependency of the G’ or G” on 
frequency. Remarkably, a consistent difference of 8 kPa was observed between G’ and G” across all 
tested frequencies for both formulations. 

A non-dependence between these values and frequency suggests that the material's elastic and 
viscous properties were not influenced by the frequency of the applied stress. This is a characteristic 
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of a gel that is stable and does not change its behavior significantly over a range of frequencies. This 
type of behavior is typical of gels that are well-formed, and it is often noted in materials that are used 
in applications where they need to maintain their structure and properties over time [47]. 

 

Figure 1. Rheological experiments with the storage moduli (G’) (shown in black) and loss moduli (G”) 
(shown in red) of crosslinked alginate and alginate-nHA-Col under a range of conditions. (a) 
Amplitude sweeps performed at a frequency of 1 Hz. (b) Frequency sweeps perfromed at an 
oscillation strain of 0.1%. The evaluations were performed in triplicate. 

3.2. Mechanical Analysis 

The success of a hydrogel is highly dependent on its mechanical properties, as these properties 
ensure the hydrogel's structural integrity under both in vitro and in vivo conditions [48]. Parameters 
such as porosity, pore size, composition, degree of crosslinking, and ionic strength of materials can 
significantly influence their mechanical strength [49]. In the present work, the mechanical properties 
of alginate-based gels were evaluated through compressive mechanical testing. Figure 2 illustrates 
the compressive strength-strain curve and Table 1 provides the Young's modulus measurements of 
the alginate-based hydrogels. 

Based on the stress-strain curve (Figure 2), the alginate-only hydrogel presented a lower stress-
strain behavior due to its brittle nature, whereas the composite hydrogel comprising nHA and Col 
revealed higher stress-strain behavior due to the combined effects of nHA’s reinforcement and Col's 
elasticity. nHA contributed to the reinforcement of the hydrogel matrix, distributing stress more 
evenly and enhancing the material's toughness and resistance to deformation [49]. On the other hand, 
Col, being a fibrous protein, provided elasticity and improved the tensile strength of the hydrogel, 
providing a more flexible matrix that could stretch further before rupturing [50]. The combination 
seemed to make the hydrogel more durable and capable of withstanding higher stresses and strains. 

Young’s modulus was calculated at 10% strain and the addition of 0.5% (w/v) nHA and 0.5% 
(w/v) of Col 0.5 wt % to alginate decreased Young’s modulus of Alg hydrogel from 7.33 to 6.80 MPa 
(Table 1). Notwithstanding, no statistically significant differences were observed in the average 
Young’s modulus between the two groups. 
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Based on these findings, the hydrogel composed of only alginate appeared to have a higher 
initial stiffness (higher Young's modulus) but a lower capacity to withstand large deformations 
(lower stress-strain behaviour) due to its more fragile nature. 

Meanwhile, the hydrogel composed of alginate, nHA and Col seemed to be more flexible initially 
(lower Young's modulus) and better able to withstand large deformations (higher stress-strain 
behaviour) due to the addition of Col, which increased elasticity, and nHA, which reinforced the 
matrix. 

The combination of the different components in the hydrogel resulted in a material that can 
better absorb and dissipate stresses, resulting in greater deformation capacity and final strength, 
despite being initially more flexible. 

The bioink formulation's rheological and mechanical properties were tailored to enhance the 
bioprinting process, allowing mimicry of the complex environment of the bone’s ECM, which is 
crucial for supporting osteogenesis in vitro. 

 

Figure 2. Stress–strain curves resulting from compression tests of alginate hydrogel (red) and 
alginate-nHA-Col hydrogel (black) (n=3). 

Table 1. Young’s modulus measurement of alginate and alginate-nHA-Col hydrogels produced 
(mean ± sd values) (n=3). 

Parameter (MPa) Alginate  Alginate-nHA-Col (w/v) P value 
Young’s Modulus 7.33 ± 1.21 6.80 ± 0.835 0.567 

3.3. Hydrogel Swelling Behaviour 

The swelling properties play a fundamental role in facilitating the release of molecules, 
absorption of biofluids, and distribution of nutrients in the structure [36]. Swelling rates are an 
important feature of bioinks, with ideal formulations undergoing controlled degradation to facilitate 
new tissue growth [51–54]. Hydrogels intrinsically swell as solvent molecules infiltrate the spaces 
within the polymeric network. In 3D bioprinting, the extent of swelling is reflected in the dimensional 
alterations of bioprinted structures [55–57]. Moreover, the swelling ratio is essential in modulating 
the drug release dynamics from these polymeric systems [57–59]. Hydrogel swelling behavior (pH = 
7.4 at 37°C) was evaluated at time intervals of 1, 2, 3, 4, 5, 24, 48 and 72 hours. The absorption of DPBS 
by the hydrogels is shown in Figure 3. The hydrogels appeared to absorb a significant amount of 
DPBS at first, and then more gradually over time. The hydrogel appeared to reach swelling 
equilibrium in a relatively short time (3 hours). The maximum swelling ratio was noted up to 24 
hours. Then the swelling ratio significantly dropped in all the hydrogels due to the breakdown of the 
dry hydrogel system in the presence of DPBS.  

Although the data were not significantly different, after 3 hours in culture, the hydrogel with 
nHA and Col seemed to increase the swelling compared to the hydrogel with alginate only. The 
incorporation of Col and nHA to alginate can increase the swelling rate of the resulting composite 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 October 2024 doi:10.20944/preprints202410.1926.v1

https://doi.org/10.20944/preprints202410.1926.v1


 7 

 

material due to the enhanced stability and mechanical strength of the alginate hydrogel, leading to a 
more controlled degradation rate. The incorporation of Col and nHA into alginate matrices may 
potentially influence the swelling rate of the resulting composite hydrogels. Col, being a hydrophilic 
material, presents more hydrophilic bonds, which can result in water retention and consequently 
affect the swelling behavior [60]. Additionally, the hydrophilic nature of hydroxyapatite in the 
material composition can lead to overall water absorption and potentially enhance cell growth, 
proliferation, and viability within the material [21]. For bone mimicry, a high degree of swelling is 
particularly important, as it allows cell infiltration into the hydrogels and maximizes cell growth 
within the structure [61]. 

 
Figure 3. Hydrogel swelling rate from 1 to 72h. Alg: alginate (red); Alg-nHA-Col (black) (n=3). 

3.4. Bioprinting of Cell-Laden Hydrogels 

This study integrated bioprinting and pressure-assisted extrusion technologies in the printing 
protocols for alginate-based bionks. The printing process was carried out using the RegenHU 3D 
Discovery Evolution system with 2% (w/v) alginate bioinks. This formulation was selected based on 
prior studies due to its low viscosity and shear-thinning properties, making it suitable for bioprinting 
cellular inks[39]. The bioprinting parameters, including needle diameter, pressure, feed speed, 
filament distance, and thickness, were properly adjusted to establish an optimum equilibrium 
between printing resolution, speed, and cell activity (Table 2). The printing parameters were adjusted 
to guarantee high cell viability during the printing process whilst ensuring the extrusion of accurate 
filaments, with the external filament diameter corresponding the internal diameter of the nozzle used. 
This precision is of paramount importance to ensure the fidelity of the structural form in the final 
constructs, thus achieving an accurate physical replication of the digital CAD model (Figure 4A–C). 

Given the low viscosity of the ink formulations used, without compromising shape fidelity [39], 
suspension bioprinting strategies were employed. A 0.5% (w/v) agarose support bath was utilized to 
maintain the structure of the printed material in suspension (Figure 4D). Once the material had been 
deposited and crosslinked, the suspension bath was removed and the hydrogels with the cells could 
grow.  
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Table 2. Parameters used in the RegenHU 3D Discovery Evolution system. The values are shown in 
the respective units. 

Parameters Values (unit) 
Needle Diameter 600 µm 

Pressure 0.02 MPa 
Feed Rate 10 mm/s 

Filament Distance 500 mm 
Thickness 500 mm 

 
Figure 4. (A) CAD model designed in BioCAD™ software; (B) 3D generated model; (C) 3D generated 
model in a 12-well plate; (D) Cell-laden print in the agarose support bath. 

3.5. Live/Dead Staining 

Cell viability must be maintained both during and after the 3D tissue printing process. Therefore, 
an assessment of cell viability (hBMSCs) was performed using a Live/Dead analysis. This analysis 
was conducted after 1, 3, and 7 days in culture (Figure 5A,B).  

The staining demonstrated high levels of cell viability in both alginate and alginate-nHA-Col 
hydrogels throughout all time points (Figure 5A). 

The hBMSCs viability and distribution did not appear to depend on the inclusion of nHA and 
Col to the gel and the cells seemed to be homogeneously distributed in both hydrogels. In fact, some 
cell death was observed throughout the experiment, although this was to be expected due to exposure 
to significant shear stress during the printing process, which can cause cell damage and death [62]. 
Nevertheless, the results of the alginate-nHA-Col group indicated that live cell portions remained 
above 80% one week after processing (Figure 5B). It is important to note that alginate-nHA-Col group 
presented slightly higher values of cell viability, but with no significant differences when compared 
to the alginate group throughout the experiment.   

In addition, data showed that a spherical cell morphology was preserved throughout the culture 
in both conditions. Maintaining a spherical cell morphology within bioinks is advantageous for 
preserving cell viability and functionality throughout the bioprinting process. This preservation of 
native cell structure is essential for ensuring proper differentiation into specific cell lineages, which 
is critical for effective tissue engineering applications [54]. 

These findings suggest that alginate-nHA-Col hydrogels were non-cytotoxic and provided a 
supportive matrix conducive to high cell viability of hBMSCs. The results confirmed the hydrogels' 
ability to sustain hBMSC culture, suggesting that the pressure-assisted extrusion process did not 
adversely affect cell viability. 
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Figure 5. (A) Live/dead staining images of printed hBMSCs in alginate and alginate-nHA-Col after 1, 
3 and 7 days in culture. Live cells are stained green and dead cells are stained red. (B) The percentage 
of cell viability of bioprinted hBMSCs cultured in 2% alginate and 2% alginate - 0.5% nHA - 0.5% Col 
for 1, 3 and 7 days (n=3). 

3.6. Cell Viability Assay 

In accordance with the ISO 10993-5:2009 guidelines, the assessment of cellular viability was 
determined using PrestoBlueTM on both alginate and alginate-nHA-Col hydrogels in the presence of 
hBMSCs. The control group, devoid of hydrogels was also included for reference. Figure 6A 
represents the corrected absorbance values for the designated time points (1, 3, 5, and 7 days). The 
data showed cell proliferation in all groups up to day 5. While the hydrogels containing alginate, 
nHA, and Col exhibited slightly higher cell viability rates compared to the other groups, statistically 
significant differences were only observed on day 3. In contrast, alginate-nHA-Col hydrogels showed 
significantly greater absorbance than the control group, suggesting enhanced cell adhesion and 
proliferation. These findings are consistent with previous studies, indicating that the alginate-nHA-
Col hydrogels demonstrated superior cytocompatibility overall when compared to the control group 
[27].  

Figure 6B displays the viability inhibition percentages, normalized to the control group. 
According to the ISO 10993-5:2009 guideline, a cytotoxic effect is considered when an inhibition of 
viability larger than 30% is identified (outlined in Figure 6B by dashed lines). These findings suggest 
that both alginate and alginate-nHA-Col can be classified as non-cytotoxic. 

In agreement with the results presented in the Live/Dead analysis, the viability results confirmed 
that, on one hand, the hydrogels are supportive of hBMSCs encapsulation and function and, on the 
other, the printing process does not negatively impact on cell survival that remained viable for up to 
seven days post-encapsulation. 
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Figure 6. (A) Corrected absorbance evaluated by Presto Blue® viability assay for hBMSCs. Results 
significance are presented through the symbol (*), according to the P value, with *p<0.05. (B) % 
viability inhibition assay. The results were normalized in relation to the control. The 30% threshold 
shown (dashed line) represents the inhibition above which the effect is considered cytotoxic (under 
ISO 10993-5:2009 guidelines). 

3.7. Gene Expression 

Osteogenesis of hBMSCs cultured in alginate and alginate-nHA-Col for 7 and 14 days was 
evaluated using qPCR for a panel of key differentiation marker genes (Figure 7). This gene expression 
analysis provided insights into the biofunctionality and osteoinductive potential of the inks for bone 
tissue regeneration. 

After 14 days of culture, gene expression analysis revealed a higher expression of osteogenic 
markers (Figure 7) in all experimental groups compared to the same groups after 7 days. At both time 
points, the expression of RUNX2 in the alginate-nHA-Col group was slightly higher than the alginate 
group at both time points (Figure 7A). RUNX2 is a gene expressed during early bone differentiation, 
and its increased expression from 7 to 14 days is consistent with expected osteogenic progression. 
Similarly, in the study by Im et al., bioinks composed of alginate, tempo-oxidized cellulose 
nanofibrils, and polydopamine nanoparticles demonstrated an increase in RUNX2 gene expression 
over the same time period, further supporting these findings [8]. This gene plays a crucial role in 
regulating the osteogenic differentiation of hBMSCs and presence of this gene leads to the formation 
of mature osteoblasts and complete bone formation [63]. ALPL is associated with the biological 
process of endochondral ossification/ osteoblast differentiation [64] and showed a minimal increase 
from day 7 to day 14 (Figure 7B). Gene expression of IBSP demonstrated an increase in both groups 
from 7 to 14 days (Figure 7C). IBSP expression has been shown to increase the expression of key 
osteogenic and angiogenic markers, indicating its beneficial role in promoting the formation and 
vascularisation of bone tissue [65,66]. Furthermore, IBSP encodes bone sialoprotein, a protein 
involved in matrix production by promoting the nucleation of hydroxyapatite crystals during the 
mineralization process [67]. This trend was similarly observed in the study by Van der Heide et al., 
where IBSP expression increased over time, confirming its role in bone mineralization [68]. 

Although not statistically significant, the expression of SPP1 in the alginate group was higher 
than in the alginate-nHA-Col group (Figure 7D). SPP1 is a crucial component of the organic matrix 
of bone and serves as a binding protein for osteoclasts, the cells responsible for bone remodeling [69].  

COL1A2 was not expressed in any of the groups after 7 days (Figure 7E). However, after 14 days, 
the alginate-nHA-Col group showed an up-regulation of COL1A2 expression compared to the 
alginate group. The observed increase in COL1A2 gene expression aligns with findings reported in 
the literature [70]. Col is a major ECM protein synthesized by osteoblasts and significantly contributes 
to bone strength [71]. The observed increased expression of these osteoblastic genes in 3D hBMSCs 
constructs after 14 days suggests that the incorporation of alginate, nHA and Col elements in the 
bioink is important for enhancing osteogenic differentiation. 
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The presence of bone-related gene expression in alginate-nHa-Col at day 14 also suggests a 
positive and sustained long-term osteogenic effect in hBMSCs. Nevertheless, osteogenic 
differentiation is a complex process that involves the sequential expression of several genetic markers 
at different times. For instance, early markers such as RUNX2 and osterix are expressed during the 
initial phases of differentiation, while later markers such as SPP1 and osteocalcin are associated with 
mature osteoblasts and mineralization [72]. As future research, it is important to evaluate genetic 
markers over an extended period, such as 21 days. In addition, further studies, such as staining with 
ALP and Alizarin Red, would be pertinent in providing better validation of the support's 
functionality and osteogenic differentiation. 

 
Figure 7. Gene expression levels of printed hBMSCs in alginate and alginate-nHA-Col bioinks 
following 7 and 14 days under osteogenic differentiation: runt-related transcription factor 2 (RUNX2) 
(A), alkaline phosphatase (ALPL) (B), integrin-binding sialoprotein (IBSP) (C), secreted 
phosphoprotein-1 (SPP1) (D) and collagen type 1 alpha 2 chain (COL1A2) (E). 

3. Conclusions 

The current work describes the successful development of a composite hydrogel bioink based 
on incorporated alginate, nHA, and Col, along with hBMSCs.  

Rheological tests confirm that the viscoelastic properties are maintained with the addition of 
nHA and Col, while the mechanical tests showed that these additions enhance the hydrogel's 
performance under compressive stresses. LIVE/DEADTM and PrestoBlue results confirm the ability 
of developed materials to support the encapsulation and printing of hBMSCs without significant loss 
cell viability 7 days post-printing. PCR analysis demonstrated that the alginate-nHA-col enhanced 
the expression of osteogenic markers in hBMSCs, suggesting the hydrogel's pro-osteogenic 
differentiation potential.  

The incorporation of nHA and Col into alginate appears to have enhanced the physical and 
biological properties of the bioink, providing a promising 3D bioprinted model to mimic bone tissue. 
This study represents a significant step forward in the development of bioinks for this field, offering 
a viable and ethical solution for studying osteogenesis and early tissue maturation in vitro. 
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4. Materials and Methods 

4.1. Materials 

Sodium alginate (#180947-100G), nHA (particle size < 200 nm; #677418-25G) and Col type I 
(#5074-35ML) were purchased from Sigma-Aldrich (Saint Louis, Missouri (MO), United States of 
America (USA)). The hydrogel formulations were prepared using an agarose (#A6013-100G) fluid gel 
bath also obtained from Sigma-Aldrich (Saint Louis, MO, USA). Subsequent to their production, the 
hydrogels were cross-linked using calcium chloride dihydrate (CaCl2.2H2O; #22317.230-250G), from 
VWR Chemicals (Pennsylvania, USA). 

4.2. Preparation of Alginate-Based Solutions 

The alginate solution was prepared by dissolving 4% (w/v) sodium alginate in Milli-Q water 
with continuous magnetic stirring overnight. Following this, the 4% alginate solution underwent 
sterilization via autoclaving and was subsequently subjected to a 1:1 dilution with Milli-Q water, 
resulting in the formulation of a 2% alginate solution. For the preparation of the alginate-nHA-Col 
solution, the 2% (w/v) alginate solution was combined with 0.5% (w/v) nHA and 0.5% (w/v) Col. 
Table 3 provides an overview of the compositions of the alginate-based solutions. 

Table 3. Composition of alginate-based solutions. 

Solutions Sodium alginate (w/v) nHA (w/v) Col (w/v) 
Alginate 2 - - 

Alginate-nHA-Col 2 0.5 0.5 

4.3. Cell Culture and Maintenance 

All experiments followed the relevant guidelines and were conducted with approvals from the 
NHS Health Research Authority National Research Ethics Service (21/NS/0056) and the University of 
Manchester, as well as written inform donor consent. The cells used in this study were previously 
isolated from bone marrow collected from a 49-year-old female donor after hip replacement surgery. 
The Strassburg et al. protocol was used to isolate the cells [73]. The hBMSCs were cultured under 
standard conditions in αMEM media (Sigma-Aldrich, # M4526) enriched with 10% (v/v) fetal bovine 
serum (FBS) (Gibco, #A3160802), 110 mg L-1 sodium pyruvate, 1000 mg L-1 glucose, 100 U mL-1 
penicillin, 100 µg mL-1 streptomycin (Gibco, #15140122) and 0.25 µg mL-1 amphotericin (Gibco, 
#15290026) and 2 mM GlutaMAX (Gibco, #35050061). The hBMSCs were then maintained at 37°C in 
an 80% humidified atmosphere with 5% CO2. 

4.4. Oscillatory Rheological Measurements 

The Anton Paar RheoCompass™ rheometer (MCR92, Anton Paar, Graz, Austria) operated with 
Anton Paar RheoCompass v1.30.1164 software was used to evaluate the rheological properties of the 
samples. Measurements were conducted using a PP12.5 measuring plate, featuring a diameter of 12.5 
mm and a 1 mm gap. Alginate-based hydrogels with different compositions (as detailed in Table 4) 
were prepared following the transwell methodology. Briefly, 400 µL of the solution was pipetted 
onto 12-well plate transwell inserts. The alginate-nHA-Col hydrogels gelation was achieved through 
a dual-crosslinking procedure. Initially, Col crosslinking was induced by incubating at 37°C for 90 
minutes. Subsequently, the alginate was gelled using 150 µM calcium chloride (CaCl2) solution in 
Milli-Q water for 40 minutes, as the process used for alginate-only hydrogels. Finally, the hydrogels 
were removed from the inserts and washed with DPBS. 

The measurement conditions were as follows: Amplitude Sweep: Temperature =25°C, 
Frequency = 1 Hz, Oscillation Strain = 0.01–100%; Frequency Sweep: Temperature =25°C, Frequency 
= 0.1 - 10 Hz, Oscillation Strain = 0.1%. The data was measured in triplicate and the results were 
shown as mean ± standard deviation. 
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4.5. Hydrogel Swelling Behavior 

Hydrogel swelling behavior was assessed under physiological conditions (pH = 7.4 at 37°C). 
Initially, the weight of the hydrogels (prepared as outlined in section 4.3) was measured post-
crosslinking using precision scales (GR-300-EC, A&D Instruments, United Kingdom). Subsequently, 
these hydrogels were immersed in DPBS at 37°C within a 12-well plate, and the weight of the swollen 
hydrogels was recorded. At specific time intervals (1, 2, 3, 4, 24, 48, and 72 hours), the hydrogels were 
reweighed after blotting off excess water with tissue paper. The swelling behavior was quantified as 
a percentage of the swelling ratio, computed using Equation I. 

Swelling ratio (%) = (Wf - Wi)/Wi x 100, (I)

Wf and Wi are final and initial weight of the hydrogel (in g), respectively.  

4.6. Mechanical Analysis 

Compressive strength and Young's modulus (expressed in kPa) of the hydrogels were assessed 
using the ElectroForce 5500® Test instrument (TA Instruments, Delaware, USA) equipped with a 5 N 
load cell. Alginate and alginate-nHA-Col hydrogels (prepared as outlined in section 2.2 of the 
Materials and Methods) were tested in triplicate, each sample having a height of 3 mm and a diameter 
of 12 mm. A compression test was conducted employing a flat probe with a diameter of 10 mm and 
a cross-head displacement rate of 2.0 mm/min. Compression was continued until 80% strain was 
reached. The compressive (Young's) modulus was determined by calculating the slope of the linear 
portion of the stress-strain curve at 10% strain. The settings for the loading procedure were 
programmed using the WinTest® Software (TA instruments). The real-time monitoring of the applied 
load was performed using the WinTest® Software. 

4.7. Bioprinting of Cell-Laden Hydrogels 

A pressure-assisted extrusion printer (3D Discovery, RegenHU, Villaz-St-Pierre, Switzerland) 
with an enclosed biosafety cabinet was employed in the fabrication of cell-laden constructs (Figure 
8A). Alginate-based inks loaded with hBMSCs at a density of 2 x 106 cells/mL were prepared as 
described in the section 2.2 and 2.3 and printed inside a suspension bath of agarose particles (Figure 
8B) [74], using a set of process parameters previously optimized in our lab. The suspension bath was 
prepared based on a protocol originally reported by Moxon et al. [75].  

Square-based scaffolds (6 x 6 mm) were designed using BioCAMTM software (RegenHU, Villaz-
St-Pierre, Switzerland) and printed in 12-well plates under sterile conditions and at room 
temperature. Following bioprinting, crosslinking was performed in a two-step process. Initially, Col 
fibrils were allowed to self-assemble for 90 minutes at 37°C. Subsequently, a CaCl₂ solution was 
added to the wells and incubated for 40 minutes at 37°C to induce the crosslinking of alginate. The 
cell-laden hydrogels were then rinsed with DPBS and cultured in αMEM medium at 37°C under 5% 
CO₂ and 80% humidity. 
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Figure 8. (A) 3D Discovery Evolution bioprinter; (B) Schematic representation of the pressure-assisted 
extrusion process, in which pressurized air drives the bioink from the bioprinter cartridge through a 
needle into a well plate containing a suspension bath. 

4.8. Live/Dead Staining 

A Live/Dead assay kit (InvitrogenTM #L3224) was used to evaluate the viability of hBMSCs 
cultured on alginate and alginate-nHA-Col hydrogels. According to the manufacturer's protocol, 600 
µL of assay solution containing 4 µM ethidium homodimer-1 (EthD-1) and 2 µM calcein AM was 
added to the cell-hydrogel constructs. After a 20-minute incubation, the cells were washed with DPBS 
and imaged using the CellVoyager™ CQ1 Benchtop High-Content Analysis System (Yokogawa, 
Japan) with an excitation wavelength of 495 nm. Cell imaging was conducted at one, three, and seven 
days post-culture, with three images acquired per time point. The acquired images were 
systematically analysed and subsequently the number of cells quantified using ImageJ2 software 
(version: 2.3.0/1.53q). Cell viability was assessed by calculating the ratio of live cells to the total cell 
count. To ensure reproducibility, all measurements were conducted in triplicate at each time point. 

4.9. Cell Viability Assay 

To evaluate the cellular viability of hBMSCs within alginate-based hydrogels, the PrestoBlue™ 
(InvitrogenTM #A13261) assay was performed at one, three, five, and seven days. The evaluation was 
performed as previously described [21]. In brief, at each timepoint, the culture media was aspirated 
and substituted with fresh complete media supplemented with 10% (v/v) of the PrestoBlueTM 
reagent.  

After a one-hour incubation at 37°C in a controlled environment with 80% humidity and 5% 
CO₂, the supernatant media were transferred to a 96-well plate. Absorbance measurements were 
taken at 570 nm and 595 nm using a SPARK® multimode microplate reader (TECAN, Männedorf, 
Switzerland). Cell viability was quantified through absorbance spectroscopy by calculating the 
corrected absorbance, determined by subtracting the absorbance at 595 nm (used for normalization) 
from that at 570 nm (reflecting the experimental outcome). The resulting values were further adjusted 
by subtracting the average absorbance of control wells from that of the experimental wells. Residual 
substances were removed by gently washing the cells with DPBS, and fresh culture medium was 
added to each well. 
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4.10. Gene Expression 

To quantify gene expression levels, RNA extraction and complementary DNA (cDNA) synthesis 
were performed following established protocols [76,77]. Quantitative real-time polymerase chain 
reaction (qPCR) were carried out on a StepOnePlus system (Applied Biosystems), utilizing pre-
designed intron-spanning primers (Sigma Aldrich) (Table 4). In brief, a total of 10 ng cDNA was 
added to each reaction in addition to 5µl of Fast SYBR Green Reagent, 1µl of forward primer, 1µl of 
reverse primer, and 2.5µl of molecular biology grade water.  

cDNA synthesized in-house from Total Human RNA (Clontech) served as the positive control 
in this study. The levels of osteogenic genes were standardized by normalization against the pre-
validated reference gene GAPDH [78].  

Table 4. Name, accession number, forward/ reverse sequences, and concentrations of the primers 
used to assess osteogenic differentation. 

Primer 
Accession 
Number 

Forward Primer Sequence 5’-3’ Reverse Primer Sequence 5’-3’ 
Concentration 

(nM) 
glyceraldehyde-3-

phosphate dehydrogenase 
(GAPDH) 

NM_001256799 CTCCTCTGACTTCAACAG CGTTGTCATACCAGGAAA 600 

runt-related transcription 
factor 2 (RUNX2) 

NM_001024630 CGCTGCAACAAGACC CGCCATGACAGTAACC 900 

alkaline phosphatase 
(ALPL) 

NM_000478 ACGTCTTCACATTTGGTG GGTAGTTGTTGTGAGCATA 450 

integrin-binding 
sialoprotein (IBSP) NM_004967 GACTGCTTTAATTTTGCTCAG GTCACTACTGCCCTGAAC 600 

secreted phosphoprotein-1 
(SPP1) 

NM_001040058 CTGACATCCAGTACCCTG CAGCTGACTCGTTTCATA 600 

collagen type 1 alpha 2 
chain (COL1A2) 

NM_000089 TGAAGCTGGTCCCCAAGGA AATACCAGGAGCGCGCCGTTG 300 

4.11. Statistical Analysis 

To ensure experimental reproducibility, all experiments were performed in biological triplicates 
to capture variability between samples, and each assay was conducted in technical triplicates to 
account for within-experiment variability. 

Statistical tests were carried out using GraphPad Prism® (version 10.3.1 for mac OS, La Jolla, 
California (CA), USA). Results were presented as mean ± standard error of the mean (SE). 
Comparisons between groups were made using one-way ANOVA, followed by Tukey's multiple 
comparisons test. Exclusively for the comparison of gene expression, a Mann-Whitney-U test was 
used. Statistical significance was acknowledged solely when p ≤ 0.05. Significance levels were 
denoted by asterisks (*), with *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.  
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DPBS dulbecco’s phosphate-buffered saline 
ECM extracellular matrix  
FBS fetal bovine serum 
G’ storage modulus 
G’’ loss modulus 
IBSP integrin-binding sialoprotein  
hBMSC human bone marrow stem/stromal cell 
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RUNX2 runt-related transcription factor 2  
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