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3D bioprinted GelMA platform for the production of lung tumor spheroids 
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A B S T R A C T   

The study proposes a platform for the formation and culture of non-small cell lung cancer (NSCLC) spheroids, to 
obtain an in vitro model suitable for drug and therapy testing. To achieve that, traditional cell culture is compared 
to methacrylated gelatin (GelMA) 3D bioprinting, in order to explore not only the potential of the matrix itself, 
but also the impact of different architectures on spheroid formation. Starting from a systematic analysis, where 
GelMA concentration, methacrylation degree and cell seeding concentration is set; three different architectures 
(round, ring and grid) are analyzed in terms of spheroid formation and growth, using 3D bioprinting. The study 
reveals that Very High GelMA 7.5% w/v formulation, with single cells dispersed in, is the best bioink to obtain 
NSCLC spheroids. Moreover, grid architecture performs in the best way, because of the highest volume-surface 
area ratio. The designed GelMA platform can be used as a powerful in vitro tool for drug testing and therapy 
screening, that can be designed playing with four different parameters: cell concentration, GelMA methacrylation 
degree, GelMA concentration and geometry.   

1. Introduction 

Lung cancer is one of the most common tumors worldwide, next to 
prostate cancer in men and breast cancer in women (American Cancer 
Society https://www.cancer.org/). The American Cancer Society’s es
timate about 240,000 new cases of lung cancer in the United States for 
2022, and about 130,000 deaths from lung cancer in the same year. 
There are different types of lung cancer, which can be divided into two 
groups according to histological and molecular features: small and non- 
small cell lung cancer. Specifically, non-small cell lung cancer (NSCLC) 
accounts for 80% of total diagnosis. It consists of several subtypes which 
are adenocarcinoma (32–40%), squamous cells (25–30%) and large cells 
(8–16%) carcinoma [1] Nowadays; as a result of research efforts, many 
therapeutic protocols are available for lung cancer treatments [2] but, 
unfortunately, the insurgence of drug resistance and metastasis forma
tion usually leads to patients death [3,4]. In the last years, in vivo and in 
vitro models have been optimized as platforms for drug and therapy 
testing. Those can be summarized in: in vivo animal models [5,6], 
traditional 2D culture systems [7] and 3D ones, i.e. scaffolds [8,9], 
spheroids [10–14] and organoids [15–18]. In addition, 3D bioprinting 
techniques recently emerged as powerful technique to manufacture 
living tissues and organs, including of vascularized constructs [19,20]. 

In this investigation, spheroids were considered as model, to overcome 
the limitation of 2D cell culture, that oversimplifies the natural 3D in 
vivo environment [21]. Moreover, spheroids allow to limit the use of in 
vivo animal models, following the 3R principle of Russel and Burch, i.e. 
Replacement, Reduction and Refinement [22]. Spheroids are micro
tumors, in particular they are cell aggregates organized in a spherical 
shape in which cell-to-cell interactions are promoted. This 
self-assembled 3D cell culture are characterized by a diameter starting 
from about 100 μm [23]. Usually, a spheroid shows three different 
concentric zones related to the availability of oxygen and nutrients: an 
external one, in which cells are highly proliferating and migrating; a 
middle part where cells are quiescent, because of the lower amount of 
nutrients; and a necrotic zone, in which oxygen and nourishment are not 
sufficient to maintain high levels of cell viability [24]. Regarding 
spheroid size, Singh et al. [23] in 2020 highlighted the importance of 
tumor spheroid dimension in response to the drug treatment. In 
particular, they reported that spheroids of large dimensions (>400 μm of 
diameter) are not suitable for drug toxicity studies compared to spher
oids of diameter approximately 150–350 μm that produce more reliable 
and reproducible data. Lately, spheroids have been also employed to 
study NSCLC. In particular, they were useful to analyze cell-to-cell 
adhesion, chemoresistance, tumor heterogeneity and extracellular 
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matrix deposition [10]. Spheroids are commonly obtained employing 
two scaffold-free techniques: liquid overlay, which is based on the 
interruption of cell adhesion by using special non-adhesive substrates, 
and hanging drop, which takes advantages of surface tension and 
gravitational forces [12]. A drawback of these techniques is the absence 
of extracellular matrix, which can mimic the biomechanical properties 
of native tissue [25–27], in this case the tumor (that is usually stiffer 
than the healthy tissue) [28]. Consequently, in the last years, many in
vestigations have been conducted on the formation of spheroids inside 
matrices to move towards more complex 3D models [28]. Matrigel, 
collagen and gelatin are used to establish spheroids-based cell culture, so 
to provide a microenvironment similar to the extracellular matrix for the 
cancer cell population [29]. Another crucial aspect is the possibility to 
act on the architecture of the model. In the last years, 3D bioprinted 
constructs [30,31] started to be considered as good candidates for 
spheroid culture. One promising bioink is methacrylated gelatin 
(GelMA) [32–36] a photo-crosslinkable hydrogel, broadly used as cell 
culture supporting matrix for a wide spectrum of applications [37,38]. 
The main properties of this material are its excellent biocompatibility, 
biodegradability, and printability. Moreover, GelMA can be used at 
different concentrations w/v% and synthesized with different degrees of 
methacrylation. This is really important from many points of view, as 
both concentration [25,39,40] and methacrylation degree [41] could 
impact on the mechanical properties of the material. This means that 
GelMA is a really tunable material and can be a great candidate to design 
an environment where cells can experience more in vivo-like mechanical 
conditions. This work aims to investigate different GelMA bioinks to 
support not only the culture of NSCLC spheroids, but also their forma
tion from single cells [42]. Hence, GelMA bioinks were investigated at 
different degrees of methacrylation and concentrations and then 3D 
printed in three different architectures (round, ring and grid), to find the 
best conditions to set up a NSCLC spheroid in vitro model, that can be 
used for high throughput drug and therapy screening. 

2. Material and Methods 

2.1. GelMA synthesis 

GelMa was synthesized following the protocol first reported by Van 
Den Bulcke et al. [43]. Briefly, 10 g type B gelatin from bovine skin 
(Sigma Aldrich) were dissolved into Dulbecco’s Phosphate Buffered 
Saline (DPBS, Sigma) at a concentration of 10% w/v at 50 ◦C. To 
introduce methacrylic groups, Methacrylic Anhydride (MA, Sigma) was 
slowly added in different amounts (2 ml, 4 ml, 8 ml and 20 ml), ac
cording to the functionalization degree desired. Four different degrees of 
substitution were synthesized, indicated as Low, Medium, High and 
Very High respectively. The reaction lasted 2 h, then it was stopped 
diluting with an equal volume of DPBS. The resulting solution was 
dialyzed in dd-H2O with cellulose membrane (12–14 kDa molecular 
weight cutoff, Sigma) for 1 week at 40 ◦C, to completely remove 
unreacted MA. Finally, GelMA was freeze-dried. 

Formulations for cell culture support were obtained by dissolving the 
GelMA at different methacrylation degrees at different concentrations 
w/v (5%, 7.5%, 10%) in complete cell culture medium, previously 
combined with lithium phenyl-2,4,6-trimethylbenzoylphosphinate 
(LAP; 0.05% w/v final concentration) as photoinitiator at a concentra
tion of 2.5 mg/ml. The solutions were heated at 60 ◦C for 1 h and filtered 
through 0.45 μm and 0.22 μm PES membrane filters (Asimo) to sterilize. 
GelMA was too viscous to be only filtered with 0.22 μm filter, so a 
previous step of 0.45 μm filtering was performed, in order to remove 
larger particulate. All GelMA solutions were pre-warmed at 37 ◦C before 
cells were added. 

2.2. Degree of functionalization (DoF) 

2.2.1. Fluoraldehyde assay 
For the assessment of gelatin’s degree of substitution of –NH2 groups 

on gelatin (i.e DoF on lysine Lys residues), all GelMA formulations were 
dissolved in DPBS at the concentration of 2 mg/ml. Then, 300 μl of 
GelMA were mixed with 600 μl of fluoraldehyde o-phthalaldehyde 
(OPA) reagent solution. It reacts with primary amines of amino acids, 
peptides and proteins to enable fluorescent detection and quantification 
(ThermoFisher). Gelatin was used as positive control. After 1 min, 
fluorescence intensity (I) was read by using Synergy™ HTX Multi-Mode 
Microplate Reader (BioTek) at 450 nm (exc = 360 nm). DoF was then 
calculated as in Equation (1).  

DoF on Lys = [1-(Isample-Iblank)/(Icontrol-Iblank)] x 100                                1 

Where Isample was the fluorescence intensity of the GelMA solution of 
interest and Icontrol was the intensity of gelatin solution at the same 
concentration. At the end, as Lys residues presence in the gelatine chain 
is 4% [44], the total DoF on Lys was obtained. Calculations and results 
are reported in the Supporting Information file. 

2.2.2. 1H NMR 
As methacrylation reaction could also functionalize other amino 

acids in gelatine, H NMR experiments were also conducted to obtain the 
total degree of functionalization. 12 mg of each sample were dissolved in 
H2O and spectra were recorded on a Bruker Advance 400 MHz at room 
temperature. Signals corresponding to the methylene protons of the 
methacrylate group appeared at 5.4–5.7 ppm. Quantification of MA 
content was done by integration of these protons taking as reference the 
signal at 7.15–7.4 ppm, corresponding to Phe aromatic protons (which 
remain unaltered along the chemical modification reactions) [45]. 

2.3. Cell culture 

Human NSCLC cell lines, A549 and A549-GFP+ were kindly pro
vided by Dr. Valentina Monica, Department of Oncology, University of 
Torino, AOU San Luigi Gonzaga. Specifically, A549 were infected to 
constitutively express histonic protein H2B fused with the green fluo
rescent protein (GFP). Both cell lines were cultured in Gibco Bench
Stable™ RPMI 1640 GlutaMAXTM medium (Thermo Fisher) 
supplemented with 10% Fetal Bovine Serum (Sigma Aldich) and 1% 
penicillin/streptomycin (Sigma Aldrich) in a humidified incubator at 
37 ◦C, 5% CO2. All cell lines were periodically checked for mycoplasma 
contamination. 

2.4. Spheroids generation in 96 well plates 

Prior to cell seeding, 96 well flat bottom plates (Greiner bio-one) 
were covered with 30 μl of the selected GelMA formulation and incu
bated for 2 min at 37 ◦C, 5% CO2. Then, the plate surface was irradiated 
(λ = 405 nm, optic fiber LED light, I = 10 mW cm− 2) for 1 min, to induce 
GelMA photopolymerization. 

After coating formation, A549 or A549-GFP + cells were suspended 
at different cell densities (103, 2 × 103, 4 × 103, 8 × 103 or 5 × 103, 1 ×
104, 1.5 × 104 cells/50 μl, respectively) in the 37 ◦C pre-heated GelMA 
formulations and seeded onto the 96 well plate (50 μl/well). Immedi
ately after seeding, the plates were irradiated (λ = 365 nm, Asiga® Flash 
Cure Box, I = 10 mW cm− 2) for 30 s to induce the cell laden GelMA 
photopolymerization. Then, 200 μl of cell culture medium were added to 
each well and replaced every 5 days, until the end of the experiment. 
Spheroid images were captured with Eclipse Ti2 Nikon microscope 
equipped with a Crest X-Light spinning disk, after 12 days of culture. 
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2.5. Spheroids generation in bioprinted structures 

To analyze how the construct geometry can affect spheroid forma
tion, different architectures were produced with a 3D discovery bio
printer (RegenHu). Cell laden GelMA (1.5 × 104 cells/50 μl, so 3 × 106 

cells/ml) was extruded using a 3 ml UV-secure pneumatic-driven 
extrusion printhead and a nozzle with an inner diameter of 250 μm, 
directly into 6 well suspension plates (Greiner bio-one). It was then 
photopolymerized. The feed rate was 15 mm/s and the printing pressure 
was approximately 0.080 MPa. G-codes were generated using BioCAD 
software (RegenHu). Three different architectures were generated: 
round, ring and grid, with the same volume in terms of cell laden GelMA, 
so to analyze the same starting conditions. Each geometry consisted of 4 
layers, each one 500 μm thick. The samples were irradiated for 1 min (λ 
= 365 nm, Asiga® Flash Cure Box, I = 10 mW cm− 2). These photo
crosslinking conditions were chosen because the tested samples showed 
high vitality in Live and Dead assay even after 12 days of culture, and 
long-term stability of the constructs: those are coherent with the results 
obtained from FT-IR experiments, indicating marginal presence of 
cytotoxic moieties. 

The same amount of cell-laden GelMA was obtained designing the 
layers of the three structures with the same superficial area, i.e. 113 
mm2. For this reason, round structure has a radius of 6 mm, ring 
structure has an internal radius of 6 mm and an external radius of 8.5 
mm and grid structure presents 10 lines, each one with thickness of 1 
mm and length of 11.3 mm. Schematic representation of the designed 
layers is presented in Scheme 1. 

After the photocrosslinking, the samples were then submerged in 5 
ml complete cell culture medium and placed in an incubator at 37 ◦C and 
5% CO2. Cell culture medium was replaced every 5 days until the end of 
the experiments. 

2.6. Material characterization 

FT-IR spectra were collected using a ThermoScientific Nicolet iS50 
FTIR spectrometer in ATR (Attenuated Total Reflection) configuration 
64 scans were collected for each sample in the range of 4000–600 cm− 1, 
with a resolution of 2 cm− 1. Spectra were normalized taking as reference 
amide I absorption peak centered around 1635 cm− 1. To assess the de
gree of reaction of methacrylate double bonds, the decrease of the peak 
centered around 940 cm− 1 (related to CH wagging in CH=CH2 bonds 
[46,47]) was followed. 

Morphological characterization of crosslinked GelMA hydrogels was 
carried out by field emission scanning electron microscopy (FESEM, 
Zeiss Supra 40). To prepare the samples, 50 μl of GelMA were poured 
into a 96 well plate and photopolymerized as previously described. 
Then, samples were incubated overnight with 200 μl of RPMI and 
lyophilized. Before characterization, the samples were coated with a 
film of Pt/Pd 5 nm thick. For the image analysis ImageJ (Java) software 
was employed. 

3D bioprinted crosslinked GelMA structures were characterized in 
terms of printing fidelity. A 3D Scanner 3Shape E3 was used to carry out 
an evaluation of the fidelity and resolution of the 3D bioprinted archi
tecture. Talc powder was used to enable the observation. The obtained 
digital file was then compared with the digital model to evaluate 3D 

printing fidelity. 

2.7. Cell metabolic activity 

Resazurin assay (Sigma Aldrich) was performed on the bio printed 
architectures at 6 and 12 days of culture. To exclude the eventual 
contribution of the cells leakage from the printed structures, the 3D 
constructs were transferred in new well plates before starting the assay. 
Briefly, 500 μl of Resazurin (0.1 mg/ml in PBS) was added to each well 
and left in the incubator. After 4 h, the solution containing Resazurin (3 
× 200 μl for each well) was transferred in 96 well white microplates 
(Corning). The fluorescence signal of the resazurin’s reduced form, 
resorufin (exc/em: 530/590), which is proportional to the number of 
metabolic active cells, was detected by the SynergyTM HTX Multi-Mode 
Microplate Reader (BioTek). The signal resulting from the structures 
without cells was used as background. The differences between the 
technical replicates were then analyzed by two-way ANOVA. 

LIVE/DEAD cell assay kit (Sigma Aldrich) was used to evaluate cell 
viability after 12 days of culture. In detail, the bioprinted samples were 
washed twice with DPBS, stained with 1.5 μM Propidium Iodide (PI) and 
1 μM Calcein-AM for 30 min in an incubator at 37 ◦C and washed again 
with DPBS to remove the unreacted dyes. The fluorescence signals were 
detected using an Eclipse Ti2 Nikon (Tokyo, Japan) microscope equip
ped with a Crest X-Light spinning disk. 

2.8. Spheroids image analysis 

After 6 and 12 days of culture, the bioprinted samples were washed 
with DPBS, fixed with Paraformaldehyde, 4% (Alpha Aesar) for 1 h at 
room temperature (RT), washed again three times with DPBS and stored 
at 4 ◦C until staining. Each structure was stained with WGA Alexa 
Fluor® 647 conjugate (Thermo Fisher scientific) and DAPI (Sigma- 
Aldrich). In details, the samples were washed with DPBS and stained 
with 5 μg/ml WGA Alexa Fluor® 647 conjugate, for 1 h at RT. Then, 
samples were permeabilized with 0.25% Triton x-100 (Sigma-Aldrich) 
for 30 min at RT and stained with 0.4 mM DAPI for 3 h at RT. Fluorescent 
images were collected using an Eclipse Ti2 Nikon microscope equipped 
with a Crest X-Light spinning disk. 

For the diameter analysis, at least five images for architecture 
(round, ring or grid), for each condition (GelMA 7.5% High and Very 
High) and time point (6 and 12 days) were analyzed by using the soft
ware ImageJ. The size distribution analysis was generated using the 
software tool. The diameters were obtained arithmetically and their 
distribution was expressed in terms of frequency (%) of each diameter in 
each geometry. 

Scheme 1. Structures design, with corresponding dimensions.  

Fig. 1. Selected 1H NMR spectral regions of gelatin and GelMA, and peak 
assignment for phenylalanine (Phe), methacrylate (MA and lysine 
(Lys) protons. 
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3. Results 

3.1. GelMA degree of functionalization determinated by 1H NMR 

As can be seen in Fig. 1, increasing the amount of MA added during 
the reaction, it is found a simultaneous decrease of the protons corre
sponding to Lys residue (signal at 3.0 ppm) and an increase of the 
methacrylate signals at 5.4–5.7 ppm. 

The values obtained (2.1%, 2.5%, 3.1% and 4.1% w/w) were sub
stantially similar to those determined by titration of amino groups (i.e. 
2.5%, 2.8%, 3.1% and 3.9%, results showed in Fig. S1), which is in 
accordance to other author’s findings [44]. This means that meth
acrylation reaction takes place almost exclusively onto primary amino 
groups of Lys, at least under the described experimental 

functionalization conditions. 

3.2. Selection of GelMA formulation and A549 density for spheroids 
formation 

A systematic analysis was conducted on A549 spheroid formation 
and growth in different crosslinked GelMA formulations and with 
different cell concentrations, to identify optimal conditions. The aim 
was a preliminary screening of the matrices to quick and easily select the 
most promising conditions, so to evaluate afterwards the behavior of the 
selected matrices in forming 3d bioprinted constructs. Indeed, 
mimicking of tumor microenvironment features is a crucial point in the 
development of an efficient 3D culture system. To test different condi
tions and be able to select the best one, DoF was modulated during 

Fig. 2. Representative brightfield images of A549 seeded at different densities (5.0 × 103, 1.0 × 104,1.5 × 104 cells/50 μl) and cultured in crosslinked GelMA 
hydrogel for 12 days. Here, we reported as an example the GelMA 10% w/v with Medium degree of methacrylation. 4× magnification is provided in green squares. 
Scale bar: 100 μm. 

Fig. 3. Brightfield images of A549 cultured in not suitable conditions: GelMA Low formulations concentrated a) 5% w/v, b) 7.5% w/v and c) 10% w/v, GelMA 
Medium 5% w/v d), GelMA High 5% w/v e), GelMA Very High 5% w/v f). Scale bar: 100 μm. 
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GelMA synthesis. This modification also influences other parameters, 
like chain mobility and conformation [48], which ultimately can affect 
spheroid growth and invasion [49]. 

Furthermore, degree of conversion was evaluated by FT-IR, 
evidencing high conversion degree (>80%, Supporting Information, 
Fig. S2), not inducing cytotoxic effects. 

3.2.1. Selection of A549 density 
First of all, three seeding densities (5.0 × 103, 1.0 × 104, 1.5 × 104 

cells/50 μl) were analyzed, leaving the cells growing in different 
crosslinked GelMA hydrogels, in terms of concentration and meth
acrylation degree for 12 days. A systematic analysis, based on brightfield 
images of each condition was performed. The optimal spheroids were 
identified as cell aggregates with a uniform morphology, a round shape 
and defined external boundaries. The spheroids should appear as a 
translucent ball, with a darker core and increasing dimensions [50]. 
During the analysis, the optimal GelMA formulation was selected as the 
one able to produce a lot of big cell aggregates. Fig. 2 shows some 
representative images of A549 spheroids. As already reported in a first 
concentration screening (Supporting Information, Fig. S2), in all GelMA 
tested there was a correlation between the initial cell seeding density 
and the spheroid formation. A clear difference was visible between 5.0 
× 103 and 1.0 × 104 cells seeding densities, with a higher number of cell 
aggregates detected in the second one. The same behavior was not so 
evident, increasing densities to 1.5 × 104 cells, clearly suggesting that 
there was a threshold like trend. The selected cell starting concentration 
was 1.5 × 104 cells/50 μl (3 × 105 cells/ml), because it performed more 
homogeneously comparing the different GelMA methacrylation degrees 
and concentrations. 

3.2.2. Selection of GelMA 
The A549 spheroid formation, starting from the cell concentration of 

1.5 × 104 cells/50 μl (3 × 105 cells/ml), was tested in different cross
linked GelMA solutions, varying both GelMA concentration (5, 7.5, 10% 
w/v) and methacrylation level (Low, Medium, High, Very High), start
ing from the cell concentration of 1.5 × 104 cells/50 μl (3 × 105 cells/ 
ml). This investigation allows to assess the impact of these parameters 
on cell behavior. Comparing different gelatin concentrations for the 
same DoF, it was clear that only the highest one (Fig. 3 c) allowed the 
formation of cell aggregates, while in the lowest (Fig. 3 a and b), no 
spheroids were observed. Moreover, in all crosslinked GelMA Low for
mulations, cell sedimentation and adhesion to the bottom of the well 

plate was observed. The same phenomenon was observed for low con
centration of GelMA, even if with a higher degree of functionalization 
(Fig. 3 d-f). This phenomenon can be related to the low crosslinking 
degree in hydrogels obtained using precursors with low methacrylation 
degree [48], or obtained from low concentrations of precursors. In both 
the cases cells showed a tendency to deposit and begin to grow in 2D. 
Consequently, all Low GelMA formulations and the 5% concentrations 
were excluded from further investigations. 

Further investigations were made on GelMA 7.5% and 10% w/v, 
with Medium, High and Very High degree of methacrylation. The 
representative brightfield images acquired after 12 days of culture and 
depicted in Fig. 4, showed that all these crosslinked GelMA formulations 
allowed the formation of spheroids, even with differences between the 
samples. Interestingly, aggregate formation in 7.5% crosslinked GelMA 
increased with higher degree of methacrylation. In particular, High and 
Very High formulations (Fig. 4 b and c), showed a major extent of 
spheroids with a round cell morphology compared to Medium one 
(Fig. 4 a), in which many single cells or really small aggregates were 
more numerous. On the contrary, for what concerns the 10%v/w 
formulation, GelMA Medium (Fig. 4 d) appeared to be the best condition 
for spheroid formation, even if not comparable with GelMA 7.5% High 
and Very High (Fig. 4 b and c). Indeed, in crosslinked GelMA Medium 
10%, many round cell aggregates appeared after 12 days, while in the 
High and Very High formulation at 10% w/v (Fig. 4 e and f), few round 
shape spheroids were detected and the majority of cells did not integrate 
in compact spheres. Furthermore, the images acquired for these last two 
formulations appeared less clear due to a loss of transparency of the 
matrix, making them unsuitable for microscopy analysis. 

Even if further investigations are needed to fully explain these re
sults, it is possible to speculate that the matrix methacrylation plays a 
driving role in matrix stiffness [41] and in spheroid formation. Indeed, 
as already reported in the literature [51,52], too rigid matrix makes 
spheroid expansion difficult, as well as hinders cell movements and 
aggregation. While, on the contrary, too soft matrix does not constrain 
the cells to grow in aggregates, promoting cell migration and allowing in 
some cases the sedimentation. Indeed, considering our results, the best 
GelMA formulation for spheroids formation are the ones whose prop
erties promote cell confinement without limiting their proliferation and 
expansion. Therefore, the 7.5% High and Very High, that represent 
conditions between the lowest methacrylated (Medium 7.5% and 10%) 
and the highest methacrylated and concentrated formulations (High and 
Very High 10%) represented the election conditions. 

Fig. 4. Brightfield images of spheroids in different GelMA formulations. Scale bar: 100 μm. 4× magnification is provided in green squares.  
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After these preliminary investigations, we chose GelMA High and 
Very High 7.5% as matrix bioinks for spheroids formation in bioprinted 
structures. 

3.3. Scanning electron microscopy of GelMA solutions selected for 3D 
bioprinting 

After selecting GelMA High and Very High (concentration of 7.5% 
w/v) as bioinks for the following 3D bioprinting step, a further inves
tigation on microscale was carried out through Scanning Electron Mi
croscopy (SEM) as shown in Fig. 5 a-d. To analyze and quantify the 
differences between the selected bioinks, ImageJ software was 
employed. First of all, pore area and percentage of the area occupied by 
porosity were estimated. Interestingly, pore area was not so different 
between the two formulations, as visible in Fig. 5 e. Pore area was 122 ±
212 μm2 for High 7.5% and 160 ± 211 μm2 for Very High 7.5%, 

therefore slightly larger in Very High 7.5% formulation, even if no sta
tistical significance was witnessed. On the contrary, High 7.5% formu
lation showed a % of porosity of 26% and Very High 7.5% of 14% (Fig. 5 
f), resulting in a denser material. This difference in density could be 
associated with different mechanical properties [53], with higher gel 
hardness and stability for Very High 7.5% formulation. The higher % of 
porosity of crosslinked GelMA High 7.5% could promote the exchange of 
nutrients and waste products during cell culture. Porosity was also 
analyzed in terms of solidity (Equation (2), Fig. 5 g), to have an idea of 
the porosity jagging, and of circularity (Equation (3), Fig. 5 h), where 
circularity = 1 describes a perfect circle. The differences between GelMa 
High 7.5% and Very High 7.5% in terms of these two parameters were 
not statistically significant, therefore, for what concerns the pore shape, 
the two formulations were quite equivalent. 

Solidity=
Area

Convex area
2 

Fig. 5. SEM images of crosslinked GelMA hydrogels a) and b) show GelMA High at magnifications, respectively, of 250× an 500×, c) and d) show GelMA Very High 
at magnifications, respectively, of 250× an 500X e) analysis of pore area f) porosity % on the total area g) analysis of solidity h) analysis of circularity. 
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Circularity=
4 ∗ π ∗ Area
Perimeter2 3  

3.4. 3D bioprinting GelMA architectures for spheroids generation 

To explore the potential of the selected GelMA bioinks to produce 3D 
models for the study of cancer spheroids, three different architectures 
were designed and translated in G-code using BioCAD software 

Fig. 6. a) CAD model, b) heath map (measurement unit is mm) and c) picture of crosslinked GelMA bioprinted grid architecture.  

Fig. 7. a) Images of spheroids stained WGA-DAPI. Scale bar: 10 μm. Analysis of aggregates diameters measured after 6 and 12 days of culture expressed as frequency 
of each diameters class for crosslinked GelMA High and Very High bioprinted architecture (x-axis shows the aggregates diameter, measurement unit is μm). 
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(RegenHu, Switzerland): a circle, a ring and a grid. As reported in the 
Material and Methods section, all the structures were printed using the 
same amount of cell laden GelMA. Consequently, the three structures 
differ from the spatial organization of the laden cells and from the sur
face area exposed to culture medium, that could affect nutrients and 
oxygen supplying and therefore the spheroid formation and growth 
[54]. Surface area/volume ratio was calculated for the three geometries, 
resulting in 12.8 for circular architecture, 21.3 for the ring one and 49.0 
for the grid one. To evaluate the shape fidelity of the bioprinted archi
tectures (Fig. 6 c) with the CAD model (Fig. 6 a), the most complex 

structure, the grid, was analyzed with a 3D scanner. As appreciable in 
the heat map (Fig. 6 b), the discrepancies between the CAD and the 
printed structure were often lower than 0.2 mm (green color), which 
confirms the good printability of these GelMA bioinks. 

3.5. Evaluation of spheroid formation and evolution in the bioprinted 
architectures 

To follow the growth of cell aggregates in bioprinted systems, cells 
and aggregate diameters were analyzed using the confocal fluorescence 
microscopy, after 6 and 12 days of culture. The samples were fixed and 
stained with wheat germ agglutinin (WGA) Alexa fluor 647 conjugated, 
which binds to sialic acid and N-acetylglucosaminyl residues, resulting 
in a cell surface staining, allowing the measurement of cells and ag
gregates diameters (Fig. 7 a). 

As shown in Fig. 7 b, which reports the aggregates’ diameters of each 
material in each configuration, over time a slight increase in size 
diameter (at least in the higher diameters) was observed in all the 
samples, with similar trends in both High and Very High formulations. 
However, grid architecture supported the growth of aggregates with 
higher diameters, with elements that exceeded the 100 μm at 12 days. 
Crosslinked GelMA Very High in grid configuration shows spheroids 
with the highest diameters. Similarly, also in ring architecture an 
increasing trend was observed in both High and Very High formulations. 
The higher spheroids dimensions in grid architecture could be ascribable 
to the better exchange of oxygen and nutrients, due to the higher surface 
area exposed to the cell culture medium (grid > ring > round). For this 
reason, 3D bioprinting and the possibility to have different geometries is 
a crucial tool to be able to tune cancer cell behavior. 

Only the grid architecture was able to give rise to cell aggregates 
definable as spheroids, which indeed display a diameter >100 μm [23]. 
However, considering the increase of aggregates size over time in the 
other two architectures, we could suppose that they do not prevent 
spheroid formation, but maybe need more time to allow aggregates 
growing. With the right geometry, both High and Very High GelMA 
7.5% formulation could be considered good bioinks, in which to explore 
the spheroid formation and evolution. 

To elucidate differences between GelMA formulations and architec
tures in terms of cellular metabolic activity, Resazurin assay was per
formed. This test allows to check cell metabolic activity inside the 
bioprinted samples and, not requiring cell lysis, to monitor the growth 
kinetics at different times. Fig. 8 displays cell metabolic activity inside 
the different architectures checked at 6 and 12 days. 

Fig. 8. Cell metabolic activity inside the different crosslinked GelMA bio
printed architectures detected at 6 and 12 days of culture. Statistical analysis 
was performed with two-ways ANOVA (*p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001). 

Fig. 9. Fluorescent images of LIVE/DEAD assays of A549 cells after 12 days of cultures in the 3D bioprinted architectures. Scale bar: 100 μm. Green squares represent 
3D z-stack confocal microscopy reconstructions of representative spheroids. Squares are 200 μm × 200 μm. 
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The results are in good agreement with the WGA-DAPI investigation. 
In fact, compared to round and ring architectures, the grid showed the 
highest extent of cell growth in both crosslinked GelMA hydrogels (High 
and Very High). In particular, from this analysis emerged that A549 
cells, if in the grid architecture, prefer the most methacrylate GelMA 
with a statistically higher cell metabolic activity in the Very High 
formulation compared to the High ones after 12 days (p < 0.0001). 
Moreover, a wider difference between round and ring architectures was 
detectable in Very High 7.5% formulation and cell metabolic activity in 
the bulk round architecture was higher in High 7.5% formulation. 

To obtain a qualitative analysis of the cell viability, live and dead 
assay after 12 days of culture was performed in all architectures and 
formulations. As clearly visible in Fig. 9, this assay confirms that the 
differences in the cell growth are not related to a higher mortality 
(vitality>95%), but to a different extent of cell growth in the different 
samples (grid > rings > round). Indeed, these images showed that 
almost all the cells displayed the green-fluorescent calcein-AM signal, 
which discriminates the live cells from the red stained dead cells. This 
data further confirmed that GelMA 7.5% is an optimal concentration to 
synthesize bioinks for cell culture experiments, both with High and Very 
High degree of methacrylation. In fact, the lack of dead cells inside the 
bioprinted architectures proves that this kind of matrices are suitable to 
sustain the cell growth in 3D model with good dimensions, considering 
the thickness of our bio printed structure of 2 mm. 

In addition, again this data suggests that the system could continue 
to grow over time, generating bigger and viable spheroids after a longer 
time of culture. 

To investigate the possibility to perform a longer culture without 
decreases in terms of cell viability, the 3D printed constructs were 
cultured for 18 days. Focusing on the signal from the single spheroids, 
we didn’t observe any clues of lack of nutrient, indicating that at this 
time point, oxygen and nutrients were able to reach the core of these 
aggregates (Fig. 10). Moreover, it is possible to qualitatively observe 
that after 18 days of culture, crosslinked GelMA Very High shows more 
and bigger spheroids than High formulations. 

4. Discussion 

This study aimed to exploit the versatility of GelMA and its advan
tages in terms of biocompatibility and printability [37], to develop a 3D 
in vitro platform for the formation and culture of NSCLC spheroids. This 

can be of particular interest in the field of drugs and therapies screening, 
since spheroids are nowadays considered a promising method to 
improve cell viability and metabolic activity, to facilitate cell-cell in
teractions and to induce the release of signaling molecules close to the in 
vivo environment [11]. 

The first tests aimed to select from one side the right initial cell 
concentration and from the other side the right GelMA matrix, in terms 
of both DoFs and concentration % w/v. As expected, too low cell con
centrations do not allow the formation of aggregates and spheroids [55] 
and the best concentration was 3 × 105 cells/ml. It has to be highlighted 
that in this study the spheroid formation and growth was evaluated not 
only exploring different GelMA concentrations, as in other studies [42], 
but also varying GelMA degree of methacrylation, which could play a 
pivotal role in the cellular behavior. 

From the matrix side, it has been hypothesized that matrix meth
acrylation and porosity play a driving role in spheroid formation. 
Indeed, the highest concentrated and methacrylated GelMA formula
tions (High and Very High 10%) probably made spheroid expansion 
difficult. On the contrary, GelMA Medium 7.5% and 10% were not able 
to constrain the cells to grow in aggregates, allowing in some cases the 
sedimentation. Considering these results, we chose GelMA High and 
Very High 7.5% as matrix bioinks for spheroids formation in bioprinted 
structures. 

After the 3D bioprinting, spheroids formation and growth were 
monitored. From the experiments emerged that only grid architecture 
was able to give rise to cell aggregates which can be consider spheroids 
in terms of dimensions [23]. Noteworthy, considering the increase of 
aggregates size over time in the other two architectures, they may need 
more time to allow aggregates to evolve in spheroids. As discussed in the 
Results part as well, Singh et al. [23] reported that spheroids of large 
dimensions (>400 μm) are not suitable for drug toxicity studies while 
spheroids of size approximately 150–350 μm can produce more reliable 
and reproducible data. 

GelMA Very High 7.5% in grid configuration presented spheroids 
with the highest diameters. Another important result was in terms of cell 
metabolic activity: GelMA Very High 7.5% not only displayed a statis
tically higher cell metabolic activity in grid configuration at 12 days, but 
also a huge difference in cell metabolic activity trends between round 
and ring configuration. Moreover, in GelMA High 7.5% cell metabolic 
activity in round architecture was higher than in Very High 7.5%, same 
geometry. To better understand this behavior, we also observed SEM 

Fig. 10. 3D z-stack confocal microscopy reconstructions of sample sections coloured with LIVE/DEAD assay and imaged after 18 days of culture. Scale bar: 200 μm.  

S. Villata et al.                                                                                                                                                                                                                                  



Bioprinting 36 (2023) e00310

10

images and analyzed the porosity. We supposed that in general GelMA 
Very High 7.5% supports better spheroids growth due to the higher 
density, but that the lower % of porosity results in the hindering of 
nutrient. On the contrary, the higher percentage of porosity in GelMA 
High 7.5% could be able to let nutrients enter the structure more easily, 
feeding also spheroid in the core of the bulk round architecture. This 
means that to exploit the great potential of GelMA Very High in terms of 
spheroid growth support, we have to play with the geometry, exposing 
to nutrients the highest amount of surface area possible. For this reason, 
3D bioprinting is an essential tool to develop this novel platform, in 
order to be able to reproduce the architecture that performs better. 

5. Conclusions 

To conclude, a 3D in vitro model of NSCLC has been developed. In the 
constructs, cells give rise to spheroids that, as mentioned before, better 
mimic the in vivo environment. This has been possible playing with four 
main parameters: cell concentration, GelMA methacrylation degree, 
GelMA concentration and geometry. This gives the researcher the pos
sibility to tune the properties of the system to obtain the conditions 
desired. Moreover, this systematic analysis and combination of various 
parameters could be used as model to investigate the best solution also 
in in vitro models of other tissues and organs. 

In the future it would be of interest to both culture the models for 
longer time to increase spheroid dimensions and to add one of the most 
important components that is missing in the depicted model: the stroma. 
Indeed, the crosstalk between the tumor cells and the stroma would 
reveal interactions which would enhance the similarity between the 
model and the in vivo environment [10]. 
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