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A B S T R A C T

3D bioprinting is a promising strategy to develop predictive 3D in vitro bone models, surpassing the limitations 
of 2D and in vivo animal models. The 3D bioprinted models can achieve a high level of complexity, effectively 
mimicking the native bone niche composition. Furthermore, they allow to tailor the 3D structure geometry and 
enable precise control over pore size and orientation patterns. In this study, gelatin methacryloyl (GelMA) was 
selected to develop cell-laden 3D structures by 3D printing extrusion-based technology. Different GelMA con
centrations (5, 7.5, 10 % w/v) were tested in terms of rheological behavior to select the most suitable for the 3D 
printing process. Then, the printing process parameters (i.e., pressure, extrusion speed) were optimized to obtain 
reproducible and accurate 3D printed structures. The optimal concentration (GelMA 7.5 %) was then enriched by 
stoichiometric hydroxyapatite nanocrystals (nHA, 0.1, 0.2, 0.5, and 1 % w/v), to mimic the inorganic component 
of bone, and evaluated in terms of 3D printing process and stability properties over 14 days, with enhanced 
stability in GelMA/nHA hydrogels. Osteosarcoma Saos-2 cells were considered for in vitro biological charac
terization, and no cytotoxic effect was obtained for GelMA and GelMA/nHA hydrogels. Saos-2 cells embedded in 
printed GelMA and GelMA/nHA bioinks proliferated over the 14 days of the in vitro culture. The developed 
formulations can be proposed as osteomimetic bioinks for 3D in vitro bone models, suitable for investigating 
bone disease mechanisms or for drug screening purposes.

1. Introduction

The gold standard for investigating pathogenic mechanisms, 
biomaterial testing and drug screening are in vivo animal models. 
However, these models are affected by high costs, low reproducibility, 
and ethical concerns. Beside these limitations, animal models may fail 
when transferred to the clinics due to the existing different physiology 
between animals and humans [1–4]. Thus, alternative in vitro solutions 
have been developed. Indeed, although in vitro systems lack the 

complexity of in vivo pathophysiology, they could allow the under
standing of some key mechanisms before proceeding to in vivo trials, 
hence reducing the need to use animals [5]. Among in vitro models, 2D 
models have been used for decades. However, they do not succeed in 
mimicking complex physiological environments, leading to simplistic 
and partially reliable results [6–8]. Conversely, 3D in vitro models are a 
valid compromise between in vivo and 2D models to mimic the complex 
3D tissue microarchitecture and the cell-cell and cell-ECM interactions, 
thus resulting in more predictive results. Among the existing techniques 
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to develop 3D in vitro models, including spheroids [9], cell patterning 
techniques [10] and microfluidic chips [11], 3D printing/ bioprinting is 
promising, as it enables the development of 3D structures with different 
materials composition, and high tunability in scaffold shape and in pore 
structure and dimensions [7,12–15]. This technology is particularly 
well-suited for developing 3D in vitro bone models, as it allows for the 
reproduction of the composite nature of bone tissue (i.e., the mix of 
inorganic and organic phase). This feature is crucial because mimicking 
the native bone microenvironment enables more accurate results in 
investigating the mechanisms leading to pathological conditions (e.g., 
tumour formation [3,16,17]) and conducting drug sensitivity screening 
studies [18,19].

To date, several studies have investigated the suitability of different 
3D printing strategies (i.e., stereolithography, fused deposition model
ling, extrusion-based techniques) to develop 3D scaffold-based models 
mimicking bone tissue microenvironment [3,16,20]. These models have 
to fulfil different requirements, such as scaffolds biocompatibility, 
mimicking of native organic and inorganic phase, and degradability 
adequate to the in vitro investigation period (i.e., up to 14–21 days) 
[6,21]. The existing studies have evaluated different materials for bone 
modelling, including alginate/gellan gum [22], polyurethane (PU) 
[3,7], polyethylene glycol (PEG) [16], poly (L-lactide) (PLLA) [23], 
collagen [19], gelatin methacryloyl (GelMA) [13,24], possibly loaded 
with calcium phosphates (CaPs) or hydroxyapatite nanocrystals (nHA) 
[21,25,26]. In particular gelatin, deriving from the denaturation of 
native collagen under heating conditions, exhibits limited antigenicity. 
Furthermore, it maintains the chemical and biological properties of 
collagen. Indeed, the bioactive sequences of collagen (i.e., arginine- 
glycine-aspartic acid (RGD) peptide) responsible for good cells adhe
sion properties are preserved in the gelatin backbone [27]. Gelatin- 
based hydrogels have been widely investigated in bone tissue applica
tions due to their excellent biological properties and positive effect in 
supporting osteogenesis [28–31].

Since bone is an organic/inorganic composite, including nHA in in 
vitro bone models is essential to mimic the mineralized component of 
the bone’s native microenvironment and enhance the biomimicry of the 
3D model. Furthermore, previous studies have shown that nHA modu
late the behavior of both healthy and diseased cells [27,28]. However, 
the inclusion of the mineral phase poses some challenges. While the HA 
content in natural bone is relatively high (approximately 60–70 % of the 
bone’s dry weight [21,32]), the concentration of HA used in 3D printing 
applications is considerably lower, typically ranging from 1 to 15 % by 
weight [13,33–35]), with some studies reporting even lower ranges 
[36,37]. This concentration needs to be carefully tailored based on 
factors such as the performance of the 3D printing system, the charac
teristics of the nHA particles themselves, and the properties of the 
hydrogel used in combination with the nHA particles. Another concern 
with the inclusion of the nHA in in vitro bone models is that many 
studies [34,38–40] use commercial nHA, which exhibits high variability 
in composition (including the presence of CaP phases different from HA) 
and morphology, while the use of CaPs nanocrystals with control over 
the composition, crystallinity degree and crystals dimensions is needed 
to achieve predictable and reproducible behavior in the models [41,42]. 
Moreover, among the existing studies on 3D bone printing for devel
oping in vitro bone models, only a few [13,17,18] focus on 3D bio
printing of biomimetic nanoparticles. These studies indicate that this 
approach promotes cell colonization throughout the scaffold and allows 
control over spatial distribution [13,43–45]. In this framework, 
extrusion-based bioprinting is more suitable than stereolithography and 
fused deposition modelling technologies, as it enables printing a bioink 
including living cells and biomaterials with inorganic micro- or nano- 
fillers playing as bioactive components, thus better replicating cell-cell 
and cell-ECM interactions. To allow bioprinting of bone models reca
pitulating the bone niche microenvironment, customized bioinks shall 
be developed, with suitable characteristics in terms of viscosity, print
ability and shape fidelity. Indeed, the bioink should show a shear- 

thinning behavior [46,47], thus resulting in a non-viscous fluid during 
the extrusion process and behaving as a stable gel after the 3D bio
printing process. Moreover, the 3D bioprinting process and the bioink 
composition should provide a cell-friendly environment, in which the 
encapsulated cells show high viability after the process and over all the 
investigation period, that normally range from 1 to 14 days [48–51]. 
This is particularly relevant when incorporating a ceramic phase in the 
ink, that could increase shear stress and cause cells damage [52–54].

In the present study, we focused on the development of an osteo
mimetic ink in which the organic and inorganic phases can mimic bone 
composition, evaluating its suitability for a 3D extrusion-based bio
printing approach. As organic phase, GelMA [34] was investigated in 
terms of rheological behavior, 3D printing process and parameters 
optimization. Non-commercial stoichiometric nHA was synthesized and 
considered at different concentrations as inorganic component in the 
GelMA bioink. The GelMA/nHA hydrogels were evaluated in terms of 
rheological properties, and printing process/parameters. The inclusion 
of nHA, besides increasing the model biomimicry, was expected to allow 
further tuning of the rheological properties on the ink and had a positive 
effect in terms of printing accuracy and shape fidelity [13,34,35,51]. 
After selecting the most promising inks combination, we combined these 
formulations with Saos-2 osteosarcoma cells. While GelMA/nHA bioinks 
have demonstrated compatibility with various cell lines in previous 
studies [51,55,56], in this study we propose the investigation on 3D 
bioprinting Saos-2 osteosarcoma cells. As Saos-2 cells derive from os
teosarcoma, this cell type is particularly relevant for studying bone- 
related diseases and testing therapeutic strategies. Consequently, the 
results obtained in our study hold directly applicability for developing 
3D bioprinted in vitro bone models, which are essential for advancing 
research in in vitro diseased models and drug screening applications.

2. Materials and methods

2.1. Materials

Gelatin (porcine skin, type A), methacrylic anhydride, Dulbecco’s 
phosphate buffered saline (DPBS) and photoinitiator 2-hydroxy-1-(4- 
(hydroxy ethoxy) phenyl) -2-methyl-1-propanone (Irgacure 2959) 
were purchased from Sigma Aldrich. Iscove’s Modified Dulbecco’s Me
dium (IMDM, Gibco, Thermo Fisher Scientific), fetal bovine serum 
(FBS), penicillin/streptomycin solution (P/S, penicillin 10,000 units/ 
mL, and streptomycin 10 mg/mL, P/S) and trypsin/EDTA (Trypsin 0.05 
%-EDTA 0.02 % in PBS) were purchased from EuroClone S.p.A. Ala
marBlue Cell Viability Reagent and Live/Dead Cell Imaging Kit (488/ 
570) were purchased from ThermoFisher Scientific. nHA was synthe
sized following a procedure described elsewhere [57,58].

2.2. Synthesis of GelMA and nHA addition

GelMA synthesis was performed by dissolving 10 % w/v of gelatin in 
DPBS solution at 50 ◦C [59]. After complete dissolution, 0.8 mL meth
acrylic anhydride per gram of gelatin were added under constant stirring 
conditions. Then, the reacted solution was four-fold diluted by adding 
pre-heated (T = 37 ◦C) DPBS and dialyzed against dH2O for 7 days 
(12–14 kDa cut-off dialysis tubing) to eliminate unreacted methacrylic 
anhydride and salts. The solution was filtered through filtration units 
(pores dimension = 0.22 μm), lyophilized, and stored at − 20 ◦C until 
further use. To prepare the inks, the freeze-dried GelMA (5, 7.5 and 10 
% w/v concentration) was mixed at 50 ◦C in DPBS, containing 0.5 % w/v 
Irgacure 2959. Then, nHA has been added to the DPBS solution where 
GelMA was dissolved. Thus, the nHA concentrations (0.1, 0.2, 0.5 and 1) 
are expressed as % (w/v) respect to the total volume solution (i.e., 
GelMA + DPBS). To homogeneously distribute the nHA particles within 
the GelMA + DPBS solution, sonication (Sonorex Super 10P, Bandelin, 
Germany) for 10 min was performed.
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2.3. In vitro cytotoxicity of GelMA w/wo nHA inks

Saos-2 human osteosarcoma cells were purchased from ATCC (cell 
line BS TCL 90, ATCC, Rockville, MD). Cells were maintained in IMDM 
supplemented with 1 % P/S and 10 % FBS, in incubator (37 ◦C, 95 % 
humidity and 5 % CO2). For passaging, trypsin/EDTA was used. The 
culture medium was refreshed every 3 days. Cells at 80 % of confluence 
were trypsinized and used for the following experiments: 

a) effects of UV lamp (crosslinking method) on Saos-2 cells metabolic 
activity to detect potential cytotoxic effects caused by the UV 
crosslinking. Saos-2 cells were seeded (cell density = 5 × 103 cells/ 
well) in a 24 well tissue culture polystyrene plate (TCPS) and the 
adhesion was allowed to obtain “cell adherent” samples. Then, 5 ×
103 Saos-2 cells were seeded and, before cells adhere to TCPS 
(samples labelled as “cell suspension” samples), 0.7 mW/cm2 UV 
lamp (VL-6.L 365 nm, power UV tube 6 W, Vilber Lourmat, France) 
was used for 5 min at a distance of 3 cm from the samples. Saos-2 
cells adherent to TCPS and maintained in fresh medium were used 
as control (CTRL). Cell metabolic activity was evaluated after 1, 2 
and 3 days of maintenance.

b) effects on cell metabolic activity of by-products potentially released 
from GelMA 7.5 % ink when maintained in IMDM in incubator 
(37 ◦C, 95 % humidity and 5 % CO2) for 1 day (conditioned medium, 
CM). The cell seeding density was the same as in (a) and, after 1 day 
in culture, culture medium was replaced with 500 μL/well CM and 
cell metabolic activity was evaluated.

c) metabolic activity of Saos-2 cells manually mixed with GelMA 7.5 %, 
GelMA 7.5 %/0.1 nHA, and GelMA 7.5 %/0.5 nHA inks. Saos-2 cells 
(cell density = 5 × 103 cells/10 μL) were embedded in 50 μL of the 
considered formulations and poured in PDMS molds (Ø = 4 mm, h =
2.5 mm).

After performing the crosslinking process (0.7 mW/cm2 UV lamp, t 
= 5 min, at a distance of 3 cm from the the samples), samples were 
maintained in IMDM in incubator (37 ◦C, 95 % humidity and 5 % CO2) 
and cell metabolic activity was analysed at 1, 3, 7 and 14 days to 
evaluate potential cytotoxic effects of GelMA 7.5 % and GelMA 7.5 
%/nHA bioinks.

2.4. Rheological characterization

The rheological behavior of GelMA w/wo nHA inks (GelMA 5 %, 7.5 
%, 10 %, GelMA 7.5 %/0 nHA, 0.1 nHA, GelMA 7.5 %/0.2 nHA, GelMA 
7.5 %/0.5 nHA, GelMA 7.5 %/1 nHA) was evaluated by a rotational 
rheometer (MCR 302 Modular Compact Rheometer, Anton Paar GmbH, 
Austria) equipped with parallel plates (∅ = 25 mm, gap between plates 
= 0.5 mm). Samples (250 μL) were positioned on the lower plate and 
upper plate was lowered to start the measurement (n = 2 per each). 
Silicon oil was added to avoid samples drying. Shear rate sweep tests (γ̇ 
= 0.1–1000 s− 1) were initially performed on GelMA solutions at 
different concentrations (5, 7.5, 10 % w/v) by varying the temperature 
of the test (T = 16, 22, 24 ◦C). Shear rate tests were then carried out on 
GelMA solutions (7.5 %, 10 % w/v) by adding nHA at different con
centrations (0, 0.1, 0.2, 0.5, 1.0 % w/v) and maintaining constant 
measurement temperature (T = 22, 24 ◦C). Prior to the test, samples 
were preconditioned (γ̇ = 0.1, f = 1 Hz for 60 s, and rest condition for 60 
s). Shear thinning behavior of GelMA solution (7.5 %, 10 % w/v) for
mulations added with nHA was computationally elaborated by consid
ering the Herscher-Bulkley model, by fitting a non-linear curve along the 
shear rate vs shear stress curve originated from the rheological tests. 
Herschel-Bulkley model can be summarized as in Eq. (1): 

τ(γ̇) = τ0 +Kγ̇p (1) 

where τ0 = yield point, p = flow index, K = consistency index. The p 

index describes the behavior of the bioink: if p = 1, Newtonian fluid; if p 
> 1, pseudoplastic material; if p < 1, shear-thinning material.

2.5. 3D printing optimization of GelMA w/wo nHA inks

Before performing the 3D printing process, GelMA 5 %, 7.5 % and 10 
% were tested for extrudability through a 22 G needle (inner diameter =
410 μm) at different temperatures (16, 22, 24 ◦C). The ink flow was 
assessed empirically, by extruding the gel throughout the needle (pres
sure range 10–40 kPa) using an extrusion-based bioprinter (BioX, CEL
LINK, Sweden). Based on the obtained results, GelMA 7.5 % and GelMA 
7.5 %/nHA were considered to develop the 3D printed structures. A 
four-layer scaffold with 0–90◦ pattern geometry (10*10*1.64 mm3) and 
45 % infill density was designed, according to previous studies on 3D 
structures for bone applications [27,60,61]. The 3D printing process was 
performed by setting the print-head and the print-plate temperature at 
22 and 12 ◦C, respectively. Different printing parameters were evalu
ated, and in particular 17, 23, 29 kPa for the extrusion pressure and 4, 7, 
10 mm/s for the deposition speed. After the optimization process, the 
extrusion pressure and the deposition speed were set to 23 kPa and 7 
mm/s, respectively. A pre-flow of 2000 ms was set before starting the 3D 
printing of each structure, to enable the material reaching the needle tip. 
The obtained 3D printed structures were photo-crosslinked by UV lamp 
(ʎ = 365 nm, t = 5 min, distance from the UV source = 3 cm).

To calculate the 3D printing accuracy, top-view images of the scaf
fold fiber diameters and pores dimensions (n = 3 samples) were acquired 
by optical stereomicroscopy (SM Z 18 Zoom Body Nikon, Nikon Europe 
B.V., The Netherlands) and analysed by ImageJ software (version 
1.53a). The obtained measurements were compared to the theoretical 
ones, by using Eq. (2): 

Accuracy [%] =
1
n
*
∑n

1

(

1 −
|dr − ds|

ds

)

*100 (2) 

where: n = is the number of the considered samples, dr = obtained fiber 
diameter, ds = theoretical diameter (i.e., 410 μm for 22 G needle).

2.6. In vitro stability test

Stability behavior was evaluated on the 3D printed samples (n = 3 for 
each condition, specifically GelMA 7.5 %, GelMA 7.5 %/0.1 nHA and 
GelMA 7.5 %/0.2 nHA) by measuring the residual weight (RW (%)) of 
samples after incubation in dH2O and complete IMDM at pH 7.4. The 
residual weight was calculated at different time points (t = 1 h, 1, 3, 7, 
and 14 days), by using Eq. (3): 

RW (%) =
Wt

W0
×100 (3) 

where Wt = sample weight at the selected timepoint and W0 = sample 
weight immediately after 3D printing process. The obtained RW (%) 
results were plotted as mean value ± standard deviation versus time for 
the considered formulations.

2.7. 3D bioprinting process

3D bioprinting process was performed using GelMA 7.5 % and 
GelMA 7.5 %/0.2 nHA inks and Saos-2 cells (10 × 106 Saos-2 cells/mL). 
Constructs (0–90◦ pattern geometry, 10*10*1.64 mm3 dimensions and 
45 % infill density) were bioprinted using the optimized parameters (see 
Results). After performing the crosslinking process, samples were 
maintained in complete IMDM in incubator (37 ◦C, 95 % humidity and 5 
% CO2) up to 14 days, with medium refresh every 3 days. Cell metabolic 
activity was evaluated by Alamar Blue assay and Live Dead assay at 1, 3, 
7 and 14 days, according to the manufacturer’s instructions. For the one- 
step Alamar Blue assay, the culture medium was removed and replaced 
with 10 % (v/v) of Alamar Blue solution in IMDM, and incubated (37 ◦C, 
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95 % humidity and 5 % CO2) for 4 h. The fluorescence of Alamar Blue 
solution was quantified by using a microplate reader (Infinite F200 PRO, 
TECAN, Switzerland) at λexcitation = 535 nm and λemission = 590 nm. The 
results are expressed as Relative Fluorescence Units (RFU). For each 
formulation and timepoint, the result is calculated using Eq. (4) by 
averaging the fluorescence values on n = 5 bioprinted constructs for 
each type of hydrogel (RFUBioprinted_constructs). Each construct was 
measured in triplicate.This average is then adjusted by subtracting the 
background, i.e, the fluorescence from the cell-free material (RFUCell_

free). The data are reported as mean value ± standard error of triplicates. 

RFU = RFUBioprinted constructs − RFUCell free (4) 

Cell viability was evaluated by Live/Dead Cell Imaging kit at day 1, 
3, 7 and 14, according to the manufacturer’s protocol. Briefly, samples 
(n = 3, for each timepoint) were washed with DPBS and incubated in the 
dark (37 ◦C, 95 % humidity and 5 % CO2) with the live/dead staining 
mixture for 15 min. Samples were observed by fluorescence microscopy 
(ECLIPSE E800, Nikon) and cells viability was obtained by counting the 
number of live (green) (Nviable cells) and dead (red) (Ndead cells) cells in 
five fields (20 x magnification) for each sample, by Fiji (ImageJ) soft
ware [62]. The percentage of cell viability was calculated as in Eq. (5): 

Cell viability [%]

=
Nviable cells

Nviable cells + Ndead cells
*100 (5) 

Cell viability data are reported as mean value ± standard error for 
each formulation and timepoint.

2.8. Statistical analysis

The results obtained by 3D printing optimization are reported as 
mean ± standard deviation, while in vitro biological results are indi
cated as mean ± standard error. Statistical analyses among the experi
mental groups and the time- points were accomplished by the non- 
parametric Mann–Whitney test for unpaired data [63] and, where 
appropriate, by the Wilcoxon test for paired data, using GraphPad Prism 
8 software. The following significances were considered: p-value ≤0.05 
= *, p ≤ 0.01 = **, p ≤ 0.001 = ***, p ≤ 0.0001 = ****.

Fig. 1. Selection of GelMA concentration and rheological characterization. (a) Effect of selected temperatures on GelMA concentrations (5,7.5, 10 % w/v) during the 
extrusion process. Scaffold images are obtained by stereomicroscope. Magnification: 1×. Scale bar: 500 μm. Viscosity versus shear rate plots evaluated at T = 16 ◦C, 
22 ◦C, 24 ◦C for (b) GelMA 5 %, (c) 7.5 % and (d) 10 %.
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3. Results

3.1. 3D printing and characterization of GelMA hydrogel

Different GelMA concentrations (5, 7.5 and 10 % w/v) were evalu
ated in terms of extrudability at different temperatures (16 ◦C, 22 ◦C, 
24 ◦C) (Fig. 1(a)). The GelMA concentrations and temperatures were 
selected from the literature [27,60,64,65] and empirically tested in 
terms of extrudability. Literature reports that sol-gel transition tem
perature is ≈ 20–21 ◦C for GelMA 5 %, and ≈ 24 ◦C for GelMA 10 % 
[27,66,67]. GelMA is characterized by a thermo-responsive behavior, 
thus it behaves as a liquid-like state above the sol-gel transition tem
perature, and as a gel-like state below this temperature. Therefore, a 
temperature below the sol-gel transition is required on the platform 
during extrusion-based 3D printing process. To be eligible for extrusion- 
based 3D printing, the material should be extruded smoothly through 
the needle and should retain the printed shape when deposited on the 
substrate. Insufficient viscosity, gelling behavior and/or impossibility to 
extrude continuous fibers hamper the 3D printing process. In this study, 
GelMA 5 % behaved as a weak gel near the sol-gel transition tempera
ture (T = 22 ◦C and 24 ◦C), leading to droplet formation at the needle tip 
(Fig. 1(a)). Consequently, obtaining stable fibers was difficult. 
Conversely, GelMA 10 % was too viscous to be extruded at 16 ◦C and 
22 ◦C, resulting in irregular fragments rather than homogeneous fibers 
(Fig. 1(a)). Although extrusion improved at 24 ◦C, frequent needle 
clogging occurred. GelMA 7.5 % exhibited better behavior, enabling the 
extrusion of continuous and homogeneous fibers, particularly at 22 ◦C 
(Fig. 1(a)).

To validate these findings, the viscosity behavior of GelMA 5 %, 7.5 
%, and 10 % was evaluated at 16 ◦C, 22 ◦C, and 24 ◦C (Figs. 1(b), (c), 
(d)). As observed, viscosity decreases with increasing temperature, with 
this effect being more pronounced at higher GelMA concentrations 
(from 5 % to 10 % w/v). This temperature-dependent behavior is critical 

for optimizing 3D printing process, as both excessively low and high 
viscosity negatively affect bioink printability.

GelMA 5 % showed no shear-thinning behavior at 22 ◦C and 24 ◦C, a 
key requirement for extrusion-based 3D printing. At 16 ◦C, viscosity was 
too high at low shear rates, preventing flow and extrusion.

GelMA 10 % exhibited shear-thinning behavior across all tested 
temperatures (shear rate sweep: 0.1–1000 s− 1). However, at 16 ◦C and 
22 ◦C, viscosity was too high at low shear rates, preventing extrusion. At 
24 ◦C, viscosity decreased sufficiently to allow extrusion through the 
nozzle.

GelMA 7.5 % showed low viscosity and no shear-thinning behavior 
at 24 ◦C, whereas shear-thinning was observed at both 16 ◦C and 22 ◦C. 
However, at 16 ◦C, viscosity was still too high at low shear rates for 
successful extrusion.

Although GelMA 7.5 % at 22 ◦C and GelMA 10 % at 24 ◦C exhibited 
similar viscosity and shear-thinning behavior, GelMA 10 % was dis
carded due to frequent needle clogging during 3D printing, an issue not 
observed with GelMA 7.5 %. Therefore, GelMA 7.5 % was selected as the 
most suitable concentration for 3D printing process and was further 
characterized.

To optimize the 3D printing process, different values of pressure (17, 
23, 29 kPa) and deposition speed (4, 7, 10 mm/s) parameters were 
evaluated (Fig. 2(a)).

As expected, a strong correlation was found between pressure and 
deposition speed. Indeed, too high (29 kPa) or too low (17 kPa) values of 
pressure (vs speed, 4 mm/s and 10 mm/s) led to excessive or insufficient 
GelMA hydrogel deposition, respectively (Fig. 2(a)). The other combi
nations enabled the obtainment of defined fibers. However, in this 
study, 23 kPa extrusion pressure and 7 mm/s deposition speed were 
selected as the optimized parameters to obtain reproducible and accu
rate 3D structures (Fig. 2(a)). To enhance physical gelation and support 
the shape fidelity maintenance after fiber deposition [60,68], the 
printing platform temperature was cooled down to T = 12 ◦C (i.e., below 

Fig. 2. GelMA printability assessment and cytotoxicity evaluation. (a) Stereomicroscope images (1×) of GelMA fibers by varying extrusion speed and deposition 
speed parameters. The green square highlights the optimal pressure-speed combination. Scale bar = 500 μm. (b) (i) Macroscopic image of the 3D printed scaffold. 
Scale bar = 2 mm (ii) top-view of the pores obtained by stereomicroscope (2×), scale bar = 500 μm, and (iii) side view of the 3D printed scaffold. (c) Saos-2 cells 
metabolic activity after 1d culture in CM derived from GelMA 7.5 %. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.)
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the sol-gel transition temperature).
After the 3D printing process, samples were UV crosslinked. The 

selected crosslinking process did not cause any cytotoxicity to the 
embedded cells, as shown in the Supplementary Material (figure SM1).

The 3D structures were then quantitatively evaluated in terms of 
printing fidelity and suitability as bone tumour models. The average 
dimension of fibers was measured after UV crosslinking of the 3D 
printed structures, being 509 ± 38 μm (Figs. 2(b), i, ii). The printing 
accuracy evaluated comparing the fiber diameter dimensions to the 
needle size (i.e., 410 μm) was acceptable [69], being 76 ± 9 %. The 
discrepancy between fiber diameter and needle size can be attributed to 
a partial relaxation behavior occurring upon deposition during the 3D 
printing process [70]. Indeed, correspondingly, the total height of the 
3D printed scaffold (≈ 1.61 ± 0.14 mm, Fig. 2(b), iii) is slightly lower 
(1.8 %) than the expected dimension (1.64 mm).

A preliminary biological evaluation of GelMA 7.5 % was performed 
to understand if the possible by-product release by GelMA 7.5 % might 
exert potentials cytotoxic effects on Saos-2 cells. When compared to the 
CTRL maintained in fresh IMDM, GelMA 7.5 % did not show any cyto
toxic effects in terms of decrease of cell metabolic activity (Fig. 2(c)).

3.2. 3D printing and characterization of GelMA/nHA hydrogel

The rheological behavior of the hydrogel loaded with stoichiometric 
nHA is reported in Fig. 3. Similar to GelMA 7.5 % alone, the viscosity 
behavior at different temperatures (T) and the 3D printing parameters 
were evaluated. As shown in Figs. 1(b), (c), and (d), temperature 
significantly influences viscosity behavior. At 22 ◦C (Fig. 3(a)), the 
addition of nHA has a stronger impact on bioink viscosity compared to 
24 ◦C (Figure SM2). At 24 ◦C, all formulations exhibit lower viscosity, 
likely due to the thermosensitive nature of GelMA, which facilitates 
structural relaxation.

Conversely, at 22 ◦C, the viscosity trend indicates that nHA addition 
increases GelMA viscosity, with a more pronounced effect at 0.1 %, 0.5 
%, and 1 % w/v nHA. However, all nHA concentrations exhibit pro
nounced shear-thinning behavior, with viscosity decreasing steeply from 
approximately 0.2 s− 1 for GelMA 7.5 % with 0.1 %, 0.5 %, and 1 % nHA, 
and from approximately 0.3 s− 1 for GelMA 7.5 % with 0 % or 0.2 % nHA, 
continuing up to 1000 s− 1.

To quantify the degree of shear-thinning, the p-index from the 
Herschel-Bulkley model was calculated (Table SM1, a). This index 
quantifies the extent of shear-thinning, where a lower p-index indicates 
stronger shear-thinning behavior and, consequently, improved print
ability [71].

Although the viscosity values for 0.1 %, 0.5 %, and 1 % nHA are 
similar, the presence of 0.5 % and 1 % nHA hindered the 3D printing 
process (particularly at 1 % nHA), even at 24 ◦C, despite the lower 
viscosity (Figure SM2). Conversely, 0.1 % and 0.2 % nHA resulted in 
minimal needle clogging and facilitated the extrusion of highly stable 
filaments, an effect even more pronounced compared to pristine GelMA 
7.5 % (Figs. 3(b), (c)). Although GelMA 10 % was not selected for further 
experimental development due to frequent needle clogging observed in 
preliminary trials, additional rheological measurements were conducted 
for comparison with GelMA 7.5 %. These data show a more pronounced 
or similar shear-thinning behavior (Table SM1, b) for GelMA 10 % for
mulations at 22 ◦C and 24 ◦C (Figure SM3, a, b) compared to GelMA 7.5 
%. However, the higher viscosity observed at low shear rates for GelMA 
10 %, particularly upon addition of nHA, may influence the hydrogel 
extrusion throughout the needle.

These findings confirm that shear-thinning alone is not a sufficient 
predictor of printability; and other physical parameters (e.g., dynamic 
viscoelasticity, and surface tension) also play critical roles in deter
mining extrusion performance [46].

Regarding p-index for GelMA 7.5 %, these were lower for all GelMA 
7.5 % formulations at 22 ◦C compared to 24 ◦C, confirming that stronger 
shear-thinning behavior occurs at lower temperatures and can enhance 

printability. However, temperatures below the optimal range (e.g., 
16 ◦C) caused excessive gelation and stiffness, which impaired extru
sion. These results highlight the existence of a temperature-dependent 
printability window, where optimal shear-thinning can be achieved 
without the material becoming either too solid or overly fluid.

Before proceeding with further investigations, a preliminary bio
logical evaluation of GelMA 7.5 %/0.5 nHA and GelMA 7.5 %/0.1 nHA 
was performed to assess if the addition of nHA might exert potentials 
cytotoxic effects on Saos-2 cells. No cytotoxic effects were detected 
(figure SM4, SM5); in fact, an increase in cell metabolic activity was 
observed in presence of nHA in comparison to CTRL (absence of nHA).

Regarding printing parameters, the pressure values for GelMA 7.5 
%/0.1 nHA and GelMA 7.5 %/0.2 nHA were increased to 25 and 26 kPa, 
respectively (vs 23 kPa for GelMA 7.5 %), with the deposition speed at 7 
mm/s. For GelMA 7.5 %/1 nHA, the increase in pressure values was not 
helpful to extrude the filament due to the needle clogging (Fig. 3(c)). 
Thus, there is a nHA limit concentration that can be added to GelMA 
hydrogel; in fact, above a certain concentration, nHA addition was 
detrimental for extrusion 3D printing process. Indeed, although the 
printing of 3D GelMA 7.5 %/0.5 nHA structures was possible, the needle 
clogging was frequent and resulted in non-continuous extruded fila
ments, thus impairing the obtainment of coherent 3D printed structures 
(Figs. 3 (b), (c)). Thus, 0.5 % nHA was considered as the limit concen
tration for printability. To further characterize the bioinks, a pre
liminary biological assessment of the bioinks was performed and cell 
metabolic activity of Saos-2 manually mixed in GelMA 7.5 % and up to 
GelMA 7.5 %/0.5 nHA inks was evaluated. Over time, a positive trend in 
cell metabolic activity was observed across all conditions, confirming 
the healthy state of embedded cells and the absence of cytotoxic effects 
(figure SM4, SM5). However, there was a significant difference (p ≤
0.001) in the metabolic activity of Saos-2 between GelMA 7.5 %/0.5 
nHA and GelMA 7.5 %/0.1 nHA.

For GelMA 7.5 %/1 nHA, the fiber extrusion was challenging and the 
nHA were agglomerating, creating clogs and resulting in their non- 
homogenous distribution within GelMA fibers. This led to the extru
sion of material fragments and severe needle clogging, thus resulting in 
the printing of incomplete grids (Figs. 3(b), (c)). Based on the extrusion 
results and preliminary biological assessment up to GelMA 7.5 %/0.5 
nHA, GelMA 7.5 %/0.5 nHA and GelMA 7.5 %/1 nHA were not further 
considered.

The fiber diameter dimensions of GelMA 7.5 %/0.1 nHA and GelMA 
7.5 %/0.2 nHA were measured to assess how adding nHA affects 
printing accuracy compared to GelMA alone. These measurements were 
then compared to the theoretical diameter (i.e., fiber needle size, 410 
μm). The findings, reported in Fig. 3 (d) and (e), indicate that incorpo
rating nHA leads to improved printing accuracy, with a more significant 
enhancement (p ≤ 0.05) observed as the nHA concentration increases.

The residual weight of the 3D printed GelMA scaffolds w/wo nHA 
addition was evaluated by incubating the samples at 37 ◦C up to 14 days, 
in dH2O (Fig. 4(a)) and in culture medium (Fig. 4(b)).

The 3D printed structures incubated in dH2O showed a decrease in 
weight mostly at the early timepoints (p ≤ 0.01), due to the dissolution 
of uncrosslinked GelMA macromolecules. At day 3, the residual weight 
was 70 ± 3 %, 73 ± 5 % and 75 ± 7 % for GelMA 7.5 %, GelMA 7.5 
%/0.1 nHA and GelMA 7.5 %/0.2 nHA, respectively. Then, the weight 
stabilized and remained constant up to 14 days, for all the formulations. 
In the cell culture medium, there was a significant weight loss (≈ 30 %) 
within 1 h for all the formulations (p ≤ 0.0001). However, the overall 3D 
structural integrity was maintained, as after 1 h the weight loss was 
reduced, and gradually stabilized after day 3 (residual weight 67 ± 3 %, 
69 ± 4 % and 69 ± 5 for GelMA 7.5 %, GelMA 7.5 %/0.1 nHA and 
GelMA 7.5 %/0.2 nHA, respectively), and up to day 14. No significant 
difference (p > 0.05) was observed among the formulations up to 14 
days of incubation in the two media.
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Fig. 3. GelMA 7.5 %/nHA inks and nHA effect on rheological and 3D printing properties. (a) Viscosity versus shear rate for GelMA 7.5 %/0 nHA and loaded with 0.1, 
0.2, 0.5 and 1 nHA, measured at 22 ◦C. (b) Effect of the different nHA concentrations on printability, needle clogging and cytotoxicity. (c) Extrusion test (22 G 
needle) for GelMA w/wo nHA, top view of the 3D printed scaffold obtained by optical microscope (scale bar = 200 μm) and stereomicroscope (scale bar = 500 μm), 
(d) Fiber diameter measurements on GelMA 7.5 %, GelMA 7.5 %/0.1 nHA and GelMA 7.5 %/0.2 nHA, and compared to the theoretical diameter (i.e., needle size, 
410 μm). (e) Printing accuracy evaluated for GelMA 7.5 %, GelMA 7.5 %/0.1 nHA and GelMA 7.5 %/0.2 nHA (* p ≤ 0.05, *** p ≤ 0.001).
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3.3. 3D bioprinting experiment

The 3D bioprinting experiments were performed using GelMA 7.5 % 
and GelMA 7.5 %/0.2 nHA. Saos-2 cells were homogeneously mixed 
with the inks to obtain GelMA 7.5 % and GelMA 7.5 %/0.2 nHA bioinks. 
The printing parameters used during the 3D bioprinting were the ones 
previously optimized, i.e., P = 23 kPa and P = 26 kPa, speed = 7 mm/s 
for GelMA 7.5 % and GelMA 7.5 %/0.2 nHA, respectively. Alamar Blue 
results showed a significant difference (p < 0.0001) in Saos-2 metabolic 
activity, higher for GelMA 7.5 %/0.2 nHA at all the considered time
points (at day 7, p ≤ 0.001) with a positive growing trend from day 3 to 
day 14 (Fig. 5(a)).

Concerning the Live-Dead assay, the quantification of viable cells 
demonstrated that cell viability was higher than 80 % for the two bioinks 
at all the timepoints (Fig. 5(b)), with a negligible percentage of dead 
cells. In addition, GelMA 7.5 %/0.2 nHA showed a higher number of 
viable cells, and this significant difference was sustained over time 
(Fig. 5(b)). Representative Live Dead staining images were acquired at 
the considered timepoints and showed a qualitative homogeneous dis
tribution of viable cells around the pores and the overall geometry 
(Fig. 5(c)). The survival and proliferation trend of Saos-2 cells (Fig. 5(d)) 
resulted in a qualitative cell spreading within the constructs. Regarding 
the 3D bioprinted constructs geometry, some variations in fiber diam
eter and pores due to material loss over the entire culture time were 
observed (Fig. 5(e)). Both GelMA 7.5 % and GelMA 7.5 %/0.2 nHA 
experienced a fiber diameter shrinkage, with decreases of approximately 
33 and 14 % on day 1, compared to GelMA and GelMA 7.5 %/0.2 nHA 
after 3D printing, respectively. As a result, this caused an expansion in 
pore size on day 1. The lower variability in fiber diameter for the GelMA 
7.5 %/0.2 nHA constructs is related to the nHA presence, as previously 
observed [34,51]. Nonetheless the diameter variations in culture con
ditions, both GelMA 7.5 % and GelMA 7.5 %/0.2 nHA maintained the 3D 
bioprinted resulting geometry, and the constructs supported Saos-2 cells 
viability and proliferation over 14 days.

4. Discussion

The development of 3D bioprinted bone models for investigating 
pathological conditions and drug screening purposes is raising interest 
recently but no satisfying models exist yet, due to the difficulty in 
mimicking bone tissue properties [3,13,21,44]. In this study bone 
organic and inorganic phases are mimicked by GelMA and nHA, 
respectively.

Gelatin functionalization by methacryloyl substituent groups enables 
to photocrosslink gelatin by using a photoinitiator and a UV source, by 
which the photopolymerization of methacryloyl groups occurs. The 
methacrylation substitution of gelatin and UV crosslinking enable to 
overcome gelatin instability at body temperature and cytocompatibility 
issues related to other gelatin crosslinking agents (e.g., glutaraldehyde) 

[27]. Indeed, we demonstrated that UV crosslinking process did not 
affect cells attachment and metabolic activity. Therefore, the introduc
tion of methacryloyl groups does not impact the RGD peptide, and the 
crosslinking process can be considered safe.

Regarding 3D printing, previous studies [27,35,67] have taken 
advantage of the thermo-responsive nature of GelMA, in which it be
haves as gel below the sol-gel transition temperature, thus being suitable 
for extrusion through the needle during the printing process [28,51,65]. 
According to literature, the concentration range for GelMA printability 
is usually 5–15 % w/v [13,27,60,65]. The selection of GelMA concen
tration within this range depends on several variables (e.g., 3D printing 
system, final application, use of additives). However, literature studies 
[27,66,72] demonstrated that below 5 % w/v, GelMA shows low vis
cosity and limited 3D printing process, while above 10 % w/v GelMA 
printability could be challenging due to increase in gel viscosity and 
needle clogging issues. In our study, we assessed that GelMA 5 % and 
GelMA 10 % formulations were the printability boundaries as they 
resulted in weak and too viscous gels, respectively, and were thus 
excluded from our study. In accordance with our finding, some studies 
[27,67] observed reduced printability even for GelMA below 7 % w/v. 
Within the 5–10 % w/v GelMA printability boundaries, we obtained that 
GelMA 7.5 % was adequate in terms of extrudability and post-printing 
shape fidelity. This result is in accordance with previous reports 
[73–76]. The selected GelMA 7.5 % resulted biocompatible for Saos-2 
cells and did not release potential cytotoxic by-products when main
tained in culture medium. Indeed, the conditioned medium derived from 
GelMA 7.5 % positively influenced cell metabolic activity, with higher 
RFU values in comparison to cell maintained in fresh medium, demon
strating the absence of potential cytotoxic by-products.

The GelMA 7.5 % 3D printed structures showed acceptable printing 
accuracy (> 75 %), with the pores developed in the square-pattern lat
tice ranging 550–700 μm. Although the pores size in 3D printing relies 
on many different factors (i.e., design, fibers spacing, polymer concen
tration and printing parameters), the pores range obtained in this study 
is comparable to the optimal pores dimensions (ranging from 200 to 300 
μm, and up to 1000 μm) obtained by previous studies using PU [3], 
collagen [19], PEG [18], PLLA [23] and GelMA [13] to develop 3D in 
vitro bone tumour models. Indeed, these previous studies demonstrated 
promising results in terms of cells colonization (both healthy and 
tumour cells), nutrients exchange and mechanical properties. To further 
enhance the biomimicry and obtain an ink with inorganic bone-like 
similar composition [77], stoichiometric nHA in the range 0.1–1 % w/ 
v was added to GelMA. In literature, the nHA concentration range to be 
combined with hydrogels (i.e., GelMA, hyaluronic acid, chitosan) is 
variable (0.1–5 wt%) [34–37,78], and the suitability for extrusion-based 
3D printing relies on the 3D printing setup (e.g., extrusion pressure, 
needle type and dimension) and on material properties (e.g., gel vis
cosity, nHA dimensions and aggregation behavior). Similar to our re
sults, in [36] the nHA workable range was 0.1–0.75 wt%, with clogging 

Fig. 4. Residual weight for GelMA 7.5 %, GelMA 7.5 %/0.1 nHA and GelMA 7.5 %/0.2 nHA in (a) dH2O, and (b) in IMDM cell culture medium over 14 d.
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of the 21 G needle (inner diameter = 510 μm) above 0.75 wt%. The 
inclusion of nHA, besides mimicking the bone native niche, is also 
crucial to control the physico-chemical and printability properties of the 
ink [13,34,37]. In our study, we found that increasing the nHA con
centration (up to 0.2 % w/v) contributes to enhance the filament 

extrusion and the printing fidelity compared to pristine GelMA. How
ever, we obtained that material extrusion was impaired for nHA con
centrations equal to 0.5 % (w/v) and above, due to partial and severe 
needle clogging, respectively. Moreover, we did not observe a positive 
effect on Saos-2 cells proliferation by increasing nHA concentration to 

Fig. 5. GelMA 7.5 % and GelMA 7.5 %/0.2 nHA 3D bioprinting experiment. (a) Alamar Blue assay to evaluate cell metabolic activity after bioprinting at 1d, 3d, 7d 
and 14d. (b) Quantification of Saos-2 cells viability on Live Dead staining of cells visualized at 20× (* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001). (c) 
Representative images of pores of 3D bioprinted samples, 4×, Scale bar 500 μm (d) Representative image of the fiber of 3D bioprinted sample, with dotted lines 
indicating the pores, 10×, Scale bar 100 μm. (e) Fiber diameter measurements for GelMA 7.5 % and GelMA 7.5 %/0.2 nHA at d0 (after 3D printing process), and at 
1d, 3d, 7d and 14d in culture conditions (* p ≤ 0.05, *** p ≤ 0.001, **** p ≤ 0.0001). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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0.5 % (w/v). As reported in the literature [35,36] and observed in our 
study, increasing nHA is feasible up to a certain threshold, as above 
certain range polymer and ceramic phase separation [35] was observed, 
leading to needle clogging and non-uniform extrusion of GelMA/nHA. 
However, as confirmed by the literature [33–35], nHA addition has a 
positive influence in terms of hydrogel properties and 3D printed shape 
even if used at low and narrow concentrations range. Regarding the 
stability behavior over time of 3D printed GelMA structures w/wo nHA, 
we did not observe significant difference at any timepoint due to the low 
nHA concentrations. Indeed, as reported in [35], nHA could show a 
positive effect on the stability of the 3D printed constructs for higher 
nHA concentrations (e.g., 1 and 3 % wt), as an increased residual mass 
ratio was observed. In our study, upon incubation in dH2O and IMDM, 
the 3D printed structures experienced significant weight and shape 
variations, mainly in IMDM. This led to the formation of thinner 
hydrogel fiber and larger pores diameter constituting the scaffold at 
different incubation times. This finding has been previously reported, 
and it could may be related to the influence of oxygen in hindering the 
UV effect, causing an impaired crosslinking at the hydrogel’s surface and 
resulting in the material washing out after incubation [24,34]. During 
the culture time, the material loss could be enhanced due to cells, as they 
secrete factors (i.e., metalloproteinase) that contribute to enzymatic 
breakdown process, as previously observed [79,80]. However, we ob
tained that in presence of nHA, the pores experienced significant lower 
diameter variation during the in vitro 3D bioprinting experiment, thus 
highlighting the nHA beneficial effect in preserving the 3D printed 
shape. The higher stability of GelMA/nHA samples is likely due to the 
strong physical interactions occurring between GelMA and nHA, facili
tated by the high surface-to-volume ratio of nHA, which provides more 
interaction sites with GelMA [81]. Additionally, nHA may act as a bar
rier against oxygen penetration, which could enhance crosslinking ef
ficiency by reducing the presence of oxygen that might otherwise hinder 
the crosslinking process [82,83].

Concerning the biological assessment, the selection of inks compo
sitions and 3D bioprinting process that guarantee the obtainment of 
viable and metabolically active cells is crucial to validate the model for 
further investigations. After 3D bioprinting process, a qualitative ho
mogenous cell distribution in the samples was detected for both GelMA 
7.5 % and GelMA 7.5 %/0.2 nHA and cell viability was maintained over 
80 % for both the inks at all considered timepoints, consistent with data 
in literature regarding gelatin-based hydrogels and ceramic additives (i. 
e., nHA, bioactive glass) [13,84]. The presence of the used nHA con
centrations was not cytotoxic for Saos-2 cells, and higher values of RFU 
were noticed in comparison to GelMA 7.5 %. The presence of 0.2 nHA 
regulates Saos-2 cancer cells behavior, supporting their adhesion and 
proliferation, as reported on osteosarcoma and breast cancer cells 
[38,57,85,86]. This positive effect may be related to nHA ability to 
modulate protein adsorption, thus contributing to enhanced cell pro
liferation [16]. Although this result needs to be further investigated, it 
confirms the importance of including HA in bone models. In addition, 
cell behavior was positively affected by the bioactivity of apatite, pre
vailing over the potential shear stress caused by the presence of nHA 
particles during bioprinting process, thus confirming that the needle-like 
shape of the HA particles appeared suitable for printing [57] and HA 
could be further included in 3D bioprinted complex 3D in vitro bone 
models. These data were also confirmed by the Live Dead assay. In fact, 
the quantification of cell viability by counting viable and dead cells 
showed high values of cell viability for all samples at all the timepoints, 
with a homogeneous cell distribution around the pores and a prolifer
ation trend behavior at longer culture timepoints.

From these results, it can be asserted that the GelMA, GelMA/nHA 
formulations and the 3D printed structures do not release cytotoxic by- 
products and are able to guarantee Saos-2 cell viability over time, no 
matter the observed weight loss. Moreover, the proposed material for
mulations represent potentially suitable candidates for 3D bioprinted 
bone models, as they reproduce the native bone niche composition and 

show good results in terms of 3D printing/bioprinting suitability.

5. Conclusion

In this study, an osteomimetic GelMA 7.5 %/nHA ink was proposed, 
and its suitability for bioprinting was investigated in view of its appli
cation for future in vitro study of complex bone models. Focusing on the 
investigation of osteomimetic inks is important to increase the bio
mimicry level of the models. The selected GelMA 7.5 % and GelMA 7.5 
%/nHA formulations showed suitable printability, and the 3D printing 
parameters were optimized to obtain accurate and reproducible struc
tures. We observed that nHA positively influence the 3D printing ac
curacy and the post-printing shape fidelity in physiological conditions. 
Thus, we demonstrated that nHA allow to customize the inks and tune 
the ink behavior within a suitable concentration range. No cytotoxic 
effect was observed on Saos-2 cells, neither in GelMA alone, nor upon 
nHA addition. The 3D bioprinted scaffolds were able to preserve the 
shape and allow Saos-2 cell viability (> 80 %) over 14 days, both for 
GelMA 7.5 % and GelMA 7.5 %/0.2 nHA. Here, the presence of nHA not 
only has no detrimental effect on cells, but also exerts a beneficial in
fluence, by enhancing cells metabolic activity and viability. Thus, the 
developed ink formulations are suitable to recreate a 3D bone-mimetic 
microenvironment and could potentially be used as in vitro platform 
for future disease models or drug screening purposes.
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