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Abstract
Conventional in vitro cancer models do not accurately reproduce the tumor microenvironment
(TME), so three-dimensional (3D)-bioprinting represents an excellent tool to overcome their
limitations. Here, two multicellular tri-layered malignant melanoma (MM) models composed by
cancer stem cells (CSCs) isolated from a MM established cell line or a primary-patient derived cell
line, fibroblasts, mesenchymal stem cells, and endothelial cells, embedded within an
agarose-collagen type I hydrogel were bioprinted. Embedded-cells showed high proliferation and
metabolic activity, and actively remodeled their TME. MM hydrogels displayed similar rheological
properties that skin and were able to support an early onset of vascularization. Besides, MM
hydrogels displayed different response to vemurafenib compared with cell cultures, and supported
tumorigenesis in murine xenotransplant achieving more mimetic in vivomodels. For the first time
a tri-layered 3D-bioprinted CSC-based human MMmodel is developed recreating TME in vitro
and in vivo and response to treatment, being useful for precision treatment regimens against MM.

Abbreviations

αSMA Alpha smooth muscle actin
AFM Atomic force microscopy
ALDH1 Aldehyde dehydrogenase 1
CSCs Cancer stem cells
CTG Cell Tracker Green
CTR Cell Tracker Red
DEAB N,N-diethylaminobenzaldehyde
ECs Endothelial cells
ECM Extra-cellular matrix
ESEM Environmental scanning electron

microscopy
FAPα Fibroblast activation protein alpha
FBs Fetal bovine serum
FBS Human fibroblasts
HUVECs Human umbilical vein endothelial

cells
KTCs Human keratinocytes

MM Malignant melanoma
MSCs Mesenchymal stem cells
NSG NOD scid gamma
PDX Patient derived xenograft
PBS Phosphate-buffered saline
qPCR quantitative polymerase chain reaction
RT Room temperature
SEM Scanning electron microscopy
TEM Transmission electron microscopy
TME Tumor microenvironment
VEGF Vascular endothelial growth factor
VMF Vemurafenib

1. Introduction

MM, the deadliest form of skin cancer, is currently
a major public health concern, due to its rate of
increase is higher than for any other solid cancer
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types, with more than 300 000 new diagnosed cases
in 2020 (GLOBOCAN). Despite the most prevalent
types of cancer share common characteristics such as
high proliferation rates or invasion capability, each
one has a unique TME [1]. TME is comprised of
a complex and dynamic network that continually
changes its composition and state [2]. Apart from
tumor cells, TME is composed ofmultipotent stromal
cells/MSCs, FBs, blood vessels, endothelial precursor
cells, immune cells, and secreted factors such as
cytokines and growth factors [3]. Literature strongly
supports that these microenvironment features are
crucial for the recapitulation of native tumor beha-
vior [3]. Furthermore, it has been described that a
small cell subpopulation of CSCs within the tumor
mass largely controls the TME and tumor progres-
sion. Indeed, CSCs are responsible for pharmacolo-
gical resistance and subsequent tumor recurrence in
patients, making them an indispensable therapeutic
target in cancer research [4].

Traditional culture models for cancer research fail
to fully recreate the TME, either mimetic cell-cell or
cell-matrix interactions, tumor vascularization, and
many of the known characteristics of tumors in vivo
[1, 5]. Three-dimensional (3D) tumormodels includ-
ing a biomimetic ECM have achieved more accur-
ate representations of cancer tissues in terms of TME
and biological behavior [5], essential for develop-
ing early diagnosis and treatment strategies for can-
cer. Microextrusion-based 3D bioprinting represents
the optimal technique to obtain a tumor equival-
ent, since the heterogeneity and complexity of TME
can be replicated by co-printing several cell types,
ECM, and biomolecules laden in different bioinks, in
a well-organized spatial distribution [1, 6]. Hydrogels
provide perfect soft material systems to mimic nat-
ive ECM microenvironments [7], supports cell viab-
ility and proliferation [8, 9], and offer more efficient,
scalable and repeatable 3D models [5, 10]. Collagen
type I is the most common hydrogel matrix for skin
and tumor 3D modeling [11–13], as it supports cell
attachment andmigration allowing growth and func-
tion of several cell types [14, 15]. When used for
3D bioprinting, collagen can be combined with other
ECM components such as hyaluronic acid [16], in
order to obtain more printable bioinks.

To recreate and bioprint a reliable MM model
not only the bioink but also the structure has to
be carefully designed. Skin is a very complex organ,
composed of different cell types and organized in
three layers (epidermis, dermis and hypodermis).
The epidermis is fundamentally composed of keratin-
producing KTCs and melanocytes; the dermis high-
lights for its collagen and elastic fibers-producing FBs
and the hypodermis is formed of adipocytes and con-
nective tissue [17]. 3D bioprinting has been applied
to successfully engineer the stratified human skin
[18, 19], allowing to bridge the gap between in vitro
and clinical testing [20].

In the present study, we have biofabricated a
3D bioprinted CSCs-based human MM model using
both a primary patient-derived MM and established
MM cell lines. In order to recapitulate the MM
microenvironment, bioinks based on a matrix of col-
lagen type I and agarose were prepared by combin-
ing MM CSCs and KTCs for the epidermal layer,
HUVECs and FBs for the dermal layer and MSCs
for the hypodermal layer. After bioprinting, the con-
structs were mechanical and functionally character-
ized and their response to the chemotherapeutic
VMF was tested. In addition, we established xeno-
graft models by implanting the MM-hydrogels sub-
cutaneously in mice, to analyze their ability to faith-
ful recreate themolecular and pathological features of
human melanoma in vivo.

2. Material andmethods

2.1. Cell cultures
The humanMM established cell line A A375 (ATCC®
CRL-1619) and HUVECs (ATCC® CRL-1730TM)
were obtained from American Type Culture Collec-
tion. KTCs were obtained from ScienCell (Scien-
Cell; number 2110). The human melanoma primary
patient-derived cell line Mel-1 comes from a malig-
nant metastatic melanoma (stage M1a) skin biopsy
and was provided by the Biobank of the Andalusian
Public Health System (Spain). MSCs and FBs were
isolated from skin tissue (ethics committee reference:
0467N-20). For enrichment of CSCs, tumor cells were
cultured on low-adherent surface and serum-free
conditions, conforming melanospheres. HUVECs-
FBs spheroids were performed following the hanging-
drop method. Cell lines isolation and culture proto-
cols are detailed in supplementary data.

2.2. Cell characterization
MSCs, FBs and CSCs were characterized by flow cyto-
metry and differentiation assay, detailed in Supple-
mentary data.

2.3. Cell-laden hydrogel biofabrication
Agarose solution (3.3% w/v) was prepared by dis-
solving Agarose UltraPureTM Low Melting Point
(Thermo ScientificTM) powder in PBS. The solution
was maintained at 4 ◦C, and pre-heated at 40 ◦C
before used, in order to keep it liquid for the print-
ing process. Collagen type I solution (3.58 mg ml−1

rat tail collagen, Corning) was neutralized with 1 M
NaCHO3 just before printing. To prepare the bioink,
properly volumes of agarose and collagen were mixed
to obtain 1.5% agarose and 1.5 mg ml−1 collagen
concentrations.

2.3.1. CSCs- based bioink for proliferation assay
Melanospheres were collected on PBS and centri-
fuged. Isolated CSCs were obtained by harvesting
melanospheres with trypsin-EDTA (0.25%, Sigma
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Aldrich) in order to dissociate them into single cells.
Each pellet was carefully mixed with collagen type
I and agarose homogenously. The final cell-laden
bioink was then loaded into a sterile 3ml thermal syr-
inge, previously heated at 37 ◦C to avoid a thermal
shock.

2.3.2. Cell-laden bioinks for MM hydrogels
MSCs, FBs and KTCs in culture flasks were har-
vested with trypsin (0.25%, Sigma Aldrich), and
centrifuged. CSCs melanospheres were also col-
lected and centrifuged. After centrifugation, cell
pellets were loaded into the syringe as described
in section 2.3.1. Cells concentration for all the
models were: CSCs melanospheres (cell density of
3 × 106 cells ml−1, amounting to between 1200
and 1800 melanospheres), KTCs (cell density of
3 × 106 cells ml−1), FBs, HUVECs, and MSCS (cell
density of 1.5 × 106 cells ml−1), placed in differ-
ent contiguous layers (from top to bottom) simulat-
ing the three-layered MM skin structure, so loaded in
their correspondents’ syringes.

2.4. Bioprinting procedure
MM hydrogels were bioprinted by an extrusion-
based REGEMAT 3D V1 bioprinter (REGEMAT 3D,
Granada, Spain). Bioprinting parameters were pro-
grammed employing the Regemat 3D’s software: flow
speed 12 mm s−1, pore size 0.6 mm2, nine lay-
ers (height 0.21 mm), infill pattern diagonal (45◦),
width 10 mm, length 10 mm, syringe temperature
40 ◦C (figure S1). For extrusion, a plastic needle
(TT22-DHUV-1000) was used. Different models
were designed and bioprinted in this study, as shown
figure S2: (a) CSCs-loaded hydrogels both as melano-
spheres or individualized; (b) trilaminar MM hydro-
gels including CSCs, FBs, MSCs and KTCs, (c) MM
hydrogels loading HUVECs-FBs spheroids on the
dermal layer. Once prepared the different bioinks and
loaded into the thermal syringes, they were placed
into the bioprinter and the process was initiated.
The printed constructs quickly gelled after printing,
and were placed into ultra-low adherence 12-well
plates (Corning) and maintained for 14 days under
cell culture conditions at 37 ◦C in a 5% CO2 atmo-
sphere. About 1 ml of corresponding fresh medium
was added and replaced every three days.

2.5. Hydrogel structure and cell activity analysis
MM hydrogels structure and viability assays were
analyzed by confocal microscopy. Cell prolifera-
tion was measured using Alamarblue® assay (Bio-
Rad Laboratories, Inc. manufactured by Trek Dia-
gnostic Systems. U.S). For ultrastructural analysis,
MM hydrogels were imaged with the ESEM (Quem-
Scan650F). For extracellular vesicles (EVs) extrac-
tion, theMMhydrogels were cultured during 14 days,

using heat-inactivated exosome-depleted FBS, which
was depleted of bovine exosomes by ultracentrifuga-
tion at 100 000 g for 70 min. The conditioned media
was collected and centrifuged for 20 min at 10 000 g
to remove cell debris and then centrifuged for 80 min
at 100 000 g to isolated the EVs. Finally, the pellet
obtained was washed with PBS and centrifuged again
for 80 min at 100 000 g. The final pellet was diluted
in PBS. EVs were imaged with LIBRA 120 PLUS
TEM (Carl Zeiss SMT, Oberkochen, Germany), SEM
(HITACHI, S-510), and NX20 atomic force micro-
scopy (Park Systems, Suwon, South Korea). For TEM
and SEM analysis, the EVs were further negatively
stained with uracil acetate on a carbon membrane.
Exosome size analysis were performed on NanoSight
NS500 Instruments (Malvern Instruments, Malvern,
UK). Presence of Alix marker was performed by
Western-Blot. Phenotypic study of CSCs and FBs in
the hydrogel MM was performed by immunofluor-
escence of αSMA, FAPα, CD44 and ALDEFLUOR.
Images were taken by confocal microscopy (Nikon
Eclipse Ti-E A1, USA) and analyzed using Image J
Software. Detailed protocols are described in supple-
mentary data.

2.6. Rheology
The rheological tests were carried out in a torsional
rheometer MCR302 (Anton Paar, Austria) at 25 ◦C,
whichwas used to quantify Young’s and viscoelasticity
modulus, as detailed in supplementary data.

2.7. Vasculature assays
For VEGF-effect evaluation, MM hydrogels contain-
ing isolated HUVECs and FBs were kept in medium
supplemented with VEGF (250 ng ml−1) or without
VEGF for two weeks. MM-hydrogels were analyzed
immunohistochemically, as detailed in supplement-
ary data. Images were taken by confocal microscopy
(Nikon Eclipse Ti-E A1, USA) and analyzed using
Image J Software.

2.8. Effect of VMF in the tumormodel
The drug VMF was tested on CSCs melanospheres
culture and on CSCs-loaded hydrogels for the two
tumor cell lines, A375 and Mel-1, and in the MM
hydrogels loaded with CSCs, FBs and MSCs. Follow-
ing the protocols described in section 2.5, prolifer-
ation assay by AlamarBlue® was used to determine
the effect of VMF on melanospheres cultured in sus-
pension and CSCs-loaded hydrogels. To test the effect
on MM hydrogels, cell viability was analyzed using
the Live/Dead kit (ThermoFisher). The doses admin-
istered for the A375 cell line were 0 µM, 0.0072 µM,
0.036, 0.072 µM and 0 µM. The doses administered
for theMel-1 cell line were 0 µM, 0.508 µM, 2.54 µM,
5.08 µM, and 10 µM. The drug was refreshed every
24 h.
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2.9. qPCR analysis of ABC genes
Gene expression levels for ABCG2, ABCB1, ABCC2,
ABCC3 and ABCB5 were quantified by quantitative
polymerase chain reaction (qPCR), as described in
supplementary data.

2.10. In vivo study
NOD scid gamma (NSG) mice were used to establish
xenograft tumors (n = 6 for each condition). They
were housed andmaintained at 20 ◦C–24 ◦C, 50% rel-
ative humidity, a 14–10 h light-dark cycle with food
and water ad libitum. The tumors were generated by:
(a) subcutaneous injections of A375 individualized
CSCs at 5 × 105 cells/mouse embedded in Matri-
gel Matrix (Corning) using 26-gauge needles (Mat-
rigel control); and (b) subcutaneous implantation of
0.5 ml A375 CSCs-loaded hydrogel or MM hydrogel
(loading 5× 105 CSCs, and 2.5 × 105 FBs, HUVECs
and MSCs), with a size of 0.6 cm width and 0.2 cm
height. Tumor growth was measured every four days
using a digital caliper, and the tumor volume was cal-
culated by the formula V = length2 × width × π/6.
After 34 days, the tumors were sectioned and pre-
pared for immunohistochemical assays, as described
in detail in supplementary data. All the procedures
were approved by the Institutional Animal Care and
Use Committee at the University of Granada (ethics
committee reference: 13/08/2020/095). The images
were obtained using Leica DM 550B microscope.

2.11. Statistical analysis
Results presented in this work are represented as
mean ± SEM from at least three replicas. ANOVA
test was used to determine data normality. Two-tailed
Student’s t-test was used to determine test signific-
ance between different hydrogels or conditions. Res-
ults were considered statistically significantly differ-
ent at ∗p< 0.05, ∗∗p< 0.01 and ∗∗∗p< 0.005.

3. Results

3.1. Cell viability and characterization of
trilaminar MMmodels
To closely mimic an MM environment a trilam-
inar hydrogel was engineered, establishing the proper
bioprinting protocol. First, MSCs and FBs were isol-
ated fromhuman skin tissue obtained during abdom-
inoplasty surgery and correctly characterized (see
supplementary material, figure S4) [21]. Further-
more, CSCs from established A375 and primary
patient-derived Mel-1MM cell lines were obtained
and characterized (see supplementarymaterial, figure
S5), and the optimal culture condition of the CSCs-
loaded hydrogels was defined (see supplementary
material, figure S6).

To obtain theMM hydrogels, a first layer of MSCs
was printed followed by a layer of FBs, and a last one
of Mel-1 or A375 CSCs; all these cells embedded in
a mixture of 1.5 mg ml−1 collagen type I and 1.5%

agarose (described in more detail in section 2.4). To
test the degradation, images of the bioprinted tumor
were taken at days 1 and 14 showing that hydro-
gels maintained a length side of 1.2 cm, showing no
modifications in the shape during two weeks (figure
S6(C)). In order to follow the maintenance of the
layered structure, CSCs and MSCs were pre-stained
with CTG CMFDA dye to visualize epidermal and
hypodermal layers, and FBs with CellTracker Red
CMFDA (CTR) to stain the dermal layer. Confocal
micrographs showed that the MM hydrogels were
able to maintain their trilaminar structure over time
(figures 1(A) and S6(D)) evidencing the correct con-
sistence and desirable properties of the agarose- and
collagen type I-based bioink.

Bioprinting process could affect to cell viabil-
ity due to the high shear stress at the nozzle, so
live/dead assay was performed at days 1 and 14 of
culture (figure 1(B)). Twenty-four hours after the
bioprinting process cells displayed a high viability
and homogenous distribution among the three lay-
ers with a remarkable staining in viable cells (green)
respect to death cells (red). Moreover, no signific-
ant differences on living cells percentages were found
between day 1 and day 14. To corroborate these res-
ults, proliferation of MM hydrogels was measured
with Alamarblue® until day 14 (figure 1(B)). In both
MM hydrogels, statistical analysis showed a signific-
ant increment (∗∗∗p < 0.005) on cell proliferation
rate from day 1 forward. Mel-1MM hydrogels main-
tained a constant proliferation rate from day 3 to day
14, while A375 MM hydrogels showed a significant
increase in proliferation rate at day 14 compared to
day 10 (∗∗∗p< 0.005).

Due to the high heterogeneity ofmelanomaCSCs,
the differentiation status of hydrogel-embedded
tumor cells was finally analyzed after 14 days of
culture, using the membrane marker CD44, widely
described for this subpopulation [22, 23], and
ALDH activity, whose overexpression has also been
strongly associated with an undifferentiated state
of tumor cells [22, 24] (see supplementary mater-
ial, figure S5). As a negative control, we applied
N,N-diethylaminobenzaldehyde (DEAB) to the MM
hydrogels, an inhibitor of the ALDH enzyme. It can
be observed that after 24 h in culture, A375 and
Mel-1 cells present a stem state, with a percentage
of the almost total population expressing the CD44
marker (figure S5(C)). In addition, they also present
enhanced ALDH activity, higher in A375 than in
Mel-1, consistent with the results of the cytometry
previously performed on melanospheres (figure S5).
After 14 days in culture, cell populations of both lines
maintained the stemness phenotype, this being more
evident for the A375 cell line. These results agree
with the MM hydrogels proliferation rates (figure 1),
in which it is noted that Mel-1MM hydrogels have a
higher growth rate than those loaded with A375, an
indicator of cell differentiation since stem cells are
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Figure 1. Cellular structure, viability and proliferation of MM hydrogels. (A) Confocal representative images of 10z stacks
obtained by confocal microscopy showing a cross-section of the printed 3DMel-1 or A375 MM hydrogels after 1, 7 and 14 days in
culture. Scale bar: 1000 µm; volume height 80 µm. CSCs and MSCs were stained with CellTracker Green CMFDA (green) and
FBs were stained with CellTracker Red CMFDA (red) and Hoechst (blue). Scale bars: 50 µm (Mel-1 model) and 100 µm (A375
model). (B) Confocal representative images of 10z stacks at days 1 and 14 of Mel-1MM hydrogel and A375 MM hydrogel. Live
cells are shown in green (Calcein) and dead cells in red (EthD-1). Scale bar: 1000 µm. Graphics show quantification of live/dead
cells percent at days 1 and 14 with no significant differences on living cells fraction (n= 4; p> 0.05) and fold changes in
proliferation of cells (performed with Alamarblue®) embedded in the MM hydrogels at days 1, 3, 6, 8, 10 and 14, respectively
(n= 4; p< 0.005).
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characterized by a lower proliferation (4). Thus, in
both cases, there is a heterogeneous representation of
tumor cells in the TME.

3.2. Ultrastructural hydrogel characterization
In order to characterize themicrostructure of theMM
hydrogels, an ESEM was performed after 14 days in
culture. Although an irregular fibrillar pattern was
observed on the surface (figure 2(Aa)), after cutting
transversely the hydrogel, a dense network of fibrils
was discerned with porous of irregular shape ran-
ging between 2 and 3 µm in diameter and fibers
with a thickness of 70–140 nm (figure 2(Ab-c)).
Cell analysis showed that MM CSCs were form-
ing melanospheres on the top hydrogel layer (epi-
dermis) andMSCs and FBs were found on themiddle
and bottom layers (dermis and hypodermis, respect-
ively) (figure 2(B)). Also, signs of intercellular com-
munication were observed as showed EVs secretion
(figure 2(C)), ranging from about 80 nm to ves-
icles of about 500 nm (figure 2(Ca), red arrows),
sizes that corresponds with exosomes and microves-
icles, which were found dispersed in the hydrogel
(figure 2(Cb), red arrows). Furthermore, the model
displayed high cell metabolic activity as suggest cell
division (figure 2(Cb), white arrow), and the pro-
duction of a dense material that covered the fiber
networks, indicating ECM secretion and the remod-
eling of their own extracellular microenvironments
(figure 2(Ca), white arrow, and figure 2(Cc)).

3.3. Rheological properties of MM hydrogels
Changes in mechanical properties of ECM are essen-
tial for tumor progression. Thus, we used rheolo-
gical tests tomeasure themechanical properties of the
MM hydrogel over time in culture. Figure 2(D) illus-
trates the viscoelastic moduli of hydrogels containing
cell-free layers, only one cell-laden layer: MSCs-layer,
FBs-layer, CSCs melanospheres-layer (composed of
Mel-1 or A375 cells); or containing the three cell-
laden layers together, called MM hydrogel (MSCs,
FBs, and CSCs melanospheres-layers). Independ-
ent on cell composition, the storage modulus of
all the hydrogels remained always larger than the
loss modulus, evidencing the existence of a gel-like
structure. Initially, the range was between 2666 772
and 5335 611 Pa for G′ and 148 and 245 Pa for
G′′, without significant differences among cell-type
used and with cell-free hydrogels. All these values
were comparable to those of healthy human skin
tissue used as control (2945 767 Pa and 632 Pa
for G′ and G′′, respectively). At day 10, it was
observed a significant decrease in viscoelastic mod-
uli of CSCs-loaded hydrogels while in MM hydrogels
and hydrogels embedding non-cancerous cell-layers
this phenomenon was notable later (at day 20).
The viscoelastic moduli from CSCs-loaded hydrogels

were recovered again by day 20, raising G′ values
of 3359 583 and 2666 111 Pa, for Mel-1 and A375
melanosphere, respectively. In figure 2(E), it is shown
the compression moduli of the hydrogels with differ-
ent cell composition. As it is observed, the incorpora-
tion of cells did not increase the Young moduli in the
hydrogels, except for MM hydrogels. Similar to vis-
coelastic moduli, the values of hydrogels with differ-
ent cell composition decreased significantly after cul-
ture period, being clearly faster in those containing
CSCs melanospheres-layer. Measurement from MM
and CSCs-loaded hydrogels revealed significant dif-
ferences in stiffness by day 10, exhibiting values of
533 825 and 908 916 Pa, respectively. These compres-
sion values were increased from day 10 to day 20, in
the case of CSCs-loaded hydrogels, although differ-
ences were not significant.

3.4. Cell communications within theMMhydrogels
In order to confirm the secretion of EVs from the
cells embedded in the model, conditioned media was
collected from MM hydrogels, and the EVs were
isolated and then analyzed by different techniques
(figures 3(A)–(D)).

NanoSight analyses show for both A375 and Mel-
1MM hydrogels the presence of vesicles of differ-
ent sizes, ranging from 25–50 nm to 500–600 nm
(figure 3(A)). It was also confirmed by different
microscopy techniques: TEM (figure 3(B)), SEM
(figure 3(B)), and AFM (figure 3(C)), showing the
EVs diameters coincide with the ranges previously
reported. Indeed, the size of several EVs indicates
the presence of exosomes, since many EVs measured
between 20 and 80 nm, so it was confirmed byWB the
expression of the exosome marker Alix [25], positive
again for both models (figure 3(D)).

Furthermore, it was performed an analysis of the
phenotype of the FBs included in the model, since
it has been described how these undergo a pheno-
typic change to cancer-associated fibroblast (CAFs)
when co-cultured with tumor cells, and to a greater
degree with CSC [14]. To this end, the MM hydro-
gels were stained with αSMA and FAPα antibodies,
widely used for the characterization of CAFs [14, 26],
after 1 and 14 days in culture (figure 3(E)). Immun-
ofluorescence images show that while no significant
change in αSMA expression is discernible, there is
a marked increase in FAPα expression by FBs after
14 days in culture. Both EVs secretion and FBs phen-
otype change, strongly support that the cells included
in the MM hydrogel are able to actively communicate
with each other.

3.5. Induction of vascularization in theMM
hydrogels
The vasculature is an essential element of the TME
since it provides access to nutrients and oxygen, and
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Figure 2. Ultrastructural and rheological analysis of cell-free and cell-laden MM hydrogels. ESEM images of (A) cell-free hydrogel
fibers on the surface (a) and hydrogel fiber network observed transversely (b), (c); (B) A375 CSCs, Mel-1 CSCs, MSCs and FBs
embedded in the MM hydrogel; and (C) cellular activity samples including secretion of different sized microvesicles and
exosomes ((a), (b), red arrows), cellular division ((b), white arrow) or synthesis of new extracellular matrix ((a) white arrow, (c)).
Viscoelastic moduli (D) and Young moduli (E) of MM hydrogels containing cell-free layers, only one cell-laden layer: MSCs-layer,
FBs-layer, CSCs melanospheres -layer (composed of Mel-1 or A375 cells) or containing the three cell-laden layers together (MSCs,
FBs, and CSCs melanospheres-layers), called trilaminar, after 0, 10 and 20 days on culture.
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Figure 3. Characterization of A375 and Mel-1MM hydrogel cells inner communication. (A)–(D) Characterization of EVs and
exosomes isolated from conditioned media fromMM hydrogels. (A) EVs Size distribution analyzed by NTA. (B) TEM (a), (b) and
SEM (c), (d) images of isolated EVs with a round shape. (C) Topography of EVs observed under AFM. Acquisition area of 5 µm2.
(D) WB analysis of Alix exosomal surface marker. (E) Confocal representative images at days 1 and 14 of FBs within MM hydrogel
stained with αSMA and FAPα antibodies. Scale bar: 500 µm.

enables cell extravasation and metastasis. To study
the induction of vasculature in the MM hydrogel,
HUVECs and FBs co-cultured in spheroids were
bioprinted on the dermal layer, as it has been shown
that 3D structures improve the development of vas-
cularization in in vitro models [27], and long-term
stability of vasculature structures can be enhanced
by including FBs [27, 28]. Spheroids were gener-
ated using the hanging-drop technique, where the
HUVECs form the nucleus of the spheroid, while the

FBs are arranged in the second layer (figure 4(A)).
HUVECs and CSCs were stained with CTR dye and
FBs and MSCs with CTG dye, to easily trace the spa-
tial disposition of the cells. In figure 4(B) it can be
seen that on the first day of culture the HUVECs-FBS
spheroids showed more compact, while on day 3 cells
can be seen migrating from the spheroids, suggesting
initial attempts of a vascularization process.

Moreover, in the MM hydrogels it was not neces-
sary the supplementation of VEGF when including
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Figure 4. Induction of vascularization in the dermal layer. (A) Schematic representation and confocal image of a cross section of
one HUVECs-FBs spheroid obtained by hanging drop strategy (B) Confocal representative images showing a cross section of the
A375 and Mel-1MM hydrogels, where spheroids of HUVECs-FBs were bioprinted on the dermal layer. On the right of the
cross-section images are shown micrographs of the HUVECs-FBs spheroids embedded in the MM hydrogels. A375 and Mel-1
CSCs, MSCs and HUVECs were stained with CellTracker Red CMFDA (red) and FBs with CellTracker Green CMFDA (green),
and Hoechst (blue). Images were taken at days 1 and 3 after bioprinting. Scale bar 1000 µm (trilaminar) and 200 µm (spheroids).

HUVECs co-cultured with FBs in the dermal layer, as
HUVECs, FBs and CSCs expressed VEGF in hydro-
gels cultured in VEGF-free medium, suggesting a
cross-talk between that cell types (see supplementary
material, figure S7).

3.6. Incorporation of KTCs in the epidermal layer
The epidermal layer of the skin is basically composed
of KTCs, which are crucial for the functions of skin
tissue. Therefore, in order to achieve a more biomi-
metic model, KTCs were included in the epidermal
layer together with the MM CSCs (figure 5). As can
be seen in figure 5 the MM hydrogels are stable over
14 days and cell viability did not decrease for the three
layers (p > 0.05). Moreover, a significant increase
of cell proliferation was observed over two weeks
(∗∗∗p< 0.005). These results indicate that KTCs were

not affected in their viability and proliferation when
they are encapsulated within the 3D bioprinted MM
hydrogels.

3.7. Antitumor drug response of CSCs-loaded and
MMhydrogels
Autologous models have shown high potential as a
key step between research and clinical practice, as
they can allow greater prediction of treatment success.
Therefore, we tested the effect of VMF, a widely used
drug for the treatment of MM patients, in the A375
andMel-1MM hydrogels. This drug was chosen since
both A375 and Mel-1 cell lines are BRAF mutated
(figure S3). Increasing doses of VMF were admin-
istered every 24 h on CSCs melanospheres cultured
in suspension and on CSCs-loaded hydrogels, and
cellular proliferation was tested after 24 and 48 h
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Figure 5. Cellular structure, viability and proliferation analysis of the MM hydrogels including keratinocytes. Confocal
representative images obtained by confocal microscopy showing a cross-section of the A375 (A) and Mel-1 (B) MM hydrogels
after 1, 7 and 14 days in culture. CSCs and MSCs were stained with CellTracker Green CMFDA (green) and KTCs and FBs were
stained with CellTracker Red CMFDA (red) and Hoechst (blue). Below are shown the cross-section images at days 1 and 14 of the
MM hydrogels for (A) A375- and (B) Mel-1-based models. Live cells are shown in green (Calcein) and dead cells in red (EthD-1).
Scale bar: 500 µm. Graphics on the top right show quantification of live/dead cells at days 1 and 14 with no significant difference
on living cells fraction (n= 4; p> 0.05). Graphics on the bottom right show fold change of proliferation of cells embedded in the
trilaminar hydrogels at days 1, 3, 6, 8, 10 and 14 (n= 4; p< 0.005).
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Figure 6. Cytotoxic effect of vemurafenib in MM CSCs cultured as melanospheres in suspension and in the CSCs-loaded
hydrogel. Graphics show fold change of proliferation of A375 (A) and Mel-1 (B) CSCs cultured in suspension or CSCs-loaded
hydrogels after treatment with increasing doses of VMF for 24 and 48 h (n= 4; p< 0.005). (C) Fold changes and P-values
corresponding to graphics. P-values in bold indicate statistical significance.

(figure 6). To additionally study the effect of the drug
on healthy cells included in the model, the higher
VMF dose was tested inMMhydrogels, refreshing the
treatment each 24 h. MM hydrogel cell viability was
measured at 24, 48, and 72 h with the Live/Dead kit
(figure 7).

For the A375 melanospheres and CSCs-loaded
hydrogels, the drug concentrations applied were
0µM, 0.0072µM, 0.036µM, 0.072µMand 0.144µM
(figure 6(A)). In both non-treated and treated

samples, CSCs proliferation significantly increased
in CSCs-loaded hydrogels in comparison to melano-
spheres suspension cell culture at 24 and 48 h
(figures 6(A) and S8). For CSCs-loaded hydro-
gels the proliferation ratio decreased in a dose-
dependent manner, whereas for CSCs cultured in
suspension the lower dose (0.0072 µM) inhibited
the growth rate, and an increase of the dose did
not significantly improve the anti-tumor response
(figures 6(C) and S8).
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Figure 7. Cytotoxic effect of vemurafenib in MM hydrogels. (A) Confocal representative images showing a cross-section of the
A375 and Mel-1 MM hydrogels after 24 and 48 h in culture with different VMF doses: 0 µM, 0.144 µM (A375) and 0 µM,
10.16 µM (Mel-1). Scale bar: 1000 µm. (B) Micrographs of the A375 or Mel-1 CSCs after 72 h in culture with different VMF
doses: 0 µM, 0.144 µM (A375) and 0 µM, 10.16 µM (Mel-1). Scale bar: 500 µm. Live cells are shown in green (Calcein) and dead
cells in red (EthD-1). (C) Graphics show quantification of live/dead CSCs percent at 24, 48 and 72 h of both non-treated control
and MM hydrogels treated with high doses of VMF: 0.144 µM (A375) and 10.16 µM (Mel-1), respectively (n= 4). (D) Graphics
show expression of ABCG2, ABCB1, ABCC2, ABCC3 and ABCB5 genes measured by qPCR of A375 and Mel-1 CSCs.
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Furthermore, the viability assay demonstrated
that the A375 MM hydrogel showed the antitumor
effect of VMF on CSCs (figure 7). In the dermal and
hypodermal layers, it was observed a strong viabil-
ity marking (green), so FBs and MSCs viability was
not affected by the drug treatment (figure 7(A)).
In addition, a significant increase in the percentage
of dead A375 CSCs was observed at 72 h of treat-
ment with 0.144 µMVMF, with values up to approx-
imately 50% with respect to the drug-free control
(figures 7(B) and (C)).

On the other hand, for the Mel-1 melanospheres
and CSCs-loaded hydrogels the concentrations of
drug applied were 0 µM, 0.508 µM, 2.54 µM,
5.08 µM, and 10.16 µM (figure 6(B)). Similarly to the
A375CSCs-loaded hydrogel, a greater proliferation of
CSCs in both non-treated and treated hydrogels was
also observed in comparison to melanospheres cul-
tured in suspension (figures 6(B) and S9). But con-
trarily to the A375 CSCs-loaded hydrogel, no signi-
ficant differences were found between non-treated
and treated samples either 24 or 48 h after bioprint-
ing (figures 6(C) and S9). Furthermore, there was
no a significant decrease in the percentage of dead
tumor cells at 24, 48, and 72 h with respect to day 0
and the drug-free control Mel-1MM hydrogels, and
it remains approximately below 30%–40% in all cases
(figure 7(C)). These results indicate that VMF, even
at high doses, did not compromise cell viability and
proliferation for Mel-1 CSCs.

Finally, the expression of genes related to
chemoresistance was analyzed to explore the differ-
ences in VMF response between both MM lines. The
expression of ABCG2, ABCB1, ABCC2, ABCC3 and
ABCB5 genes, from ABC transporters family widely
described for MM drug resistance [29] was meas-
ured by qPCR (figure 7(D)). A slight but signific-
ant increase in the expression of ABCB1, ABCC2,
ABCC3 and ABCB5 was observed in Mel-1 with
respect to A375 CSCs. In the case of ABCG2, there
was a remarkable increased expression inMel-1 CSCs
compared to A375 CSCs (∗∗∗p< 0.005).

3.8. Establishment of in vivo subcutaneousMM
models
In order to evaluate the tumorigenic potential and the
preservation of tumor structure and microenviron-
ment of the hydrogels, MM hydrogels (loading CSCs,
FBs, HUVECs and MSCs) and CSCs-loaded hydro-
gels were subcutaneously implanted in NSG mice.
The same number of CSCs inoculated with Matrigel
was used as a control, as the conventional model for
generating tumors in vivo. TheMMandCSCs-loaded
hydrogels were maintained 14 days in culture before
implantation in the murine model.

In all cases, an increase in tumor volume was
observed (figure 8(A)), but while the implanted

hydrogels experiencedmore gradual growth, theMat-
rigel control underwent much faster growth, result-
ing in significantly larger tumors after 34 days post-
inoculation. Moreover, the MM hydrogels exhibited
a more regular appearance than the controls. In addi-
tion, after implantation, the MM hydrogels presen-
ted a larger size, which increased slightly in the first
week and stabilized until one month later. On the
contrary, for CSCs-loaded hydrogels, the first meas-
urement showed a smaller size, probably due to the
hydrogel degradation activity by the tumor cells prior
to implantation, which was also observed in rheology
assays (figures 3(D) and (E)), and the tumor grew
gradually until day 34.

After 34 days, all animals were sacrificed and
the tumors were excised for immunofluorescence
and histochemical analysis. Microscopic examination
of representative histopathological of tumor tissue
sections was made staining with Masson’s Trichrome,
Van Gieson’s Trichrome (figure 8) and Hematoxylin-
Eosin (figure S9). In the MM hydrogel a layered
structure could be distinguished, where the tumoral
and stromal stratums had been kept clearly separated
(figure S9), whereas in the CSCs-loaded hydrogels
and control models a more homogeneous composi-
tion was observed. In addition, in the MM hydrogel,
remnants of the bioink can be observed in the stromal
layer, which appears faintly stained between the cells,
while in the CSCs-loaded hydrogel it had almost
completely disintegrated. Remarkably, highly dense
spherical structures were observed in the upper layer
ofMMhydrogel andCSCs-loaded hydrogel, with cells
within them (figures 8(B) and S9), similar in appear-
ance to melanocyte nests present in this native tumor
type. Additionally, the expression of ABCB5, CD44,
VEGF, αSMA, and FAPα (figure 8) and human-
HLA (figure S9) was analyzed in all tumor models,
with special attention to the nest-like structures. The
CSCs-loaded hydrogel and Matrigel controls showed
heterogeneity in ABCB5 and CD44 staining. How-
ever, ABCB5 was not observed in the stromal layer
of the MM hydrogel, but it was expressed in the
upper layer, in the nest-like structures, while CD44
was expressed in both the stromal and tumor lay-
ers. Similarly, VEGF was expressed in all samples,
emphasizing the robust vascularization surrounding
both hydrogel tumormodels.αSMAandFAPαmark-
ers were also expressed in all conditions but appeared
considerably more marked in the stromal layer of the
MM hydrogel, evidencing the malignification of the
stromal cells. Finally, the expression of human-HLA
was higher in MM hydrogels (figure S9), showed a
higher maintenance of the human cells that formed
the tumor before the in vivo assay. Therefore, these
results indicate that the MM hydrogel model more
closely maintains and recreates the human tumor
TME, both in structure and composition, resulting
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Figure 8. In vivo analysis of tumorigenic potential of MM hydrogel and CSCs-loaded hydrogel. (A) MM hydrogel and
CSCs-loaded hydrogel xenograft tumor development compared with CSCs injection in NSG mice. Graphic shows mean tumor
volume over time (n= 6). Adjacent, representative images of excised tumors 34 days after implantation. (B) Representative panel
of histology (Masson’s Trichrome and Van Gieson’s Trichrome) and immunofluorescence staining for ABCB5, CD44, VEGF,
αSMA and FAPα expression in paraffin and OCT sections of xenograft tumors 34 days after CSCs inoculation or MM and
CSCs-loaded hydrogels implantation. Magnification 5× and 10×. On the right, amplification of melanocytes nest-like structures
from MM hydrogel (20×). Scale bar 500 µm.
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in the formation of melanocyte nest-like structures in
the apical layer of the construct.

4. Discussion

Understanding the underlying biology of tumor ini-
tiation and progression is the first step to success-
ful progress in the development of new and efficient
cancer therapies. In recent years, cancer research has
shown the need to develop new tumor models more
biomimetic, since interactions between cells, TME
and ECM are key factors in the tumorigenic process,
which lead tumor proliferation, angiogenesis, meta-
stasis and condition the response to treatments. In
this context, biofabrication technologies such as 3D
bioprinting emerges as a new tool that allows repres-
enting the complex tumor heterogeneity and mimics
the native tumor structure1. In this study, we have
3D bioprinted a MM hydrogel, with a three-layered
structure that comprises CSCs, the initiating cells of a
tumor, andKTCs for the epidermal layer, FBs and ECs
for the dermal layer and MSCs for the hypodermal
layer, resembling its structure and composition with
the in vivomodel of MM. Moreover, we used two dif-
ferent BRAF mutated MM cell types, an established
cell line (A375) and a primary patient-derived cell line
(Mel-1), to determine differences in sensitivity of the
MM hydrogels to VMF treatment.

For bioprinting the MM equivalent, an adequate
bioink formulation was designed to faithfully recre-
ate the ECM. Collagen type I, a major component of
normal skin, is the most commonly used material to
generate a matrix for skin and melanoma 3D mod-
eling [11], as it supports cell attachment, migration
and allows growth and function of several cells types
[14, 15]. For the improvement of its mechanical and
printable properties, it was combined with agarose,
since it allows to acquire the required shape and con-
sistency [30], and does not interfere with cell viability
and proliferation [31]. In addition, the combination
of agarosewith collagen has been shown to induce dif-
ferentiation of MSCs to adipocytes [32], which con-
stitutes the bulk of the skin hypodermal tissue. On the
other hand, the culture conditions for theMMhydro-
gel were also optimized to accurately represent tumor
heterogeneity and an appropriate balance in the rate
of CSCs. Interestingly, A375 tumor cells embedded in
the MM hydrogels maintained a more stem-like state
after 14 days in culture thanMel-1 (22–24). These res-
ults agree with the MM hydrogels proliferation rates,
in which it is noted that Mel-1MM hydrogels have
a higher growth rate than those loaded with A375,
an indicator of cell differentiation since stem cells are
characterized by a lower proliferation (4).

The bioprinted hydrogels maintained its struc-
ture at least for 14 days, and gelled immediately
after printing, a crucial characteristic for the for-
mulation of a bioink [7], and to maintain a clearly

organized three-layered structure. Extrusion-based
bioprinting used in this study is the optimal for vis-
cose hydrogels with high cell density [14]. How-
ever, it could result an aggressive procedure due to
diverse factors such as the hydrogel composition or
the process itself [9]. Furthermore, high agarose con-
centration could interfere in CSCs proliferation, as
it increases gel density and solid stress that inhibits
spheroid growth [33]. Nonetheless, in our bioprinted
constructs viability and proliferation assays demon-
strated an adequate nutrient diffusion into the hydro-
gels, as well as no adverse effects of the bioink and
the bioprinting process. Moreover, ESEM analysis
confirmed that cells maintained a high metabolic
activity. In addition, diverse biological processes were
observed such as cell divisions and the production of
ECM and EVs, whose characteristics discard apop-
totic process, as they measured less than 500 nm
and showed homogeneous appearance [34]. Cells dis-
played a round morphology and established com-
munication with each other through their exosomes
andmicrovesicles (80–500 nm), which are involved in
processes as relevant as TME dynamics and remod-
eling, fibroblast activation, organotropic metastasis,
angiogenesis, and drug resistance [35]. Analysis of
the conditioned medium of MM hydrogels by differ-
ent techniques confirmed the presence of these EVs
and exosomes, positive for Alix labeling [25]. In addi-
tion, fibroblast activationwas confirmed by the phen-
otypic change of the fibroblasts, expressing FAPα
and αSMA markers. The expression levels of both
markers can be related to a tumoral phenotype, but
they have extremely heterogeneous expression pat-
terns and vary widely between different subpopula-
tions of CAFs [26, 36], so while there is currently no
consensus on universal CAFmarkers, these results do
demonstrate that there is a phenotypic shift of FBs in
the MM hydrogel and, thus, a communication net-
work between different cell types in the TME.

During tumor progression ECM suffers relevant
variations in terms of structure and composition,
which impact on mechanical properties of the TME
[37, 38]. In this study, changes in the viscoelastic and
compression modulus along time reflected the MM
hydrogels’ remodeling effect on the ECM, since the
bioprinted hydrogels significantly vary only in tum-
origenic conditions, especially those containing only
the CSCs layer. These findings support that CSCs par-
ticipate actively in the matrix remodelation by indu-
cing fast degradation of the hydrogel. CSCs secrete
proteolytic enzymes to facilitate cells growth, can-
cerous matrix deposition and metastasis [4, 37, 39],
which changes the cell–cell adhesion force and sub-
sequently themechanical properties of the tissue [40].
Moreover, CSCs induce the ECM proteolytic remod-
eling by stroma cells [4].On the other hand, CSCs also
participates in the assemble of new cancerous matrix
with greater physical properties than healthy matrix
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[41], as suggested by the raised values in viscoelastic
moduli, in agreement with other studies [42, 43], and
the ECM deposition observed in the ESEM analysis.

Furthermore, due to the importance of blood ves-
sel structures for tumor hallmarks, metastatic pro-
cess and chemotherapeutics delivery to solid tumors
[2], vascular ECs were included in the MM hydro-
gels. For that, HUVECs-FBs spheroids were bioprin-
ted in the dermal layer, which seemed to initiate
early attempts of migration in the hydrogels. In con-
cordance with previous works, we also observed a
secretion of VEGF by CSCs and FBs, suggesting a
cross-talk with HUVECs [44, 45]. Moreover, VEGF
participates also in an autocrine signaling in CSCs,
promoting cell stemness and self-renewal [46], and
CSCs can also performnewbranched vessels, in a pro-
cess called vascularmimicry, guided by soluble factors
from the TME [47, 48]. The development of vascu-
larized tumor models involves an important step on
cancer research, since not even in vivo models can
completely recreate tumorigenic vessels, as tumors in
murine models grow faster than human tumors, and
their immature blood vessels are not comparable with
long-term established human ones [49].

To date, preclinical models fail to recapitulate the
tumor heterogeneity, and animal models neither pre-
dict what actually happens in humans [50]. Further-
more, in the clinical practice, the variability between
patients makes it difficult to predict the response
to drugs and side effects [51], so autologous tumor
models have been proposed as a powerful strategy to
achievemore accurate results. Here, the effect of VMF
was tested in both BRAF mutated A375 and Mel-
1MM hydrogels. In the case of A375, it was observed
that the hydrogel provided greater drug resistance and
promoted cell proliferation [10], in line with other
studies that compare the chemotherapeutic effect in
3D and 2D tumor models [52, 53]. However, the
Mel-1 CSCs-loaded hydrogel did not respond posit-
ively to the drug, for any of the doses applied, nor
was its cellular viability affected. Although both cell
lines present the same mutation for BRAF (V600E),
which should sensitize them for this treatment, this
study supports that they respond differently. These
contradictory resultsmight be explained by the differ-
ent origins (established and primary patient-derived
cell lines) and the acquired resistance level for both
MM cell types. Previously, it has been demonstrated
that BRAF mutant A375 cell line is sensitive to
VMF [54], which agrees with the dependant doses
response found in our A375 CSC-based model. In
contrast, the non-response to high doses of VMF in
theMel-1 CSCs-loaded hydrogel is attributable to the
acquired resistance of CSCs isolated of this primary
patient-derivedMM cell line. In fact, despite the clin-
ical success of VMF in the increase of progression-
free survival in MM patients, most patients have
tumor-recurrence with drug-resistant disease within
6–8 months [55, 56]. In the expression analysis of

genes related to chemoresistance, a significant over-
expression of ABCG2, ABCB1, ABCC2, ABCC3 and
ABCB5 genes,members of the ABC transporters fam-
ily, was demonstrated in the patient-derived MM line
compared to the established one. These genes, espe-
cially ABCG2 and ABCB5, are widely associated with
acquired resistance to VMF, mainly for MM [57–60].
In fact, a novel preclinical trial has studied the effect
of ABCB1/ABCG2 inhibitor to sensitize tumor lines
to VMF treatment, suggesting a significant improve-
ment in the therapeutic efficacy [61]. Nonetheless,
it has been shown that the effect of VMF can addi-
tionally depend on post-translational modifications
or multiple alternative ways of acquiring resistance
[62, 63], that could also explain the altered Mel-
1 CSCs response to VMF. All these results indicate
that our MM hydrogels are able to sensibly detect-
ing different response to drug treatment depending
of tumor characteristics and have a great potential
to predict treatment efficacy in accordance with the
individual response variability among patients to the
same therapeutic regime.

In addition, the MM hydrogels demonstrated
tumorigenesis capacity in vivo with a more repres-
entative growth rate, structure, and composition,
which would allow more comprehensive studies of
pharmacological response since our model biomim-
ics the bulk tumor heterogeneity including interac-
tions between cells and TME. As demonstrated by
staining of tumor sections, a stratified structure was
maintained in the MM hydrogel, with an upper layer
comprising tumor cells and structures similar to the
melanocytes nest present in human melanoma, and
a bottom layer with stromal cells, positive for CD44,
αSMA and FAPα markers, but negative for ABCB5,
characteristic of MM CSCs and differentiated tumor
cells [64]. Expression of CD44, αSMA, and specific-
ally FAPα on stromal cells in TME is linked to envir-
onmental malignancy and generation of the CSCs
niche [65, 66]. In addition, the presence, size, and
appearance of the melanocyte nests can be clinic-
ally useful as diagnostic and classification criteria of
MM [67–69] On the other hand, positive expression
of human HLA demonstrates a low substitution of
mouse cells in the tumormodel, a major concern cur-
rently associated with PDX models [70]. Moreover,
VEGF labeling shows consistent vascularization of
hydrogel-based tumor models, a fundamental factor
for pharmacological diffusion of new compounds
studies. This more robust angiogenesis is probably
due to the fact that slower tumor growth favors the
generation of more stable vessels, whereas the faster
growth linked to conventional tumor cell injection
models results in more fragile vessels in response to
the exponential nutrient and oxygen demand of the
tumor [49]. Therefore, the histopathological char-
acteristics of the in vivo tumor from MM hydro-
gel resemble human tumor features and biochemical
context, providing a more sophisticated and realistic
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platform for the investigation of novel oncological
treatments. This may be crucial for the study of new
drugs that do not target tumor cells, but other com-
ponents of TME. In fact, there is a multitude of
new anti-tumor treatments proposed, many of them
being tested in clinical trials, that target stromal cells,
the vasculature, the tumor’s own extracellular matrix
[71], and even the intercellular communication net-
works occurring in the TME [4, 71]. However, most
of the classical animal models used for preclinical
screening of antitumor drugs include only one cell
type and, in several cases, while a drug shows excellent
antitumor properties in vivo, it proves to be ineffective
in clinical trials, and therefore unable to be translated
into clinical practice. Therefore, more reliable models
that are able to incorporate both human cells and the
complete physiology of an in vivomodel are proposed
as a promising tool for screening these new therapies
[72, 73].

5. Conclusions

To our knowledge, it is the first time that a novel 3D
bioprinted MM hydrogel has been developed, sim-
ulating both MM skin structure and TME. When
implanted in NSG mice, it allows the generation
of biomimetic xenograft models recreating similar
structure and composition that human tumor bulk.
However, our model comprises only an initial vas-
cularization, without achieving a more complex vas-
cular network, and immune system is not yet fully
included in this type of platforms. Despite these
limitations, this MM hydrogel provides a promising
in vitro and in vivo platform for the detailed study of
molecular pathways and tumor components inter-
action. Moreover, this system has a high potential
for high throughput anticancer drug screening cam-
paigns targeted against MM and, more important, to
the optimization of current MM treatments towards
a precision and personalized medicine more reliable
and successful to improve quality of life and treatment
response in MM patients. Finally, this MM hydrogel
could be a fundamental step between animal testing
and clinical trials, reducing the need for laboratory
animals and giving more consistent data about drug
pharmacology, which will result in lots of time and
resources savings.
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