Journal Pre-proof

MATERIALS

Three-dimensional bioprinted cancer models: a powerful platform ENCSifI\IIEEII\EIIgIIIE\Ié

for investigating tunneling nanotube-like cell structures in c
complex microenvironments '

Helena Herrada-Manchon, Lucia Celada, David Rodriguez-
Gonzéalez, M. Alejandro Fernandez, Enrique Aguilar, Maria-
Dolores Chiara

PII: S0928-4931(21)00497-5

DOI: https://doi.org/10.1016/j.msec.2021.112357
Reference: MSC 112357

To appear in: Materials Science & Engineering C
Received date: 1 May 2021

Revised date: 10 July 2021

Accepted date: 2 August 2021

Please cite this article as: H. Herrada-Manchén, L. Celada, D. Rodriguez-Gonzalez, et
al., Three-dimensional bioprinted cancer models: a powerful platform for investigating

tunneling nanotube-like cell structures in complex microenvironments, Materials Science
& Engineering C (2021), https://doi.org/10.1016/j.msec.2021.112357

This is a PDF file of an article that has undergone enhancements after acceptance, such
as the addition of a cover page and metadata, and formatting for readability, but it is
not yet the definitive version of record. This version will undergo additional copyediting,
typesetting and review before it is published in its final form, but we are providing this
version to give early visibility of the article. Please note that, during the production
process, errors may be discovered which could affect the content, and all legal disclaimers
that apply to the journal pertain.

© 2021 Published by Elsevier B.V.


https://doi.org/10.1016/j.msec.2021.112357
https://doi.org/10.1016/j.msec.2021.112357

Three-dimensional bioprinted cancer models: a
powerful platform for investigating tunneling nanotube-
like cell structures in complex microenvironments

Helena Herrada-Manchén™*®, Lucia Celada®*®, David Rodriguez-
Gonzélez'?, M. Alejandro Fernandez®’, Enrique Aguilar’, and Maria-
Dolores Chiara®*>’

! Centro de Innovacion en Quimica Avanzada (ORFEO-CINQA), Instituto
Universitario de Quimica Organometélica “Enrique Moles”, Departamento de
Quimica Organica e Inorganica, Universidad de Oviedo, 33006, S; +in

2 Fundacion Idonial, Parque Cientifico y Tecnoldgico de Gijon, 25293, Gijon,
Spain

3 Instituto de Investigacion Sanitaria del Principado de Astur as, 23011, Oviedo,
Spain

* CIBERONC, 28029, Madrid, Spain

> Instituto Universitario de Oncologia del Principado . Ast irias, Universidad de
Oviedo, 33006, Oviedo, Spain

® Equal contribution

’ Authors to whom any correspondence should !je ., essed.

Corresponding author:

Maria Dolores Chiara

Instituto de Investigacion Sanitari~ de, P.incipado de Asturias
Av de Roma s/n

33011-Oviedo

Spain

E-mail: mdchiara.uo@u niov .es



Abstract

Bioprinting technology offers layer-by-layer positioning of cells within 3D space with
complexity and a defined architecture. Cancer models based in this biofabrication technique are
important tools to achieve representative and realistic in vivo conditions of the tumor
microenvironment. Here, we show the development of a proof-of-concept three-dimensional
bioprinted cancer model that successfully recapitulates the intercellular communication via the
assembly of functional tunneling nanotube (TNT)-like cell projections. Different combinations
of collagen-containing culture medium, sodium alginate and gelatin were initially prepared and
rheologically evaluated. The optimized mixture was used to print two preliminary 3D models
for cancer cell seeding. Favourable results in cell viability and proliferation led to the inclusion
of 786-0O renal cancer cells into the biomaterial mixture to directly bioprint the most suitable 3D
model with embedded cells. Bioprinted cells remained viable for at least 15 days of culture and
proliferated. More importantly, these cancer cells were ablc to build TNT-like cellular
projections inside the hydrogel that established direct contacts beww >en distant cells. We show
that these structures were used as channels for the scrollirg a d intercellular transfer of
mitochondria thus reproducing TNT’s function in 2D culture . sw.ns. This 3D bioprinted renal
cancer model provides a novel alternative tool for studying t."e fu ctional relevance of TNT-like
structures in tumorigenesis and anticancer drug suscey‘ibility in a highly controlled and
reproducible tumor microenvironment.

Keywords: 3D bioprinting, cancer models, cell-to-rel. cominunication, tunneling nanotubes



1. Introduction

Cell culture is an extensively used tool for the in vitro study of cell biology, tissue
morphology, or disease mechanisms. Specifically, two-dimensional (2D) cell culture models
have played an important role in enhancing our understanding of cancer development and
progression. However, it is well-recognized that those systems fail to accurately represent the
tumor ecosystems or recapitulate in a precise manner the cellular interactions that take place in
the complex cancer tissues [1,2].

Cells growing in monolayers have an unlimited access to the medium ingredients (oxygen,
metabolites, growth factors...), which becomes an inconvenient when trying to mimic real
cancer tissues where nutrient availability is highly heterogenous due to the intrinsic complexity
of the tumor tissue architecture [2-4]. Furthermore, the bidirectional flow of information
between the cellular and extracellular components of the tumor ecosystem cannot be
recapitulated in the non-physiological 2D cell culture models [5,A]. On another hand, there are
cell processes observed in 2D culture models that do not have a “orrelate in vivo [7]. This is
particularly relevant in the case of the novel and revoluu nary field of cell-to-cell
communication throught the tunneling nanotube (TNT)-lik. projections. TNTs are thin
membrane tubes that connect distant cells and function as ct anne's for the intercellular transport
of diverse cargo including cellular organelles such as rutou..undria [8]. TNTs were initially
identified in 2D cancer cell culture models what raisc. the question whether their formation
could be a consequence of the artificial conditions of .~e c Il culture [9]. TNTs’ heterogeneity,
lability and poor structural characterization is still F.ampcoring unequivocal demonstration of
their presence in complex cancer tissues or ever 3/ ~ulture conditions thus raising skepticism
in the scientific community about their exister.ce .4 their putative pathological role in cancer
[10].

The analysis of TNTs in living anima.> would provide a wealth of information about cancer
cell behavior in a physiopathologically rele -ant context. However, in vivo models are too
complex to study TNT-mediated specifiv interactions between cells [1,2]. Consequently, 3D cell
cultures is a working alternative ard,  +tcularly, 3D bioprinting is showing promise for the
development of in vitro models ir = di.*.rent approach [11-13].

Bioprinting technology offei. layer-by-layer positioning of cells within 3D space, with the
shape and architecture defi. =d using computer-aided design (CAD) [14,15]. Broadly
categorized as either extrusio.. aroplet, or laser-based bioprinting, provides an automatized,
precise and repeatable math .~ particularly useful to mimic tumor microenvironment [16-19].
The use of 3D bioprintcd tui1ors is increasing in areas like tumor biology, migration, invasion,
and metastasis, as wen s in high-throughput drug screening and validation, even providing the
possibility for personaliz :d medicine [20-23].

It is important to highlight that replicating 3D cell-systems is extremely challenging and
cannot be achieved without a strong work in bioink formulation and rheological analysis. The
combination of biomaterials, cells and other key factors to form a printable hydrogel, plays a
fundamental role in subsequently obtaining a structure with high shape fidelity, in addition to
enough cell viability [15,24].

In this work, syringe-based extrusion bioprinting encompassed, firstly, the fabrication of
preliminary 3D-matrices to test viability, adhesion and cell growth. After this first approach,
and the selection of the most suitable 3D model, a cell-loaded formulation was directly
deposited generating multilayer grid structures to represent tumor models for studying cancer
cell behavior. We show here that this single-cell model is useful as proof-of-concept model that
confirm not only the possibility of bioprinting cancer cells, but also the observation of direct
cell-to-cell communication and mitochondria trafficking via TNT-like protrusions which, to the
best of our knowledge, has not been described before in this setting and for a renal cancer cell
line. The discovery of TNT-like structures (and associated mitochondria-transfer) in a



bioprinted cancer cell model support the notion that TNT assembly is not associated with
culture conditions in 2D settings. Moreover, this system offers an unique opportunity for deeper
studies of these communications in controlled and reproducible 3D models to disentangle
utmost importance aspects of cancer, such as drug resistance acquisition and other metabolic
and molecular processes involved in cancer progression [25,26].



2. Materials and methods
2.1. Materials

Gelatin, from porcine skin (CAS no. 9000-70-8), sodium alginate (CAS no. 9005-38-3) and
calcium chloride (CAS no. 10035-04-8) were purchased from Sigma-Aldrich Quimica S.L.,
Madrid. Other materials were: collagen type | high concentration from rat tail, (Corning),
Minimum Essential Medium Eagle 10x (Sigma-Aldrich), Dulbecco's Modified Eagle Medium
(Gibco), sodium bicarbonate 7.5% (Thermo Fisher), and Phosphate Saline buffer (PBS)
(Corning).

2.2. Biomaterial ink preparation

The intrinsic characteristics of the selected materials prevented a one-pot mixing of the
components, as gelatin needs heating for melting and collagen co ©ulates easily above 37 °C. In
that way, we proceed to prepare the bioinks by mixing a collagen: ~ontaining culture medium
(called part A) with a biomaterial hydrogel made with sodium ¢ (gin. te, type A gelatin and PBS
as solvent (part B) (Table 1).Three different volumetric rat’z~ v.ire tested to select the most
suitable for bioprinting the models. Part A ingredients wei~ ust d as purchased measured and
directly mixed in a 3 ml Eppendorf. In the exploratory stu.'v of the biomaterial inks (performed
without cells), simple DMEM was added replacing the cen suspension corresponding volume to
have a rheological behaviour and printing results as ci.~¢ as possible to the final cell-loaded
inks. Part B formulation was elaborated as follows Firstly, gelatin was weighted, hydrated with
half of PBS quantity, and heated in a 40 + 2 °C tath. Meanwhile, required amount of sodium
alginate was mixed under stirring in the remc'ning volume of PBS. Once gelatin was totally
melted, it was slowly added to the e!gin te wvlending and gently mixed until complete
incorporation. Then, it was left to rest in « )ath during 24 h, wrapped with food grade plastic
protective film to let the air bubbles u.~appear. To prepare the mixtures, corresponding volumes
of part A and part B were transferre< to ~rinter-compatible syringes (BD 3 ml syringe Luer-
Lock™Tip; Benton, Dickinson an. _ompany, Belgium). Both syringes were joined with a
female-female luer lock transfer coi.nector (Aesthetic Group, France) and the contents of each
cartridge were gently combincd until the ink was homogeneous (Supplementary data, Fig.
S1). Empty syringe and cornector were removed, and plastic caps were screwed in nozzle
openings to prevent ink loc~ Sy :nges rested in a 30 + 2 °C bath until use.

Table 1. Detailed composi ions 1nd mixtures

Part A “ollagen 23% (v/V)
MEM (x10) 10% (v/v)
NaHCOs 7% (VIV)
Cell suspension / DMEM 60% (v/V)

Part B Sodium alginate 6% (W/w)
Gelatin 16% (w/w)

Mixtures tested 31 1:1 1:3

Part A 3 1 1

Part B 1 1 3

2.3. Rheological characterization of the mixtures



Rheological analysis was carried out with a controlled stress rheometer (Discovery HR-2,
DHR, TA instruments, USA) equipped with a parallel plate (25 mm diameter, 0.5 mm gap) and
a controlled convection/radiant heating oven for stable temperature control (Environmental Test
Chamber, ETC, TA Instruments, USA). Inks were maintained in a 25 °C bath until testing and
were loaded using a plastic spatula. Conditioning steps (30 s) were added prior to every assay to
ensure correct sample temperature. Shear-viscosity tests were conducted in flow ramp mode
with an increasing shear rate (from 0.01 to 100 s™) within 120 s at 25 °C. Thixotropy at same
temperature was measured through a shear recovery test with 3 different steps: 120 s at low
shear rate (0.4 s™), 40 s at high shear rate (100 s™) and finally, 120 s at low shear rate (0.4 s™).
Structural recovery of the inks was determined as the percentage of viscosity obtained during
the first 40 s and the 120 s in the third step, based on the equilibrium viscosity (the average
viscosity obtained in the last 40 s of the first step). Small-amplitude oscillatory shear (SAOS)
tests were used to study the viscoelastic behaviour of the inks. First, linear viscoelastic interval
(LVR) was determined with amplitude sweeps in a 0.1 to 1C)N% strain interval at 1 Hz.
Frequency sweeps were performed from 0.1 to 10 rad/s at a constar. deformation of 1% (value
within the LVR region). Curves were plotted with average data (f three replicates of every
assay. Results were recorded and processed by TRIOS .>tuwwdare (version 4.5.0, TRIOS
Rheology Software, TA Instruments, USA).

2.4. Geode generation and 3D printing setup

A syringe-based extrusion 3D printer (bIDO-I, Idoi.~« Technological Center, Spain) was
used to print the constructs. A flat disk 3D me2=l (15 mm diameter, 0.5 mm height) was
imported into an open-source slicing software (S.ic3r), from which different versions of G-code
were exported depending on the printing nat.meters set. To select a suitable printing speed,
simple squares were printed by triplicatr at hree different speeds (5 mm/s, 10 mm/s and 15
mm/s). Uniformity and thickness of the wrinted struts were measured to assess the most
appropriate. Other fixed main printi.1 parameters were: 0.15 mm layer height, 60% infill
density, 90° infill angle and single ner.meters. An extended list of printing parameters is
included in Supplementary data. Sitnrile skirt printing was set to establish continuous ink flow
before printing. Extruder temperatu, ~ and printing bed temperature were maintained in 25 °C
and 14 °C, respectively, to acliev. a correct ink flow without exceeding thermal stress to the
cells. Stainless steel, blunt ¢na tispenser tips (Fisnar, United Kingdom) with 0.25 mm inner
diameter (25G) were used o< priiter nozzles. 35 mm sterilized dishes (u-Dish 35 mm, low wall,
ibiTreat; Ibidi GmbH, e. many) were chosen as printing supports, since they allowed easy
handling, direct mi.-ascanc analysis, ensure sterility and hinder evaporation when totally
closing the lid.

2.5. 3D printing of preliminary models and cell seeding

For preliminary cell seeding into the selected biomaterial ink, two 3D model configurations
were tested. First model printed was a common scaffold, with same porosity in every layer (Fig.
1A). Second model, instead, had a bottom solid layer (100% infill density) followed by common
porous scaffold layers (Fig. 1B). Setting these two models was useful to determine whether the
cells adhere to the solid hydrogel layer and/or to the plate surface. Detailed images of the 3D
structures’ Slic3r preview can be seen at Supplementary data (Fig. S2).

Once printed, constructs were soaked with a 0.5% (w/v) CaCl. solution for 2 minutes to allow
alginate crosslinking. After that, CaCl: solution was removed and scaffolds were gently washed
with PBS to remove possible excess of salts. Then, 5x10* SCC38 cells or 2.5x10* 786-O cells
were seeded on the top of the scaffolds and incubated under regular cell culture conditions for
72 hours.



Fig. 1. Slic3r software preview of 3D models. (A) Regular scaffold: traditional meshes with struts
deposited forming an angle of 90 degrees with the next layer; (B) Scaffold with bottom solid layer:
structures where the first layer of the scaffold is printed with 100% infill density, followed by a 90-degree
mesh printed.

2.6. Bioink preparation and 3D printing process

Part A, containing 2x10° cells, was immediately transfer.~d nto a 3 mL syringe and
subsequently mixed with 1.5 mL of the previously oprepired part B hydrogel until
homogenization. Cell-laden bioinks were kept in a 30 + “ °C uath until printing. Bottom solid
layer scaffold (Fig. 1B) was selected as 3D model for ~..>wi.ig a better observation of the cells
along the different layers. After printed, scaffolds w.re .rosslinked with 0.5% (w/v) CaClz
solution for 2 minutes and then washed with PBS. "-inai.;, DMEM containing 10% of fetal
bovine calf serum, penicillin (100 U/mL) and st er.omycin (100 pg/mL) was added as culture
media.

2.7. Cell culture and transfection

The clear cell renal cell carcinoma (786-C) and larynx-squamous cell carcinoma (SCC38)
cell lines were grown in 10 cm diameter lates in a humidified incubator (37 °C, 5% CO,) with
DMEM containing 10% of fetal bcwviac zalf serum, penicillin (100 U/mL) and streptomycin
(100 pg/mL). The SCC38 cell lir. wa. «indly provided by Dr R. Grenman and the 786-O cell
line was a generous gift from C+ M. Calzada. Cell lines were periodically tested for human
pathogens and mycoplasma ii.%action. All methods were carried out in accordance with the
approved guidelines of our insution.

For lentiviral infectior, 22?7 cells were transiently co-transfected with lentiviral packaging
mix and GFP-pGIPZ Dha macon) plasmid using Lipofectamine 3000 reagent. The virus-
containing media was ~onected 48 h post-transfection and immediately used to infect 786-O
cells in the presence of % pug/mL of polybrene. The infection procedure was repeated 24 hours
later. Selection of GFP-expressing cells was performed with 6 ug/mL of puromycin for 10 days.
Stable pooled populations of cells were maintained in culture using 2 pg/mL of puromycin.

2.8. Cell viability

Cell viability was analysed with the Live/Dead viability/cytotoxicity kit (Thermo Fisher)
following manufacturer’s instructions. Briefly, cells were incubated with 2 UM calcein AM and
4 uM ethidium homodimer-1 in PBS for 30 minutes at 25 °C before microscope visualization
using fluorescein and rhodamine optical filters to visualize calcein- (live cells) and ethidium
homodimer-1- (dead cells) stained cells.

2.9. Fluorescent cell labelling and immunofluorescence

For in vitro mitochondria labelling, cells were incubated with MitoTracker® Red CMXRos
(Thermo Fisher) for 30 minutes and then extensively washed with cell culture media following
manufacturer's instructions. For immunofluorescence, mouse anti--actin and mouse anti-a-



tubulin (Sigma-Aldrich, St Louis, MO, USA) were used at 1:500 dilution; rabbit anti-LAMP-1
(Abcam, Cambridge,UK) and rabbit anti-LC3B (Novus Biologicals, Colorado, USA) were used
at 1:100 dilution. Anti-rabbit or anti-mouse IgG Alexa Fluor 488 and anti-mouse 1gG Alexa
Fluor 555 were used as secondary antibodies at 1:500 dilutions. Mounting medium containing
DAPI was added to visualize nucleus. Immunofluorescence stainings were analysed on a Zeiss
AxioObserver Z1 microscope (Carl Zeiss, Oberkochen, Germany) with a Plan-Apochromat
40X/1.3 (NA = 1.3, working distance = 0.21 mm) or Plan-Apochromat 63X/1.4 (NA = 1.4,
working distance = 0.19 mm) oil lens objective, a camera (AxioCam MRm; Carl Zeiss), and
Apotome (ApoTome 2; Carl Zeiss) as previously described.

2.10. TnT-like structures quantification

Quantifications of TnT-like structures were achieved by using bright field or fluorescence
microscopy in life-cells or fixed-cells. For estimations of TnT percentages, cells were pictured
using 8 x 8 tiles.

3. Results
3.1. Rheological characterization and selection of biom xter'al ink

Different rheological tests were carried out for a firs* nr, *ability assessment of the inks and
to determine the more suitable mixture A:B for biopr:tinc the models. Flow curves (Fig. 2A)
showed a greater shear-thinning behaviour when highsr cuntent of part B hydrogel was present
in the composition. By contrast, 3: 1 mixtv.e nad a practically Newtonian behaviour,
represented by straight lines for both stress ‘o) ~r~4 viscosity () whose remained constant
independently of the shear rate (y) value.

Regarding the shear recovery tests, ne.cher of the mixtures quickly recovered the gel internal
structure after a high shear rate (100 s™) at z °C (Fig. 2B). Similar percentages were found for
1:1 and 1:3 formulas: around 35% ana ~0% of viscosity recovery, for 40 s and 120 s after the
high shear rate step, respectively ("i1c. 27.). Percentages were even lower for 3:1 ink. These
results revealed that, once extrude tf.~ “{uids take a long time to recover and that some external
help was needed to assist shape .~tenuon and preventing them from spilling onto the surface due
to gravity. In this vein, taking advantage of the fact that gelatin generates thermo-reversible
hydrogels, this weak point wa. avercome by applying a low temperature in the printing bed and
inducing an in-situ instant g 'at’on of the ink.

In SAOS test, LVR 1vas 1 'rst determined through amplitude sweeps to ensure that tests were
carried out without ac-truying internal structure of the inks (Supplementary data, Fig. S3).
Constant deformation o 1% was set for frequency sweeps, which display the viscoelastic
response of the mixtures (Fig. 2D). Every mixture exhibited a typical weak-gel behaviour since
storage modulus (G’) values were higher than loss modulus (G’’) values in the three
formulations. In addition, higher G’ values (related with better self-supporting ability and larger
mechanical strength of the gel) were found for 1:1 mixture. Following all the results, the
volumetric ratio selected for bioprinting the 3D models was 1:1 due the more favourable
viscoelastic properties and the shear-thinning behaviour.
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3.2. 3D printing process

To set the most suitable printing spee. a simple printing test was carried out with the
selected ink at different velocities. A seed of 10 mm/s was established for the greater definition
in the lines with less deviation (Fig 24). The photo image and stereomicroscopic micrograph
showed regular pores and struts in tie pr'nted scaffolds (Fig. 3B-C). Both model configurations
(scaffold with/without bottom solid \>\ver) showed repeatable results.
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Fig. 3. Scaffold 3D printing. (A) Histogran si. wi.J line width measurement of bioprinted scaffold
printed at 5, 10 and 15 mm/s. Photographs *aksn with camera (B) and stereomicroscope (C) showed
regular pore size and line width. Scale bar: 500 w..> (D) Printing process detail.

3.3. Viability and proliferation of rancor cells seeded in printed scaffolds

To determine whether cancer cells »re viable and retain their ability to proliferate in the
presence of biomaterial inks, tv:1 di:“erent types of scaffolds were used: (i) regular scaffolds
printed on culture plates with 7las. bottoms and (ii) scaffolds printed with a bottom hydrogel
solid layer. Two types of canu>r cells, 786-O and SCC38, derived from renal cancer or
squamous cell carcinom.. re,pectively, were seeded on the top of the scaffolds and
subsequently incubated wnu~r regular cell culture conditions for 72 hours. As shown in Fig. 4A,
both types of cells adi.~rer. to the plate coverslips stablishing contacts with the hydrogel-
boundaries when seedeu in regular scaffolds and showing that there is certain cellular tropism
towards the hydrogel. “.dhered cells spread, i.e., became flattened on the 2D glass substrate
indicating that they maintained active polymerization of actin filaments which is the driving
force that pushes the membrane forward and allows the motility processes of cancer cells.
Moreover, cells proliferated and occupied the whole glass surface after 48 h of culture.



A 786-0 cell line SCC38 cell line

24h

B no scaffold 24h 72h

786-0

SCC38

Fig. 4. Cancer cells are \ iable and proliferate as multicellular spheroids when seeded on the top of
bioink surfaces. 786-C “nu oCC38 cells were seeded on top of regular scaffold (A) or scaffold with
bottom solid layer (B —righ pictures—, and C) and incubated for the indicated periods of time (h, hours).
In panel B (left pictures), cells were seeded in regular culture plates to highlight that, under these
conditions, cells growth as monolayers adhered to the plate surface. Bar chart on the right represent
spheroids diameters in the indicated cells growth on top of scaffold with bottom solid. (C) Representative
images of 786-O and SCC38 cells seeded on the top of scaffold with bottom solid layer and subsequently
incubated for 96 h. As shown, that the two types of cells are capable of invading the bioinks (white
arrows point to invasive cells). Scale bars: 500 um (A), 100 um (B, except for top middle and right
pictures: 50 um) and 50 um (C).

Different cell behaviour was found when cells were cultured on scaffolds with bottom solid
layer. As reported for other types of hydrogels, cells did not growth as monolayer but self-
assembled forming 3D multicellular spheroids (MCS) (Fig. 4). SCC38 cells formed larger MCS
(mean diameter: 70-90 um) than 786-O cells (mean diameter: 20-35 um) after 24 h of
incubation. In addition, whereas SCC38 cells formed regularly shaped MCS, those assembled
with 786-0 cells were more amorphous showing less cohesiveness between cells. MCS doubled
their size in a 48 h period indicating that cells retained their ability to proliferate (Fig. 4B).
More interestingly, both types of cells showed an invasive behaviour penetrating the hydrogel
(Fig. 4C). These behaviours resembled those observed when SCC38 and 786-O cells were



assembled into collagen matrices using the classical hanging drop technology [27,28]
(Supplementary data, Fig. S4). Thus collagen/alginate/gelatin hydrogels are suitable for
cancer cell bioprinting and seem to properly mimic the extracellular matrix such that they allow
cell adherence and proliferation to assemble multicellular spheroids.

3.4. Viability and proliferation of bioprinted cancer cells

786-O cells were embedded into hydrogels and printed as scaffolds with bottom solid
hydrogel layers. In this setting, printed cells scattered as single cells within the hydrogel. Bright-
field microscopy allowed visualization of cells within the scaffolds. To better distinguish cells, a
stable population of 786-O cells expressing green fluorescent (GFP) protein was generated.
These cells were mixed with the hydrogel and subsequently bioprinted as indicated above. Fig.
5 shows that individual cells could be visualized in- or out-of focuss indicating they are at
different Z-positions within the hydrogel. The number of cells doubled after about 15 days of
culture indicating that bioprinted cells do proliferate with lower rate than not-bioprinted cells,
thus more closely resembling native cancer cell behaviour. It takes «™out three to six months for
most tumours to double their size [29].

Bioprinted cancer cells could be cultured for long periods ~* t,22 and remained viable during
that time (over 15-20 days). Cell viability was analysed bv .'sino calcein and ethidium bromide
to stain live (green) or dead (red) cells in cells not expre.~ing GFP. As shown in Fig. 5, about
90% of bioprinted cells remained viable after 15 days o1 cunure. In addition, single bioprinted
cells seem to retain fluid dynamic and intracellular mo.~rents of the complex constituents of
the cytoplasm, an intrinsic property of cells which is vital 1or regulating relevant physiological
events. Intracellular dynamic movements were cef:ctd in single bioprinted cells by the time-
lapse recordings (see Supplementary data, vide  1).

3.5. Assembling of TNT-like structu es «n 786-O cells cultured as monolayers and
bioprinted models

TNT-like connections have been smatie Y in different types of cancer cells, including SCC38
cells, when they are grown as monul-yers, but there is no evidence for the existence of TNT-
like structures in cells derived fron. enal cancer. Moreover, it is unknown whether bioprinted
cancer cells retain their ability (0 «.~semble TNT-like projections within hydrogels. Side-by-side
bright-field microscopic anclvs,~ of SCC38 and 786-O cells unveiled that 786-O cells can
assemble a remarkable hixher ..umber of cell-to-cell long projections than SCC38 cells and
other SCC-derived cells |25] (Supplementary data, Fig. S5). Thus, subsequent studies were
focused on 786-O r>lls *a 7scertain whether they retained their ability to assemble functional
TNT-like projections w.'th the aim of providing a highly accessible, more physiological,
controlled and reproduc.ole 3D model than the 2D culture system or tumour tissues.

A first analysis was performed in cells cultured under conventional 2D planar culture
conditions. As shown in Fig. 6, 786-O cells grown as 2D monolayers generated thin tube
structures that connected distant cells forming membrane bridges. Immunostainings of a-tubulin
and B-actin showed that both cytoskeleton proteins were localized inside the cell projections.
Immunofluorescence analysis using anti-LAMP1 and anti-LC3B antibodies, as lysosome and
autophagosome markers, respectively, revealed that the two types of subcellular organelles were
present in the cell projections. Moreover, cell labelling with mitotracker showed that they also
contained mitochondria which were able to travel inside the channel. The average migration rate
of mitochondria was about 30 um/h which was similar to that described in other cancer cells
[26].
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Fig. 5. Bioprinted cancer cells are viable and proliferate over long periods of time. 786-O cells were
embedded into the bioink, printed as scaffolds with bottom solid layer and photographed either
immediately after printing or after incubation for 15 or 20 days. (A) A representative image showing an
overview of the scaffold structure and the printed cells (bright dots) after 20 days of incubation. (B)
Quantification of the number of cells immediately after printing (0 d) or after 15 days (15 d) of
incubation. (C-E) Representative images of printed scaffolds photographed immediately after printing
(day 0) or after 15 days of incubation. In panel C, magnified images of the framed areas are shown. (D)
786-0 cells were stably transfected with GFP protein before printing in the scaffolds to obtain better
visualization of printed cells. Images show microscopic fluorescence and brightfield pictures of the same
region of the scaffolds. Arrows point to individual cells expressing GFP protein. As shown, there are cells
out of focus because of their location at different z positions. (E) Printed cells were incubated for 15 days
and subsequently stained with Live-Dead Assay Kit which label live and dead cells in green and red,
respectively. The percentage of cells was estimated from a total of 340 cells counted in 4 independent
experiments. Images were captured using fluorescence microscopy and represent a stack of 15 sections
with a total physical length of 140 pum (left panel) or 20 sections with a total physical length of 190 pum



(right panel). xy (upper pictures) and xz (lower pictures) projections of the same scaffold are shown.
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Scale bars: 500 um (A, C); 100 um (D).
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Fig. 6. TNT-like structures formed by 786-O cells grown as monolayers and mitochondria
trafficking. (A) a-c Representative fluorescence microscopic images of cells stained for tubulin, actin,
LAMP1 and LC3B as indicated in each picture. Cell nuclei are stained with DAPI in blue. (d)
Representative merged transmitted light and fluorescence images of cells labelled with mitotracker (red).
Magnified images of the framed areas are shown to better visualize lisososomes (b), autophagosomes (c)
and mitochondria (d) inside the TNTs. White arrows point to the different organelles. (B) Representative
merged transmitted light and fluorescence images from time-lapse movies at the indicated times. 786-O
cells were labelled in vitro with red mitotracker. White arrows point to the migrating mitochondria.
Dashed white lines highlight one of the two the endpoints of the TN TS taken as a reference. Scale bars: 20
um.

To determine whether bioprinted cells retained their ability to assemble TNT-like structures,
we first verified that the presence of the hydrogel in a regular cell culturing system did not
impair assembling of those structures (Fig. 7A). Next, cells were encapsulated in printed
scaffolds and subsequently video recorded. Fig. 7B shows that printed cells actually assembled
TNT-like projections connecting distant cells (see Supplementary data, video 2). To determine



whether those structures were functional, the exchange of mitochondria between connected cells
via TNT was studied. To this end, GFP-expressing cells were bioprinted, cultured for 35 days
and subsequently labelled with mitotracker. Bioprinted cells were recorded by time-lapse
microscopy to register mitochondria movement. Fig. 8 illustrates the sequence of images over
time demonstrating the migration of mitotracker-containing vesicles along the TNTs-like
projections with an average migration rate similar to that of cells growth as 2D-monolayer
(about 33 um/h).

Fig. 7. Printed 786-O cancer cells retain their ability to form TNT-like structures. Cells were seeded



on top scaffolds with bottom solid layer (A) or bioprinted (B). White arrows point to TNT-like
projections. Magnified images of the framed areas are shown. Scale bars: 50 um (A), 100 um (B).

A

min
Fig. 8. Mitochondria trafficking through TNT-like projections in bioprinted 786-O cells. GFP-
expressing 786-O cells were labelled with mitotracker before bioprinting. Bioprinted cells were
maintained in culture for 35 days before tracking analysis. Representative merged transmitted light and
fluorescence images from time-lapse movies at the indicated time points are shown in A and B.
Fluorescence images of the TNT highlighted in B (upper pictures) are shown in the bottom to show the
migratory behaviour of labelled mitochondria along the TNT. Scale bars: 100 pum.




4. Discussion

Cell-to-cell and cell-environment interactions are responsible for cell differentiation,

proliferation, gene and protein expression, drug metabolism, and other cellular functions that are
essential for the multicellular systems. In this study, we explored the creation of three-
dimensional bioprinted cell-systems to be used as models for the observation of cancer cell
behaviour and communication.
Investigation in bioink composition and rheological behaviour was a major step for the
acquisition of successfully bioprinted. Although collagen/gelatin/alginate mixtures have been
previously used in 3D bioprinting [30], its application on cancer cell studies has not been
established or reported to date. Moreover, appropriate configuration of printing parameters (as
layer height, printing speed or infill density) were also indispensable to achieve resistant
structures that remained unchanged in time in culture conditic s It is widely accepted that
shear-thinning inks are favourable for extrusion-driven bioprinting, Jince this behaviour allows
the fluid to flow easily when passing through a narrow nozzlc tha. increases the shear forces
applied to the ink [31-33]. Furthermore, some viscoelastic prjaiaces, as self-supporting ability,
or sufficient mechanical strength of the gel, are highly decirab'a to avoid the collapse of the
growing 3D object [15,34]. In that way, due to the slow 1.~overy of the mixtures tested, a sol-
gel transition effect was induced by keeping the extrucer 1, a free-flow ink temperature and the
printing bed in a colder temperature, which caused insta. * gelation of the bioink when reaching
the platform and the generation of an accurate mesh. The chemical crosslinking between
alginate and Ca”" ions of the CaCl, solution and <Jll: gen polymerization under normal culture
conditions (37 °C and neutral pH ~7.4) I3." helped in achieving strengthen and resistant
structures, avoiding swelling and remaini g v darnaged through long periods of time (up to 31
days).

The use of two different model corn*aurations —scaffold with or without bottom solid layer-,
gave us the opportunity to analyse he.: cai.zer cells interact with the composite hydrogels. Both,
renal- and larynx SCC-derived cell> "enaed to adhere to the glass surface within the scaffold
gaps when they were seeded in scanic'as without bottom solid layer. Remarkably, although cells
did not adhere to the hydroge’, ti.>v initially established contacts with it, being placed in the
boundaries of the scaffold winu~ws thus indicating that there is certain cell tropism for the
hydrogel components. Fu.*her, these cells spread, proliferated in the scaffold windows, and
even penetrated the s.aii~la thus showing that they retained proliferative and invasive
properties. By conf ost, ~el's seeded on scaffolds with bottom solid layer formed MCS. The
MCS generated under ti 2se conditions were highly similar in morphology and growth rate to
those formed by the classical hanging drop protocol. This demonstrates that, under these culture
conditions, the two types of cancer cells tested retain the intrinsic property of self-aggregation
which is typical of cancer cells [36]. These MCS resemble pseudo-tumours and constitute one
of the most reliable models for cancer research since, as opposed, cells cultured in 2D adhered
to the culture plate, MCSs faithfully recapitulate cancer cell behaviour in complex organisms.
Therefore, the designed hydrogels are suitable for the assembly of MCS of renal- and SCC-
derived cells and provide a valuable setting for studies of pathologically relevant cancer cell
phenotypes. Observing that two cancer cells lines derived from unrelated type of cancers show
similar behaviour, suggest that the model could be more broadly implemented in research of
other types of cancer. A handicap of this model, however, is the lack of cell-extracellular
components interactions, which was overcome directly bioprinting scaffolds with embedded
cells.

In that sense, the bioprinting settings and hydrogel composition described are useful as proof-
of-concept model that allow cancer cell bioprinting and the observation of direct cell-to-cell
communication via TNT-like protrusions. It also provides evidence that mitochondria, the cell's



energy-generating structures, scroll through TNT-like projections. However, additional
approaches will be required to definitively demonstrate whether these and/or other organelles
are transferred from one cell to another via those projections. TNT-like structures and
transferring of diverse cargo have been described in different types of cancer cells [8] but, to the
best of our knowledge, they have not been previously spotted in renal cancer cells. According to
recent reports [37] , the cell projections identified in 786-0 cells fulfil criteria to be defined as
TNTs-like structures.

They are actin-containing structures that establish continuous membrane connections
between cells, do not adhere to substratum, and transport mitochondria. Importantly, these
structures were not only detected in 2D cultured cells and MSCs but also in bioprinted cells.
This indicates that TNT-like projections are not an artefact caused by the features inherent to
cell cultures such as the artificial adhesion of cells to plastic/glass surfaces and lack of cell-
extracellular components interactions. They can be assembled inside a complex 3D structure,
connect distant cells, and enable mitochondria trafficking.

The role of TNT-like structures in cancer is still under active invstigation [10]. While they
have been identified in many types of cancer cell cultures u ing ‘ight microscopy [8], their
detection in more complex contexts, such as tumour tissues, s sull challenging due to their
scarce molecular characterization and the high cellular dar.~ity of the tumour tissues. Similar
disadvantages emerge when trying to identify TNT-like su 'ctures within MCSs where cells are
very densely packed. These are major handicaps for th: fu, <tional characterization of TNT-like
structures in cancer and other diseases. Therefore, cc=uolled and highly reproducible 3D
models are urgently needed to design the ~2rnerimental approaches required for the
understanding of the role of TNT-like structures ‘r cecer progression and drug resistance, and
exploit this knowledge for improving cancer .. =atment options. The integration of bioprinting
methods and microscopic analysis of TrT-l ke structures connecting distant cells within 3D
matrices, offers now the opportunity of e. aloring the role of these unconventional ways of
communications between cells in <ancer and many other diseases in a controlled 3D
microenvironment.

5. Conclusions

We report here a 3D bispn.ted cancer model for the investigation of intercellular
communication, via TNT-lil:~» s.ictures, in a highly controlled and reproducible environment
resembling the in viv> tunour ecosystem. This technology uses an optimized
collagen/alginate/gelatir n,drogel and optimized printing parameters to bioprint renal cancer
cells. In this contey., ce.'s =re viable, proliferate for long-time periods of time, and form long
and thin TNT-like strucy 'res that are used as channels for the long-distance cell-to-cell transfer
of mitochondria. Identiiication and functional analysis of TNTs in complex contexts, such as
tumor tissues or multicellular spheroids, is still challenging due to the absence of specific
biomarkers and the high cellular density. The results reported here establish the potential for
bioprinting cancer cells to investigate cancer cell communication via TNTs within a
physiologically relevant microenvironment.
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