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Hydrogel-based 3D in vitro models comprising tumor ECM-mimetic biomaterials exhibit superlative
potential as preclinical testing platforms for drug discovery and bioperformance screening. However,
during hydrogel design and testing stages, the ideal selection between cancer cell laden 3D models or
spheroid embedded hydrogel platforms remains to be elucidated. Selecting a disease-mimicking cellular
arrangement within ECM hydrogels is paramount for anti-cancer therapeutics performance evaluation and
may lead to differential outcomes. To investigate the effects assigned to varying cellular-arrangement, we
developed dense 3D spheroid microtumors and cell-laden MG-63 osteosarcoma platforms embedded in
GelMA and Matrigel ECM-mimetic scaffolds. These platforms enabled cancer cells/3D microtissues matu-
ration and lorlatinib drug performance screening. Initial 3D spheroids assembly via the liquid overlay tech-
nique, resulted in the fabrication of dense cellular aggregates with reproducible size, morphology and
necrotic core formation, thus mimicking the native tumor. Upon in vitro maturation, MG-63 spheroids
encapsulated in hydrogel scaffolds exhibited significantly higher invasion and drug resistance than their cell
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laden hydrogel counterparts. Such data reveals inherent physiological and drug response variances among
randomly distributed osteosarcoma cells and 3D spheroid-laden hydrogels. Overall, this highlights the
importance of evaluating different cellular aggregation states when designing ECM-mimetic hydrogels for
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Introduction

In the last decades, researchers endeavored to capture the
complexity of the tumor microenvironment (TME) in a labora-
tory setting by developing various types of in vitro and in vivo
models. However, despite significant advances in the available
preclinical testing platforms, the attrition rates in pharma-
ceutical development and drug discovery pipeline remain
remarkably high.

During in vitro preclinical testing stages, bidimensional (2D)
cell cultures still remain the gold standard models for bench-
marking cancer research and for rapidly screening candidate
anti-cancer therapeutics."” Nevertheless, researchers are increas-
ingly recognizing that traditional 2D in vitro models established
in tissue culture treated polystyrene flat substrates are in essence
monolayers and overly simplistic. Monolayer culture models ulti-
mately fail to recapitulate key human tumor hallmarks including
the complex three-dimensional (3D) architecture of solid
tumors, the pH/nutrient/metabolite gradients, necrotic regions,
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in vitro tumor modeling and high-throughput screening of anti-cancer therapeutics.

as well as the 3D cell-cell and cell-matrix interactions, all of
which are instrumental for mimicking cancer complexity.®* In
the long run, conventional 2D cultures have been unable to
provide robust data that can predict the performance of new
anti-cancer compounds with proper correlation with the in vivo
scenario.”” On the other hand, despite xenograft in vivo models
reveal higher physiological relevance in the study of malignant
diseases, they are complex, low-throughput, often involve immu-
nosuppressed animals and do not recapitulate the human ana-
tomic scale.®® These fundamental limitations have encouraged
the development of more physiomimetic 3D microtumors by
using advanced in vitro laboratory setups.?

3D in vitro microphysiological tumor models outperform
standard 2D platforms by recapitulating solid human tumors
complexity and key disease hallmarks including gene
expression patterns.>®'®'! In a laboratory setting such tumor-
mimicking 3D cell cultures have been generated through two
different approaches: (i) scaffold-free 3D tumor spheroid
models comprising cell-rich aggregates assembled by self-
aggregation,’>* as well as (ii) scaffold-based platforms com-
bining cancer cells and ECM-mimetic biomaterials.”"®
Although scaffold-free, cell-rich 3D spheroid platforms closely
mimic oxygen/nutrient/pH gradients of human solid tumors,
these models do not recapitulate tumor-ECM components at
initial development stages."*"®"” Such limitations are overcome
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in scaffold-based models comprising cancer cells laden in a
ECM-mimetic hydrogel to form a 3D in vitro model that more
closely resembles the in vivo set up. To date, biomaterials such
as Matrigel™, collagen, gelatin and hyaluronic acid have been
explored to formulate hydrogel platforms for 3D in vitro tumor
modeling since they more closely recreate native ECM cues than
heir scaffold-free counterparts.”'® However, to date few funda-
mental aspects regarding the development of cell-laden hydro-
gel models for 3D in vitro disease modeling have been
addressed. Particularly, the influence of cancer cells arrange-
ment upon incorporation in scaffold-based ECM-mimetic
hydrogels during their design and testing stages is a key para-
meter to be evaluated. At this stage, differential and random cel-
lular arrangements in hydrogels matrix may impact cell-cell
adhesion, physiology and drug resistance, therefore influencing
therapeutics bioactivity screening. Addressing this parameter
may provide new insights into the development of cell-rich
ECM-mimetic hydrogels that better recapitulate in vitro the
physiology and drug response of realistic in vivo tumors.

Herein, we fabricated osteosarcoma tumor models com-
prised either by cell-laden or 3D-spheroids embedded in ECM-
mimetic hydrogel to evaluate the influence of cellular aggrega-
tion state on cellular metabolic activity, invasive potential and
response to a standard-of-care chemotherapeutic drug. Overall,
the results demonstrated that MG-63 osteosarcoma spheroids
embedding in tumor-ECM mimetic scaffolds provided a better
platform for the recapitulation of solid tumor invasive poten-
tial and resistance to anti-cancer therapeutics in comparison
to their single cell laden hydrogels.

Results and discussion

During the design stages of 3D in vitro models the influence of
differential cellular aggregation states i.e. (i) cell-laden hydro-
gels with dispersed cells versus (ii) preformed 3D spheroids and
post-embedded in hydrogels — should therefore be further
investigated. In this study, such effects were evaluated by
seeding pre-established MG-63 osteosarcoma spheroids in
ECM-mimetic scaffolds comprised of GeIMA or Matrigel hydro-
gels. The interest in these two biomaterials is related to fact
that GeIMA and Matrigel have both shown significant promise
as tumor ECM-mimetic platforms in several studies.'®?°
Matrigel™ is a commercially available ECM>'*? a natural base-
ment membrane matrix extracted from Engelbreth-Holm-
Swarm (EHS) mouse sarcoma and comprises a mixture of
several ECM proteins (collagen, fibronectin, laminin, filamin,
actin, etc.) and growth factors (EGF, TGF-B, NGF, PDGF, IGF,
FGF, etc.).”® This biologically active platform has been useful as
support matrix of 3D cancer models that aim to study cancer
progression, angiogenesis, metastasis process and drug-screen-
ing.** In addition, gelatin was selected because it is a biomater-
ial derived from collagen type I, the major component of
tumor-ECM and of the bone microenvironment. It retains
natural cell-binding sequences (e.g. Arg-Gly-Asp-RGD) and pro-
tease sensitive sites for matrix metalloproteinases (MMPs),
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being therefore useful for modeling cell attachment, motility,
survival and differentiation.>®*® Commonly, gelatin chemical
versatility allows its modification (e.g. reaction with methacrylic
anhydride to yield GeIMA) in order to produce photocrosslink-
able gelatin hydrogels which has been widely used for mimick-
ing native ECM in in vitro disease models.?”*® According to pre-
vious reports, GelMA 10% upholds cell viability, stimulates pro-
liferation and yields culture stable gels, showing a higher pro-
liferation rate compared to other GelMA concentrations.?**°

Therefore, three distinct osteosarcoma in vitro models com-
prised by (i) osteosarcoma 3D spheroids (scaffold-free control),
(if) 3D spheroids embedded in ECM-mimetic hydrogels and
(iii) cancer cells laden in ECM-mimetic hydrogel were estab-
lished and characterized regarding their metabolic activity,
growth dynamics, invasive potential and susceptibility to lorla-
tinib, a potent chemotherapeutic.

ECM-biomimetic matrix formulation and characterization

To provide a better in vitro/in vivo correlation hydrogel-based
disease models must provide biomimetic cues to support cell
adhesion and hence recapitulate the tumor microenvironment
in an in vitro setting.'® Previous studies reported that both
GelMA and Matrigel hydrogels provide a suitable environment
for cellular proliferation in 3D and allow nutrients diffusion
through their network during culture at 37 °C, 5% CO,.*"
Adding to this, hydrogels physicochemical properties play a
key role in in vitro cancer cells spreading, migration, and
differentiation. Rheological analysis was performed to charac-
terize GelMA 10% and Matrigel photo- and thermal cross-
linking process, respectively, as well as the resulting visco-
elastic properties of these ECM-mimetic hydrogels (Fig. S17).
The obtained results indicate that GelMA 10% scaffold has the
highest storage modulus of the tested hydrogel formulations.
The obtained Matrigel’s storage modulus is similar to that
reported in the literature, with this supporting matrix behaving
mostly as a soft biomaterial.**%?

Having characterized the supporting matrixes for establish-
ing the scaffold-based models we then optimized the formu-
lation of the control scaffold-free osteosarcoma 3D spheroids
by using the liquid overlay technique.

3D MG-63 spheroids assembly and characterization

3D tumor spheroids are generally established via a streamlined
cell-mediated self-assembly in vitro through different tech-
niques.** These models retain 3D cell-cell adhesion promoting
a more physiologically accurate response to the surrounding
microenvironment and prolongs cell survival.® Moreover, 3D
spheroids better recapitulate dense solid human tumors hall-
marks including the establishment of nutrient, oxygen and pH
gradients from the proliferative outer rim to the tumor core.
Prior to the assembly of 3D osteosarcoma spheroids-laden
hydrogels, a preliminary optimization of MG-63 spheroid cul-
tures with different cell densities (e.g. 10 000, 20 000 to 30 000
cells - SP10, SP20, SP30) was performed. Image analysis over
time allowed to access 3D spheroids growth, compaction along
time and circularity (Fig. 1). Such variations in cell densities
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Fig. 1 Optimization of 3D MG-63 spheroids with different cellular den-
sities SP10 — 10 000, SP20 — 20 000 and SP30 — 30 000 cells, and their
evolution from 3 to 14 days of culture. (A) Schematics of osteosarcoma
spheroids assembly via the liquid overlay technique in ultra-low
adhesion (ULA) plates; (B) 3D spheroids morphological analysis by
optical contrast microscopy; (C) spheroids area quantification; (D) quan-
titative circularity measurements (1 = perfect circle, O = line). Data is pre-
sented as mean + s.d., n = 5. Scale bar = 500 pm.

were explored to establish 3D osteosarcoma models with sizes
that are reported to promote the establishment of biomimetic
nutrient, pH and hypoxic gradients (spheroids size
>400-600 pm in diameter)."”*> Alongside, we also aimed to
verify the establishment of the characteristic necrotic core and
maintenance of spheroids shape uniformity over culture
period, so as to assure batch-to-batch reproducibility.

The MG-63 3D spheroids micrographs (Fig. 1B) demon-
strate that over the period of 14 days, the formed spheroids
had a gradual process of aggregation, becoming a more
compact and circular 3D microtissue along time (Fig. 1C and D).
MG-63 spheroids with cellular density of 30000 cells (SP-30)
presented the largest areas, with associated diameters of
approximately 470-500 pum. During the culture period all
scaffold-free models maintained their morphological features.

This journal is © The Royal Society of Chemistry 2020
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Characterization of osteosarcoma 3D spheroids

The ability of 3D tumor spheroids to recapitulate the character-
istic necrotic core similar to the in vivo solid tumors was then
evaluated by using Calcein-AM and PI (live/dead assay). As evi-
denced by fluorescence microscopy, the necrotic core for-
mation was visible after 14 days of culture (Fig. 2A) in models
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Fig. 2 Live/dead analysis of MG-63 3D spheroids established by using
the liquid overlay technique. (A) Fluorescence microscopy analysis
revealing necrotic core formation (red channel) in SP10 — 10 000, SP20
—20 000 and SP30 — 30000 cells at 7 and 14 days of culture. The com-
parison of the different conditions revealed that the necrotic core for-
mation was visible after 14 days of culture in models with 20 000
(SP-20) and 30 00 cells (SP-30). Green channel: Calcein-AM, red
channel: Pl. (B) Metabolic activity of 3D MG-63 spheroids measured at
days 3, 7 and 14 of culture using AlamarBlue® Cell Viability assay. Data is
presented as mean + s.d., n = 5. Scale bar = 250 ym.
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with 20 000 (SP-20) and 30 000 cells (SP-30), but not with lower
cell density.

This is an important finding since the establishment of a
necrotic core in the osteosarcoma microenvironment promotes
tumorigenesis and chemoresistance.*® Factors associated with
necrotic core formation could promote pro-tumoral inter-
actions between mesenchymal stem cells and breast cancer
cells as shown by Chaturvedi and coworkers, in which hypoxia
induced interactions promoted metastasis.>” Additionally, the
existence of a necrotic core where nutrient and medium pene-
tration into the spheroid is reduced, establishes a region
where therapeutic agents penetration is hindered by physical
and biological barriers.*® Therefore, recapitulating these hall-
marks of in vivo tumors with the established 3D in vitro tumor
models is highly desirable.

Furthermore, to complement live/dead assays, cell meta-
bolic activity was analyzed in 3D MG-63 spheroids by using the
AlamarBlue® assay (Fig. 2B). These assays demonstrated that
in the tested culture conditions, cellular metabolic activity
increased from day 3 to day 14 in all cellular conditions.

Taking into consideration the former results regarding
area, circularity, necrotic core formation and metabolic activity
over time, osteosarcoma 3D spheroids formed with an initial
number of 30000 cells (SP-30) were selected for subsequent
studies focusing on investigating the cellular distribution
influence in the design and predictive potential of scaffold-
based hydrogel 3D in vitro tumor models.

Comparison of 3D osteosarcoma models established in ECM-
mimetic hydrogels

The majority of solid 3D tumor models currently employed for
cancer research and drug screening are based on scaffold-free
3D tumor spheroids or hydrogel-based models (cell-laden
hydrogels). However, scaffold-free 3D tumor spheroids utterly
lack pre-existent tumor-ECM components, being a rather sim-
plistic representation of this disease. Conversely, a random dis-
persion of cancer cells within hydrogels matrix does not
necessarily lead to the establishment of dense cellular aggre-
gates capable of recapitulating solid tumors cellular macro-
structure that generally occurs in in vivo solid tumors. These
cellular arrangements present in in vivo tumors result both
from the physical pressures exerted by the growing cell-mass
on surrounding tissues, and from a complex set of cell-cell
and cell-ECM interactions, that combined with micro-evolutive
drifts culminate in cancer cells invasion and metastasis to
healthy organs. Recognizing these important aspects and the
influence of cellular aggregation state is key when developing
new ECM-mimetic hydrogels to support tumor models estab-
lishment in vitro.

To evaluate possible differences arising from differential
cellular aggregation states different osteosarcoma models com-
prising MG-63 cell laden hydrogels and 3D spheroid-
embedded hydrogels were established.

Live/dead analysis demonstrated that randomly distributed
MG-63 cells remain viable up to 14 days of culture within the
hydrogels (Fig. 3B, cell-laden hydrogel). In fact, the high
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density of viable MG-63 cells in the GeIMA 10% and Matrigel
supporting matrix indicate the favorable microenvironment
that these ECM-biomimetic matrices provide for these cells.
However, it is important to emphasize that unlike 3D spher-
oids, cell laden hydrogels did not allow the formation of a
tumor macrostructure with a necrotic core, similar to that of
in vivo solid tumors. Therefore, depriving cancer cells of
priming factors that are generally present in osteosarcoma
microenvironment and that are key for cell invasion and resis-
tance to therapeutics.

The complementary AlamarBlue® assay allowed to evaluate
the metabolic activity of both cell laden hydrogels (Fig. 3C).
The obtained results indicate that the metabolic activity
increases up to 14 days, with a slightly decreased rate at the
later stage of culture probably due to increased oxygen and
nutrient consumption. Interestingly, the metabolic activity was
higher in the gelatin-based hydrogels compared to that
obtained in Matrigel scaffold. Such findings were also reported
in the literature by Jiang and co-workers which discovered that
MG-63 cells activity was higher in collagen hydrogels than in
Matrigel.*®

Regarding 3D spheroid-embedded hydrogels these were
established by using spheroids pre-formed for 7 days in ULA
96-well plates and then embedded in the tested hydrogel
matrixes for additional 7 days following photo- or thermal-
based crosslinking.

The live/dead analysis of these platforms revealed the exist-
ence of 3D spheroids with an outer rim of viable cells com-
bined with a necrotic core comprised of non-viable cells, after
7 days of culture within both ECM-mimetic hydrogels (Fig. 3B,
spheroid-embedded hydrogel models). In addition, the meta-
bolic activity of spheroids embedded within both hydrogels at
the same timepoints was evaluated (Fig. 3D). The metabolic
activity increased up to 14 days and was higher in gelatin-
based models when compared to that obtained in Matrigel
scaffolds. These findings that indicate the tumor-supporting
role of these matrixes, but also the feasibility of using photo-
or thermally-induced crosslinking methodologies to establish
such models.

Immunofluorescent staining of F-actin was then performed
at different time points to evaluate cell spreading and cyto-
skeletal organization of the different osteosarcoma models
(Fig. 4). Fluorescence microscopy images show that individual
cancer cells laden in both GelMA and Matrigel hydrogels,
present significant spreading at 7 and 14 days. Also, it is
important to emphasize that very few 3D cellular agglomerates
are observed and that cells exhibit a more layered type struc-
ture than that of a 3D mass. Modeling the formation of
compact cancer cells aggregates is key when bioengineering
in vitro tumor models of solid tumors as previously
mentioned.

Interestingly, the 3D spheroids embedded in hydrogels
maintained their compact morphology 1 day after removal
from the ULA plate and embedding in the hydrogel matrix
(day 7-3D spheroids). The models demonstrate a compact
cytoskeleton with well-established cell-cell interactions even

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Characterization of different 3D osteosarcoma in vitro models in ECM-mimetic hydrogels. (A) Schematics of cell-laden and 3D spheroid-
embedded hydrogel tumor models assembly. (B) Live/dead cell viability assay of cell- and spheroid-laden hydrogels. (C) Measurement of cell viability
using AlamarBlue® Cell Viability assay of cell-laden hydrogels, and (D) 3D spheroid-embedded hydrogels, at different time points. Green channel:
Calcein-AM, red channel: PI. Data is presented as mean + s.d., n = 5. Scale bar = 250 pm.

after incorporation into the hydrogel matrix. Also, at day 14 and GelMA matrix, recapitulating a key characteristic of late-
(which correspond to day 7 after embedding) cancers cell from stage tumors. These differential results clearly indicate the
the 3D spheroids clearly invaded the surrounding Matrigel influence of cancer cells arrangement within hydrogels and
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Fig. 4 Cytoskeletal organization of 3D osteosarcoma in vitro models in
ECM-mimetic hydrogels. F-actin/nuclear labeling of cell- and spher-
oids-laden hydrogels, along time. Blue channel: DAPI (nuclei staining),
red channel: Phalloidin-Rhodamine (actin filaments staining). Scale bar
=250 pm.

emphasizes the importance of not only exploring cell-laden
hydrogels, but also of adding 3D spheroid-hydrogel models
during the design stages of ECM-mimetic scaffolds for in vitro
disease modeling. Aiming to further evaluate the influence of
hydrogels physicochemical properties on embedded 3D spher-
oids invasive potential and their ability to model tumor meta-
stasis, invasion assays were performed.

3D spheroid-embedded hydrogel models invasive potential

Tumor metastasis is a highly complex process which rep-
resents the main cause of cancer-associated mortality. Despite
some advances, osteosarcoma still presents poor prognosis
when metastasis naturally occur, commonly, to organs such as
the lung and other bones. The invasion of surrounding tissues
and ultimately the migration of tumor cells into secondary
metastatic sites is directly correlated with alterations in tumor
ECM composition and organization, which allow cancer cells
migration away from the primary tumor.*°

The influence of the supporting matrix (i.e. GelMA 10% or
Matrigel) in the invasion capacity of embedded 3D spheroids
was evaluated to address the ability of these models to model
the natural metastasis process occurring in vivo. Similar to the
previous assays, the pre-formed 3D spheroids were transferred
to gelatin and Matrigel scaffolds on day 6 of culture, and their
invasion capacity in the surrounding matrix was evaluated on
days 7, 10 and 14 after incorporation in hydrogels (Spheroid-
laden hydrogel, Fig. 5A). The results demonstrate a clear cell
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Fig. 5 Invasion capacity of 3D spheroids embedded in different ECM-
mimetic hydrogels. (A) Schematics of tumor invasion quantification and
(B) quantification of 3D spheroids invasion capacity cultured in GelMA
10% and Matrigel hydrogels at different time-points, after 3D spheroids
embedding in the biomimetic matrices. Data is presented as mean + s.
d., n = 5. Scale bar = 500 pm.

migration from 3D spheroids in Matrigel on the first day after
embedding, whereas this only occurred after day 3 for GelMA
10% scaffolds (Fig. 5C). Since Matrigel presents a softer matrix
than GelMA 10% hydrogel, the obtained results are in accord-
ance with the study of Lam and co-workers which report that
increased stiffness of collagen gels significantly impeded the
invasion of cancer cells from 3D spheroids.*’ Most impor-
tantly, these findings indicate that cell-laden hydrogel models
may present limitations when evaluating anti-metastatic com-
pounds bioactivity in the context of in vitro disease models
development.

Influence of the cellular aggregation state on drug response

Having confirmed fundamental phenotypic and bioactivity
differences of cell-laden and 3D spheroid-hydrogel models the
effect of their differential cellular aggregation states regarding
the ultimate response to anti-cancer therapeutics was investi-
gated. For this purpose, we screened lorlatinib, a potent third-
generation anaplastic lymphoma kinase (ALK) and ROS1 tyro-
sine kinase inhibitor. This compound was selected since
several ALK domains have been reported to be mutated in
pediatric tumors including osteosarcoma.>** Moreover, lorla-
tinib has shown superior progression-free survival in phase 3
clinical trials for ALK responsive tumors in comparison to the
widely used crizotinib  (ClinicalTrials.gov  Identifier:
NCT03052608). This compound was administered to in vitro
models exhibiting differential cellular aggregation states as
follows.

This journal is © The Royal Society of Chemistry 2020
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The first model - 3D scaffold-free spheroids - closely
mimics specific features of the in vivo tumor, namely the 3D
cell-cell agglomeration and necrotic core but fails to recapitu-
late pre-existing ECM cues. The second model - cell-laden
hydrogels - recapitulates the 3D tumor microenvironment by
including a 3D biomimetic matrix comprised of either GelMA
10% or Matrigel. It is important to emphasize that embedding
dispersed cells in a hydrogel matrix fails to recapitulate the
compact and cell-rich macrostructure that most human solid
tumors exhibit in their native microenvironment. The third
model - comprises an ECM-mimetic matrix (i.e. GeIMA 10% or
Matrigel hydrogels) where an osteosarcoma 3D spheroid is
embedded. This platform allows the reproduction of cell-cell
interactions existing in solid tumors and the characteristic
necrotic core, while also incorporating the supporting ECM,
therefore providing the key architectural and microenviron-
mental cues found in vivo.

The abovementioned 3D in vitro osteosarcoma models were
incubated with different lorlatinib concentrations (25 uM and
50 pM) and cell viability was accessed after 24 h by using a
luminescence-based assay optimized for 3D cell cultures
(CellTiter-Glo®) (Fig. 6A and B).

The obtained results indicate that randomly dispersed cells
in GelMA 10% and Matrigel hydrogels (cell-laden hydrogel
models) exhibited the highest sensitivity to lorlatinib in com-
parison to scaffold-free and scaffold-based 3D spheroid
models. This finding may be correlated with the absence of a
dense cellular agglomerate which is known to play an impor-
tant role in drug resistance due to hindered drugs diffusion
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Fig. 6 Lorlatinib drug cytotoxicity screening assay performed in
different 3D osteosarcoma models at 14 days of culture. Data was
obtained by using the 3D Cell Titer Glo Luminescent viability assay. (A)
Heat-map analysis of drug induced cell death. (B) Statistical analysis of
in vitro 3D models treated with the highest Lorlatinib concentration.
Data is presented as mean + s.d. (n = 5), *p < 0.05. Controls are rep-
resented by non-treated cells in tested all models.
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across microtumors volume. Such results may also be related
with the fact that drugs diffusion does not occur evenly
neither on dense 3D spheroids nor on the entire hydrogel
matrix, thus leading to the establishment of concentration gra-
dients. The physical barrier imposed by the hydrogel matrix
hinders drugs availability in deeper regions, similarly to what
occurs in in vivo solid tumors due to their ECM. The existence
of such barrier is increasingly recognized as one of the major
hallmarks that can be targeted to improve chemotherapeutics
bioavailability in deeper regions of the tumor. Recent studies
have therefore focused on modulating ECM density either by
reducing type I collagen synthesis via Halofunginone drug
administration, or by targeting lysyl oxidase activity and conse-
quently collagen ECM-component crosslinking.**

On the other hand, although the drug cytotoxicity assay
(Fig. 6) does not show significant differences between scaffold-
free 3D spheroids and hydrogel embedded 3D spheroids, the
later provides an ECM-mimetic scaffold that allows to better
recapitulate the native tumor microenvironment providing
both biophysical cues to 3D spheroids and recapitulating the
diffusional barrier provided by native in vivo ECM.
Importantly, 3D spheroid embedded hydrogel models provide
a unique platform to evaluate cancer cells fundamental inva-
sion mechanisms and to screen anti-metastatic drugs as well
as therapeutics specifically targeting cancer cells-ECM inter-
actions in vitro, constituting a more realistic model in compari-
son to scaffold-free 3D spheroids.

Overall these findings emphasize the necessity to establish
both cell-laden hydrogels and 3D spheroid-embedded hydrogel
platforms during the development of new biomaterials
designed to mimic native tumor-ECM. Designing different 3D
hydrogel-based cancer models is important to reflect the dis-
tinct stages of cancer progression. Therefore, cell-laden
models better recapitulate early stage disease and 3D spher-
oids microtumors mimic later stages that include the acqui-
sition of solid macrostructures and invasive phenotypes which
contributes to the disease progression.

Experimental
Gelatin methacrylate synthesis and characterization

Gelatin methacrylate (GelMA) was synthesized and character-
ized as previously described, with minor modifications.*> In
brief, gelatin was dissolved in PBS (pH 7.4), at 50 °C overnight,
to yield a 10% (w/v) working solution. Thereafter, 0.6 g of
methacrylic anhydride/gram of gelatin was dropwise added
under mild magnetic stirring. The methacrylation reaction was
then allowed to proceed for 5 h, at RT, under mild magnetic
stirring. After this period the mixture was centrifuged (3 min,
3500g, RT) to allow for phase separation between gelatin solu-
tion and the denser methacrylic anhydride pellet. The remain-
ing methacrylated gelatin (GelMA) was then diluted and dia-
lyzed (MWCO 6-8 kDa), at 50 °C, by using double distilled de-
ionized and filtered water (ddH,O, 17.9 mQ) as the dialysant.
The purified GelMA was then recovered by freeze drying
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(—86 °C, Telstar LyoQuest) for 6 days, in the dark. The deter-
mined gelatin degree of methacrylation was ~73.2 + 0.36%, n =
3, as determined by the fluoraldehyde assay.

2D in vitro cell culture

The MG-63 human osteosarcoma cell line (ATCC®
CRL-1427™) was cultured in vitro in tissue culture treated poly-
styrene 2D substrates by using a-Minimum Essential Medium
(a-MEM), supplemented with 10% (v/v) Fetal Bovine Serum
(FBS), 1% (v/v) ATB, as recommended by the provider. Cells
were maintained in culture under a temperature-controlled
environment (37 °C) and an atmosphere containing 5% CO,,
as recommended by the manufacturer. MG-63 cells were
expanded until reaching 70-80% confluency and routinely
passed by using TrypLE Express detachment reagent.

Generation of osteosarcoma 3D spheroids by liquid overlay
technique

Monocultured 3D tumor spheroids comprised by MG-63 cells
were fabricated by using the liquid-overlay technique where
cells self-aggregated into spheroidal structures during culture
in ULA 96-well plates. To achieve the ideal cellular density to
produce dense 3D in vitro models that would better recapitu-
late osteosarcoma tumor microenvironment and necrotic core
formation, MG-63 cell suspensions comprised by different cel-
lular densities (10 000; 20 000 and 30 000 cells — SP10; SP20;
SP30, respectively) were established. During 3D spheroids
in vitro maturation, the culture medium was completely
removed and replaced with fresh medium every 3 days.
Cellular aggregation, size and 3D microtissues morphological
features was monitored along time by using an inverted
optical contrast microscope equiped with a 3MPix color
camera and a Plan-Achromat 4x/0.10 objective (Zeiss
Primovert, Carl Zeiss Microscopy GmbH, Germany). Optical
contrast images were acquired at specific timepoints during
MG-63 3D spheroids culture (3, 7 and 14 days).

Cell-laden hydrogel models fabrication

For establishing cell laden hydrogel models MG-63 osteosar-
coma cells were initially mixed with GeIMA (10 mg mL™", at
37 °C) containing Irgacure 2959 (0.5% w/v) and injected into
flat-bottom p-Slide Angiogenesis multi-well plates. GelMA-
cancer cells mixture was then exposed to collimated U.V. light
for 60 s (OmniCure 52000, 2.23 W cm™?). Following UV cross-
linking, the resulting MG-63 3D hydrogels were cultured in
complete culture medium at 37 °C in an atmosphere with 5%
CO,. For Matrigel models, MG-63 were initially detached, cen-
trifuged and resuspended in cell culture medium sup-
plemented with 10% FBS. Afterwards, cells were bioencapsu-
lated in ECM-mimetic matrix pre-cooled at 4 °C and injected
into p-Slide Angiogenesis multi-well plates, at RT. Incubation
of cells-Matrigel mixtures at 37 °C promoted basal membrane
extract crosslinking and the establishment of osteosarcoma
MG-63 cell laden hydrogels.
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Hydrogel-3D spheroid models fabrication

For generating hydrogel-spheroid models, MG-63 3D spheroids
were initially pre-matured for 7 days in scaffold-free ULA plates
and then bioencapsulated in GelMA (10 mg mL™", at 37 °C) or
Matrigel (4 °C) ECM-mimetic platforms. For this purpose,
before embedding, 3D tumor spheroids were gently washed in
dPBS, followed by the addition of 20 pL GelMA or Matrigel
hydrogel precursors. Upon UV irradiation (60 s, GelMA) or
incubation at physiological temperature (Matrigel) the precur-
sors were crosslinked. This approach allowed to maintain cel-
lular aggregation and sphericity, while also enabled to embed
a single 3D spheroid in a hydrogel matrix formed in situ in
each ULA plate well. The 3D MG-63 spheroids loaded in the
different hydrogels were cultured in complete culture medium,
at 37 °C, 5% CO,, for up to 14 days. The cellular viability, cellu-
lar morphology, metabolic activity and cell invasion were then
analyzed at various timepoints (day 1, 3 and 7, after spheroids
embedding in hydrogels, in total corresponding to day 7, 10
and 14 of MG-63 cells 3D culture).

Cell viability analysis

The cell viability of MG-63 cell laden hydrogels and 3D spher-
oid-hydrogel hybrids was accessed by using the AlamarBlue®
Cell Viability assay. In brief, MG-63 spheroids and hydrogel-3D
spheroid models were incubated with cell culture medium
containing 10% (v/v) AlamarBlue® reagent, at specific time-
points according to the manufacturer’s instructions. After
incubation, the fluorescence of the resorufin product was
recorded in a Synergy HTX multi-modal microplate reader (lex:
540 nm, Aeyp: 600 nm), by using a black-clear bottom 96-well
plate (Corning, NY, US). Both assays were performed in accord-
ance with the manufacturer’s instructions. To further access
viability, cell laden hydrogels and 3D spheroid-embedded
hydrogels were incubated with Calcein AM and PI (Live/Dead
assay), for imaging live and dead cells, respectively. Briefly,
samples were labelled with Calcein-AM (5 pg mL™", in dPBS)
and Propidium Iodide (PI) (5 ug mL™" in dPBS) for 1 h, at
37 ©°C. Following the incubation period, the samples were
washed three times with dPBS. Bioimaging of Live/Dead
labelled 3D spheroids, cell laden hydrogels and hydrogel-3D
spheroid models was performed in a Zeiss Imager M2 upright
widefield fluorescence microscope equiped with a Plan-
Apochromat 10x/0.45 objective. All fluorescence images were
acquired and post-processed in Zeiss Zen Software SP 2.1 (Carl
Zeiss, Germany).

Cytoskeletal proteins Labelling

The cellular distribution and cytoskeletal spatial arrangement
in different osteosarcoma in vitro models were evaluated via
F-actin/nuclei staining. Briefly, MG-63 cell laden GelMA and
Matrigel hydrogels were fixed with formaldehyde 4% (v/v) solu-
tion, at different time points. After washing three times with
dPBS and cells membrane was permeabilized with 0.5% Triton
X-100 then, cells were stained with Flash Phalloidin™ Red 594
(1:40 (v/v), in dPBS) in a humidified atmosphere, for 24 h, at
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RT. After extensive washing with dPBS, samples were stained
with DAPI (4',6-diamidino-2-phenylindole, dihydrochloride)
(1:250 (v/v)) and incubated for 30 min, at RT. MG-63 spher-
oids embedded into GelMA and Matrigel 3D matrix were
stained for F-actin/nuclei using the above described procedure.
Widefield fluorescence bioimaging was then performed as
described above.

3D tumor spheroids invasion analysis

Cellular protrusions from GelMA and Matrigel hydrogel-3D
spheroid platforms was evaluated along time to determine the
invasive/metastatic potential of these in vitro osteosarcoma
models. The cellular movement and invasion were evaluated
along time by using an inverted optical contrast microscope
(Primovert, Carl Zeiss, Germany) equiped with a 3MPix color
camera and a 4x/0.5 objective. Data from at least three spher-
oids was obtained at 7, 10 and 14 days after embedding in the
ECM-mimetic hydrogel matrix. Image analysis and invasion
quantification was performed in Image ] software (Image],
NIH, USA) by using image segmentation and area analysis
algorithms. Invasion quantification was determined for cells
protruding from each spheroid and was defined as the differ-
ence between the invasive area and core area.*®

Chemotherapeutic drug performance screening

The developed 3D osteosarcoma in vitro models were then
used as testing platforms for the evaluation of lorlatinib anti-
cancer activity (Lorviqua®, Pfizer). On 14 day of culture 3D
in vitro models were incubated with the drug at different con-
centrations (25 uM and 50 pM), for 24 h. Cell viability was
assessed by quantifying cellular ATP through a luminescence-
based assay specific for 3D cell culture (3D Cell Titer Glo
Luminescent viability assay, Promega, Madison, WI, USA).
Luminescence analysis was performed according to the manu-
facturer’s instructions. After lorlatinib incubation, the
medium was removed, and 3D tumor models were incubated
with a mixture of e-MEM complete medium and CellTiter-
Glo® reagent (ratio of 1:1). The mixture was homogenized for
5 min and incubated for 25 min, in the dark, at RT.
Luminescence was measured on flat bottom 96-well white
plates by using a Synergy HTX microplate reader. Acquisition
settings were according to the manufacturer’s instructions.

Statistical analysis

Statistical analysis was performed in GraphPad Prism 8
Software (Prism 8™, trial version). One-way analysis of var-
iance (One-ANOVA) with Holm-Sidak post-hoc test was gener-
ally used for data analysis. A value of p < 0.05 was considered
to be statistically significant.

Conclusions

In this study the effect of osteosarcoma cells agglomeration
state in in vitro disease models’ ability to recapitulate key hall-
marks of in vivo tumors was evaluated. Three distinct plat-
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forms - cell-laden hydrogels, 3D spheroid-embedded hydrogels
and scaffold-free 3D spheroids - were established by using
different methodologies including the liquid overlay technique
and photo/thermally crosslinked hydrogel platforms. The mor-
phological and phenotypical features, as well as drug response
were evaluated in the fabricated models.

Our findings indicate that 3D spheroids embedding in
ECM-mimetic hydrogels provided a better platform for recapi-
tulating the invasive potential and resistance to therapeutics
in comparison to their single cell laden hydrogels. More
importantly, these findings emphasize the importance of eval-
uating multiple aggregation states during the development of
tumor mimetic models to leverage their full predictive poten-
tial for drug development, screening and also for streamlining
fundamental biology studies. We envision that 3D tumor mod-
elling in hydrogel platforms will evolve to consider cellular
agglomeration states and that the field will adapt cell-laden
and 3D spheroids-embedded models in vitro screening plat-
forms according to the tumor stage (i.e. early or late stage) that
is envisioned to be modelled according. This is particularly
relevant considering that such platforms can be in the foresee-
able future be explored for generating patient-personalized
microtumors that recapitulate the disease state of specific
individuals.
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