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ABSTRACT

Since its inception, tissue engineering and regenerative medicine (TERM) has been relying on either
scaffold-based or scaffold-free strategies. Recent reports outlined the possibility of a synergistic, con-
vergence approach, referred to as the third TERM strategy, which could alleviate bottlenecks of the two
previous options. This strategy requires the fabrication of highly porous microscaffolds, allowing to cre-
ate single spheroids within each of them. The resulting tissue units can then be combined and used as
modular building blocks for creating tissue constructs through a bottom-up self-assembly. Such strategy
can have a significant impact for the future of TERM, but so far, no reports have assessed its feasibility in
detail.

This work reports a first systematic study, which includes a comparison of the in vitro behavior of
tissue units based on adipose derived stem cell spheroids cultured within microscaffolds versus conven-
tional spheroids. We first proved that the presence of the microscaffold neither impairs the cells ‘ability
to form spheroids nor impacts their viability. Importantly, the fusiogenic and the differentiation potential
(i.e. chondrogenesis and osteogenesis), which are important features for cellularized building blocks to be
used in TERM, are preserved when spheroids are cultured within microscaffolds. Significant benefits of
microscaffold-based tissue units include the enhanced cell retention, the decreased compaction and the
better control over the size observed when larger tissue constructs are formed through self-assembly.

The proof of concept study presented here demonstrates the great potential offered by those microsize
tissue units to be used as building blocks for directed tissue self-assembly.

Statement of significance

One of the most exciting and recent advances in tissue engineering and regenerative medicine (TERM) is
to combine together multiple micro-size cellularized units, which are able to self-assemble altogether to
recreate larger tissue constructs.

In this work, we produce such modules by forming single spheroids within highly porous microscaf-
folds, and study how this new microenvironment impacts on the spheroid’s behavior and stemness po-
tential.

This work highlights as well that such novel route is enabled by two-photon polymerization, which is
an additive manufacturing technique offering high spatial resolution down to 100 nm.
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These findings provide a first scientific evidence about the utilization of hybrid spheroid
microscaffold-based tissue units with great perspective as a modular tool for TERM.

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Tissue engineering and regenerative medicine (TERM) aims to
restore, replace or regenerate tissues and organs through a mul-
tidisciplinary approach. Despite intense efforts, substantial chal-
lenges remain when fabricating large size tissues with high cel-
lularity. The current TERM methods can be principally subdivided
into scaffold-based or scaffold-free strategies [1,2]. For the scaffold-
based approach, plethora of scaffolds have been proposed, which
functions are basically to temporarily support the cell adhesion,
proliferation and extracellular matrix (ECM) deposition; with the
basic idea that the degradation kinetic of this engineered tem-
plate will match the neo-tissue formation [3]. Obtaining in vitro
constructs with a high cell density remains one of the main chal-
lenges of this approach [4]. The second approach, to which more
and more importance is given, is the scaffold-free strategy [5,6].
This strategy can, for instance, involve spheroids, rather than single
cell suspensions [7,8]. Indeed, it is now well acknowledged that 3D
spheroids mimic in vivo cell behaviour and biological functionality
better compared to 2D cellular monolayers [9]. Spheroids, which
are dense cellular aggregates, overcome many current limitations
existing when transplanting individual cells. For instance, inject-
ing spheroids rather than a single cell suspension has been as-
sociated with better cell survival, increased cell retention and en-
hanced functionality in several preclinical trials [10-13].

Another appealing aspect when using spheroids is the possibil-
ity to use them as building blocks (modular tissue units), ideal for
the bottom-up TERM strategy [2,14-16]. Indeed, when placed close
to each other, spheroid units can merge to create one single body
(in a process called fusiogenesis). Such directed tissue assembly is
a recent and promising approach that provides enhanced level of
control to organize building blocks into desired patterns that may
then form a larger, macro-sized tissue [17,18]. Nevertheless, using
only cellular spheroids as building blocks, in comparison to a ro-
bust scaffold, imposes intrinsic restrictions as the cells are not pro-
tected to any mechanical damage that can occur during handling
or after deposition inside the body. The difficulty to have an en-
gineered tissue with defined and controlled geometry is another
recurrent and major issue when using bare spheroids as building
blocks, due to fusion of the spheroid bodies and the naturally-
occurring compaction of the final assembly [19-23]. Physically sta-
bilizing the spheroids by placing them, one-by-one, on a micronee-
dle array was proposed in a method called “Kenzan”. This method,
however, restricts the tissue’s 3D design and requires a sophisti-
cated robotic bioprinter [24,25].

A further bottom-up solution to engineering macro-sized tis-
sues was shown through the directed assembly of small and
biomimetic repeating units composed of, for instance, cell-laden
hydrogels (i.e. microgels) [26-30]. However, as embedding cells
into microgels severely limits the cell-cell interaction, the units
lose the ability to self-assemble into a larger construct. Conse-
quently, the aggregation of those building blocks into a larger tis-
sue requires a complex work-flow, such as emulsification, physi-
cal packing or chemical crosslinking [31]. Translating this strategy
to clinical scenario seems complicated due to those external ma-
nipulation steps. Indeed, in an ideal scenario, multiple micro-sized
building blocks should be rapidly produced and then injected into
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the damaged tissue to fill up the defect, to self-assemble in situ
and to mature in order to reconstitute the organ.

Examples of micro-sized units made of polymeric blocks in-
stead of microgels were reported by Leferink et al. [32,33]. By in-
cubating those “micro-objects” with cell suspension, macro-tissue
assemblies could be formed through cell-cell and cell-ECM inter-
action. Still, the major bottleneck was that the degree of cellular-
ity is significantly lower (compared to spheroids for instance), as
those polymeric blocks are non-porous. Furthermore, the host cells
colonized only the surfaces of those blocks. Creating highly porous
microscaffolds capable of carrying complete spheroids would alle-
viate this bottleneck [4].

Several reports have demonstrated that highly porous cage-like
microscaffolds, such as buckyballs (BB), can not only carry cells
[34,35], but also support the formation of spheroids in their core
[36,37]. This emerging approach called “third strategy for TERM”
differs substantially from conventional scaffold-based and scaffold-
free options [4]. As such, it integrates cellular spheroids cultured
individually within robust microscaffolds, and consequently offers
a synergism between both previous strategies.

The scope of this publication is to provide a systematic and
comparative study between normal spheroids (SPH) and buckyball-
based tissue units (BB) to better comprehend how stem cells be-
have in such hybrid cellular-polymer spheroids, in terms of prolif-
eration, viability, shape-retention, fusion and differentiation.

Using human adipose-derived stem cells (hASCs), our in vitro
data suggests that, when an appropriate design and porosity is se-
lected, cellular spheroids can form within the microscaffolds. The
shape of the resulting tissue unit is dictated by the microscaffold,
meaning that the resulting multicellular bodies are then not nec-
essarily spherical. We then verified that the presence of the mi-
croscaffold does not impair the viability of the cells, nor their dif-
ferentiation potential. Both SPH and BB exhibit comparable fusio-
genic ability and large-size tissue constructs can be formed via
self-assembly when multiple units are incubated together. Com-
pared to SPH, a significant advantage of using BB as building blocks
is that the compaction of the resulting tissue is reduced, it is more
stable over time and more controllable in terms of size.

These features are beneficial for the development of patient-
specific spheroid-based therapy, where a defined tissue defect vol-
ume can then be filled by a matching volume of injectable BBs,
which will then self-assemble into a stable tissue. This work un-
derlines new opportunities in building tissues through the bottom-
up approach using BB-based tissue units, having potential to over-
come major current bottlenecks in the field of TERM.

2. Material and methods
2.1. Producing microscaffolds by two-photon polymerization (2PP)

For the current study, a commercially available biodegradable
PCL-based resin (Degrad INX) was obtained from BIO INX (Ghent,
Belgium). The photo-reactive resin was dispensed into the sample
holders. These consisted of aluminum plates (25 mm x 75 mm x
3 mm) with quadratic openings (12 mm side length). One side of
the opening was covered with a glass cover slip and sealed using
a 2-component glue. The temperature of the resin was brought to
50 °C just prior starting the 2PP printing.
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Polymerization was initiated by a femtosecond-pulsed laser
(MaiTai eHP DeepSee, Spectra-Physics) operated at a wavelength of
800 nm, a repetition rate of 80 MHz and a pulse duration of 70 fs
after the microscope objective (UPlanSApo, 10x/0.4 NA, Olympus,
Japan). A microscope stage (ScanPLUS IM, 120 x 180, Mdrzhduser-
Wetzlar, Germany) was implemented to position the sample and
a dual-axis galvanometric scanner (Scanlabs, Germany) was used
to position the laser beam within the field of view. The system
was controlled by a Think3D software from UpNano GmbH (https:
[/[www.upnano.at/software). The optimal printing parameters were
screened by varying laser power (from 20 to 300 mW), line dis-
tance (hatch, from 0.5 to 2.5 pm) and layer distance (dZ, from 2.2
to 4.6 nm). All the printing experiments were performed at a fixed
writing speed of 1000 mm.s-1 (general process flow is shown in
SD1).

After 2PP structuring, a similar development protocol was ap-
plied as previously reported for PCL-based resins [38], the sam-
ple holder was submerged in tetrahydrofuran (THF) to dissolve re-
maining uncrosslinked material. Two additional THF washing steps
of the 2PP printed structures were carried out before a final storing
and sterilization in 1-propanol.

2.2. Spheroids formation, culture condition and differentiation assay

Prior to cell seeding, the microscaffolds were sterilized in 1-
propanol and deposited manually in homemade agarose mold con-
taining multiple 2 pL wells (process shown Fig. 2). The solvent
was left to dry under laminar flow and molds were incubated
at least 3 days in medium (EGM-2, composition presented there-
after), with medium changed daily. Immortalized human adipose-
derived mesenchymal stem cells (hASC/hTERT) (Evercyte, Austria)
were expanded using EGM-2 BulletKit™ medium (Lonza, Switzer-
land) supplemented with 10% (v/v) newborn calf serum (NBCS)
(Gibco, New Zealand) and maintained at standard culturing con-
ditions (37 °C, 5% CO,, humidified atmosphere). 2 puL of hASCs sus-
pension (containing 5000 cells, passages 6-7) were seeded manu-
ally into each well (containing one BB each or free of BB for normal
spheroid group (SPH)) and let to form spheroids for 2 days.

The seeding efficiency was calculated as followed, with the
“DNA day 0” corresponding to the initial amount of DNA present
in 5000 hASCs (n=3).

DNA day 2 per spheroid
DNA day 0 *

2-day post-seeding, the medium was replaced by normal
medium, except otherwise stated (composed of high glucose
Dulbecco’s modified Eagle medium [HG-DMEM; Gibco, United
Kingdom] supplemented with 10% NBCS and 1% penicillin-
streptomycin). The medium was changed two to three times a
week for 28 days.

For the differentiation assay, similar work-flow was followed,
except that EGM-2 was replaced by either chondrogenic (CM) or
osteogenic medium (OM); HG-DMEM serving as control medium.
CM consisted of HG-DMEM supplemented with 1% (v/v) Insulin-
Transferrin-Selenium Supplement (Gibco, UK), 1% (v/v) of P/S, 1%
(v/v) 1 M HEPES buffer (Mediatech, VA, USA), 0.1 mg/mL sodium
pyruvate, 50 pg/mL L-proline, 50 pg/mL ascorbic acid 2-phosphate,
100 nM dexamethasone, 10 ng/mL of human transforming growth
factor B3(Peprotech, NY, USA) and human bone morphogenic pro-
tein 6 (R&D, MN, USA). OM was composed of HG-DMEM supple-
mented with 10% (v/v) NBCS, 4 mM L-glutamine, 1% (v/v) P/S,
10 nM dexamethasone, 150 uM ascorbic acid 2-phosphate, 10 mM
B-glycerophosphate and 10 nM 1,25-Vitamin D3.

The fusiogenic ability of multiple SPH and BB was assessed on
2-day old specimen (involving either doublets or 20 units), by in-
cubating them on a U-bottom low-binding 96 well plate (Lipidure-

Seeding efficiency (in %) = 100
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Coat Low adhesion plate, Amsbio, USA). Samples were kept in con-
trol medium as previously described. Images were taken at regular
time-points during the experiment and processed using Image] to
analyze the area, the roundness and the intersphere angle of the
fusing units, as done by others [39]. For all the in vitro experi-
ments, the media were changed three times a week for a period
of 14 up to 28 days, depending on the experiment.

2.3. Macroscopic and microscopic characterizations

Images of SPHs and BBs were taken using a LSM 700 con-
focal microscope (Zeiss, Germany). Shape descriptor from Image]
was then employed to determine the diameter (maximal Feret
diameter), the roundness of the spheroid structures (with per-
fect sphere 1.0), the area and the intersphere angle (n>10).
Scanning electron microscopy (SEM) analysis was performed af-
ter fixation in buffered paraformaldehyde at 4%, followed by grad-
ual dehydration in ethanol and by immersion in hexamethyldis-
ilazane (Sigma-Aldrich). After drying, the samples were sputter-
coated with Au and investigated by SEM (Philips XL Series 30).
Sectioning of spheroids and BB-loaded spheroids was performed
using focused ion beam (FEI DualBeam FIB Quanta 3D). This re-
quired the samples to be sputter coated with a 4 nm thick Au Pd-
layer to provide conductivity. Before the actual sectioning, the po-
sition of interest on the sample was protected by depositing a 2
and 3 pm thick Pt-layer. Sectioning was then done with decreasing
ion beam intensities (from 30 kV, 30 nA through to 30 kV, 10 pA)
in order to produce a smooth surface and to minimize damage of
the microstructure. The samples were then imaged using SEM (FEI
FEGSEM Quanta 250F).

2.4. Cytotoxicity assays (ISO 10993-5)

Extract cytotoxicity assay was performed by incubating 6 BBs
in two different extraction vehicles, i.e. either 150 puL of normal
medium or 25 pL of dimethyl sulfoxide (DMSO) at 37 °C, as rec-
ommended here [40]. Three times a week, the supernatants were
removed and used to feed monolayer of fibroblast L-929 (seeded
at 3000 cells/well in 96-well plate, from Sigma-Aldrich). The con-
trol group consisted of BB-free medium. To prevent any DMSO-
associated cytotoxicity issue, a final dilution of DMSO to 0.1% was
performed with normal medium before feeding the cells mono-
layer. Metabolic activity of the L-929 monolayer was assessed us-
ing PrestoBlue™ Cell Viability Reagent (Invitrogen, Fisher Scien-
tific, Vienna, Austria) from day O (which corresponded to one
day post-seeding, just before starting the feeding test with super-
natant) until confluence of the monolayer (day 21, n=6/condition).
Fluorescence was chronologically recorded at 560/590 nm us-
ing a spectrophotometer (Synergy H1 BioTeK™ plate reader, Bad
Friedrichshall, Germany).

Direct cytotoxicity assay was conducted after formation of hASC
spheroids inside BBs (control group consisted of normal spheroids,
SPH) and cultivated in normal medium, as described before. At
different time points, BBs or SPHs were removed, washed twice
with PBS and incubated with 100 pL of CellTiter-Glo®3D (Promega,
Walldorf, Germany) and an equal amount of normal medium (1:1)
for 20 min under agitation at room temperature [41]. The sam-
ples were then left 5 min and luminescence was quantified using
spectrophotometer (n =6/group/time point). In addition, viability
of the cells was determined using a Live/Dead® assay (Invitrogen,
thermofisher) using 0.2 pM calcein-AM (live stain) and 0.6 pM
propidium iodide (dead stain) in serum-free medium for 60 min
at 37 °C. The viability of cells was monitored on day 3 and on
day 28, using a confocal laser scanning microscope LSM 800 (Zeiss,
Germany). The quantification of the viability of the cells was as-
sessed by removing the spheroids for culture medium at defined
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time points (4, 12, 28 and 34 days), washing them with PBS and
incubating them in a Trypsin-EDTA solution (BioReagent, Sigma-
Aldrich) for 15 min at 37 °C. The samples were then vortexed to
facilitate spheroids disaggregation, and viable cells were visualized
using an optical microscope after Trypan Blue staining (n=3 for
each group and time point).

2.5. Biochemical assays

DNA quantification was done after sample digestion, as fol-
lowed. At different time points (from day O corresponding to the
cell suspension with 5000 hASCs up to day 32), samples were
washed with PBS and digested with 125 pg/mL papain in 0.1 M
sodium acetate, 10 mM L-cysteine-HCl, 50 mM EDTA (all from
Sigma-Aldrich) adjusted pH 6.0 and incubated at 55 °C under con-
stant shaking for 18 h. DNA content of each sample was quantified
using the Quant-iT PicoGreen assay (Thermofisher, USA) (n = 3 for
each group).

The content of sulfated glycosaminoglycans (sGAG) of sam-
ples cultivated in CM compared to normal medium was quanti-
fied using the dimethylmethylene blue dye-binding assay (DMMB,
Blyscan, Biocolor Ltd., United Kingdom), with a chondroitin sul-
phate standard, and the values were normalized against DNA (n=5
and 6).

The total amount of extracellular matrix (ECM) deposited
within the spheroids was analyzed by first, dissolving the proteins
from the samples using a 0,5% Triton™ X-100 (Sigma-Aldrich) so-
lution in dH,0. To facilitate the disaggregation, the samples were
mixed with a dispersing instrument (Ultra-turrax, IKA, Staufen im
Briesgau, Germany) for 2 min. The resulting solutions were sub-
jected to protein assay quantification following the recommenda-
tion of the supplier (CBQCA Protein Quantitation Kit, Thermofisher)
(n=5).

The content of calcium deposition of samples cultivated in OM
compared to normal medium was quantified using a colorimet-
ric calcium quantification kit (Calcium Assay Kit ab102505, abcam,
Cambridge, United Kingdom) according to manufacturer’s proto-
col. Briefly, SPH and BB were collected (on day 28), washed in
PBS, and subsequently resuspended in 500 pL Calcium Assay Buffer
(supplied in the mentioned kit). Samples were homogenized on
ice using the dispersing instrument (Ultra-turrax, IKA) for 2 min.
Samples were spun at 10.000 g for 5 min at 4°C and the super-
natants were transferred into new tubes for quantification as rec-
ommended by the supplier (n=3, per group).

2.6. Histology

After 1 and 28 days of cultivation, SPHs and BBs were washed
in PBS and fixed overnight in Roti®Histofix 4% (Carl Roth, Ger-
many) at 4°C. Samples were embedded in paraffin blocks and pro-
cessed at the Histopathology Department (Vienna BioCenter Core
Facilities GmbH, Austria) for Hematoxylin-Eosin (H&E), Von Kossa
and Alcian Blue staining and for proliferative marker Ki-67. Im-
ages were acquired using a confocal microscope (LSM700, Zeiss,
Germany). Zonal repartition of the dividing cells was evaluated by
manually counting the number of Ki-67+ cells present at the pe-
riphery (representing the superficial 30% area) and at the center
(representing the remaining 70% inner area) of the cut sections.

2.7. Statistical analyses

Statistical analysis of data was performed using Prism software
(GraphPad Software, La Jolla, CA, USA). We assumed normal distri-
bution of data. A student t-test was applied to detect significant
differences between the two experimental groups (with p < 0.05).
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Data presented are means + standard deviation (SD) unless stated
otherwise.

3. Results

A prerequisite for the third TERM strategy, is first to be able
to produce microscaffolds which can host single multicellular
spheroids in their core. In order to define an optimal 2PP pro-
cessing window for the material (i.e. a PCL-based photosensitive
resin), a first printability test was undertaken varying the laser
power (using fixed values of hatch and dZ) on cubic structures
(Fig. 1a). For all those printing tests, the laser writing speed was
kept constant at 1000 mm.s~!. A good structure quality was ob-
served when cubes were printed using laser power between 40
and 100 mW. Below and above this processing window, the ma-
terial either not fully polymerized, or burned. This is visible on the
microscopic images by either a cube of reduced size (e.g. when
20 mW laser power was used) or by darker spots (appearing on
top of the cubes when laser power at 120 mW upwards was used).
From this preliminary test, we further fine-tuned the printabil-
ity window, by selecting laser powers of 35 up to 85 mW, vary-
ing hatch and dZ values. This test was conducted on BB struc-
tures (CAD design is shown in Fig. 1b), with an overall diameter
of 300 pm and a strut diameter of 35 pum. Printing BBs with low
laser powers (i.e. 35 mW and 45 mW) resulted in numerous col-
lapsed or malformed structures, independently of the hatch or dZ
values selection (Fig. 1c and SD1). The quality of the structured
BB improved by using higher laser powers. At 55 mW, dZ below
3.8 pm and hatch below 1.7 nm allowed to print BBs with already
better quality. Structures printed at 65 mW showed a good shape
fidelity with hatch up to 2.1 pm and dZ up to 4.2 pm (SD2 and
Supplementary Table 1).

Similar results were obtained for structures printed at 75 mW
and 85 mW. The main difference is that by using a laser power of
85 mW, we noticed that the window of printability was further
increased, and BBs with appropriate architecture were obtained
when the distance between the printed layer dZ was up to 4.2 pm
and the line distance (hatch) up to 2.5 pm. SEM images corrob-
orated this observation, as BB structures with good match to the
CAD design were achieved when using dZ and hatch values of 3.8
and 1.7 pm respectively (Fig. 1d). When appropriate 2PP param-
eters are selected, the printed layers and lines in the struts are
hardly visible. An example of a printing process for a BB is shown
in Video 1. Sub-optimal dZ or hatch values resulted in fragile struc-
tures with visible printing patterns and thicker struts (Fig. 1d, the
optimal range of printability is summarized in Supplementary Ta-
ble 1). A laser power of 85 mW, dZ and hatch of 3.8 pym and 1.7 pm
respectively were then selected for the production of BB microscaf-
folds further used in this study. SEM image analysis revealed that
the BBs have a diameter of 300.4 +/-5.7 pm and struts of 35.4 +/-
4.0 pym, which are close to the initial dimensions in the 3D CAD
design (Fig. 1d).

V-bottom shaped low-binding agarose molds (Fig. 2a) allowed
to create single hASC spheroids after 24 h of cell seeding (Fig. 2b
and c). 5000 hASCs were seeded per well, as this density al-
lowed to produce spheroids with a diameter of approximately 300-
350 um, which corresponds to the dimension of the BB structures
(seeding optimization is shown SD3). The presence of BBs did not
hamper the spheroid formation, as the cells agglomerated inside
the porous microscaffolds, similarly to normal spheroids (Fig. 2¢
and Videos 2 and 3 for bright field and fluorescent confocal mi-
croscopy where GFP-labeled hASCs and BB microscaffolds appeared
green and red respectively). SEM analysis revealed that one day af-
ter seeding, cells started to flatten, with a few round-shaped cells
still present on the surface of the spheroid structure. Typical cell
spreading patterns and filopodia were detected when using higher
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Fig. 1. Optimization of 2PP printing of PCL-based Degrad INX buckyballs.

Microscopic image of the printability test performed on cubes (100 x 100 x 100 pm?) with increasing laser power from 20 to 300 mW (fixed hatch and dZ values of 0.5
and 2.5 um respectively, scale bar represents 100 pm), (a). Schematic representation of the line distance (hatch) and the layer distance (dZ) parameters for 2PP printing of
BB (b). Arrays of BBs printed using increasing laser power (35, 55 and 85 mW), dZ and hatch values (c). SEM image of an array of BBs printed at 85 mW with varying hatch
and dZ values, with inlets illustrating examples of BB printed with appropriate set-up and BB with suboptimal dZ (d). Scale bars in ¢ and d represent 300 pm.
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Formation of BB-based tissue unit

Step 1: BB deposition

Spheroid

100 pm

Fig. 2. Formation of buckyball-based tissue units and spheroids.

Step 2: Cells deposition

Step 3: Spheroid formation

(8)

BB-based tissue unit

100 pm

A custom-made agarose multi-well mold was used to create BB-based tissue units (a). 5000 hASCs were deposited in a 2 pL well (day 0, b) and agglomerated within 1 day
into a single spheroid, SPH (c). To create BB-based tissue units, BBs are first manually deposited into each well followed by 5000 hASCs and left for 1 day for the cells to
agglomerate together (c). SEM illustration of 1-day-old spheroid and BB (d and e respectively).

magnifications. Spheroids that formed inside BBs exhibited similar
features as previously described. The cells fully invaded the porous
core of the BB-structure, and only evidence of the struts was de-
tectable by SEM (Fig. 2d and e).

Cytotoxicity studies were conducted according to the guidelines
[SO10993-5. The extract test was assessed using exaggerated condi-
tions. First, by using a higher amount of BBs /| number of cells than
usually required to form spheroids, and second, by using medium
but also DMSO as the extract vehicle, as described in Fig. 3a [40].
The extract assay proved that the BB made of the photosensitive
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PCL-based resin did not have an impact on the L-929 fibroblasts
monolayer, as their growth kinetics, recorded during the 21 days
of the experiment, were not diminished in the BB-group compared
to the control group (Fig. 3b). This was proven independently of
the nature of the extract vehicle. Further, no difference in terms
of cells spreading was noticed between the different experimental
groups over the course of the test (as shown for day 7, SD4).
Additionally, a direct cytotoxicity assay was performed on
spheroids formed without (control group, called SPH) or with
supportive BB structures (called BB, Fig. 3c) incubated in normal
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Extract cytotoxicity test was performed by incubating BBs in either control medium or DMSO, of which the supernatant was then used as feeding medium for L-929
fibroblasts monolayer (dilution 0.1 % in the case of DMSO), a. Cell-Titer Blue was conducted on the cell monolayer at different time points and the resulting fluorescence
intensity at 560 nm was recorded (n=6). BB-incubated medium was compared to BB-free medium, consisting of control medium and DMSO at 0.1 % (b). Direct cytotoxicity
assessment of hASC spheroids cultured within BBs (called BB) versus normal spheroids (called SPH, c). Cell-Titer Glo test was conducted to evaluate the metabolic activity
(quantification of ATP by luminescence) at different time points (n=6, d). Cell viability in SPH versus BB was evaluated during 34 days of culture using Trypan Blue vital dye
on re-suspended cells and was further visualized at day 28 using Live/Dead staining (e and f) ! denotes significance between BB and SPH (b and d).

medium (HG-DMEM with 10% NBCS). The ATP quantification re-
vealed that the metabolic activity of SPH continuously decreased
from day 1 to day 18 and plateaued until the end of the exper-
iment (Fig. 3d). A similar trend was observed for the BB group,
even though the ATP amount already reached a steady-state at day
15 and, consequently maintained values slightly, but significantly,
higher than normal spheroids (Fig. 3d). To decipher if this drop of
metabolic activity was due to an increased cell death, a viability
study was conducted using Trypan Blue quantification assay and
Live/Dead staining at different time points. As shown in Fig. 3e, the
viability for both groups is suitable and remains above 90% over 34
days of experiment (with no statistical difference between SPH and
BB). This result corroborated the Live/Dead staining performed at
day 3 (SD5a) and day 28 (Fig. 3f). Both tests give the confirmation
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that the loss of ATP activity described previously is not due to an
increased cell death.

Our next experiment demonstrated that not only the metabolic
activity of SPH chronologically decreased but also their maximum
Feret diameters (also called caliper diameter, Fig. 4a).

5000 agglomerated hASCs-formed spheroids with a diameter of
approximately 400 pm, which then diminished down to 300 pum
within 11 days, and to a final diameter of 225 pm after 28 days
(Fig. 4a). BB-based tissue units started with a similar diameter than
SPH but did not undergo such drastic size reduction. Their diam-
eters stabilized after 11 days to 320-335 pm until the end of the
experiment, which is slightly larger than the initially printed BB
(@ 300 pm). This first experiment was conducted in growth factor
(GF)-free medium (HG-DMEM with 10% serum), but similar trends
were noted when cells were cultivated in (GF)-enriched medium
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Evolution of the spheroids’diameter and roundness (a and b) and microscopic illustration of the SPH and the BB over time (¢ and d). Significative inter-group differences
were reached for all of the time points, except where NS (non-significance) is noted. Cellular spheroids can be formed and confined themselves to the shape of the encaging
structures (i.e. fullerene, tetrahedron and cube-shaped microscaffolds). Confocal, optical and SEM images of hASC-seeded microscaffolds after 4 weeks of cultivation (e).

(i.e. EGM-2 containing a cocktail of FGF, VEGF, IGF and EGF) (SD6),
even though the difference after 28 days between the 2 groups
was lower than in GF-free medium (App.spy in EoMm2 = 22% Vversus
ABB-SPH in DMEM 46% reSpeCtiVely).

The presence of the BB structures permitted to limit the vol-
ume reduction of the spheroids and also helped to maintain a bet-
ter roundness. Roundness values comprised between 0.85 and 0.95
(where 1.0 equals a perfect sphere) for the BB group, and only be-
tween 0.65 and 0.85 for SPH (Fig. 4b). Macroscopic images con-
firmed such discrepancies. Under non-adhering growth conditions,
hASCs agglomerated and formed SPH structures with a high devi-
ation in terms of size and shape, and further showed a continuous
decrease of diameter over time (Fig. 4c and d).

To emphasize on the potential of 2PP to fabricate intricate 3D
structures, not only spheroid buckyballs with the fullerene shape
can be produced but many other designs (such as tetrahedrons and
cubes, Fig. 4e). It is interesting to note that cells formed compact
agglomerates within microscaffolds of various shapes and confined
themselves to their volume.

In the absence of BB structures, we observed that numerous
cells were continuously released from the main spheroid bodies to
the surrounding medium explaining the shape and size discrep-
ancies previously described between SPH and BB groups (SD7a-d).
The decrease in size and metabolic activity is the direct conse-
quence of the reduced cell population. Indeed, there is a decrease
of the amount of DNA per spheroid for both groups, but the mere
presence of BB allowed to maintain a significantly higher cell num-
ber compared to normal spheroids SPH, from day 15 to day 32
(Fig. 5a). For both groups, a similar seeding efficiency of 78% was
obtained, when comparing the amount of DNA corresponding to
the cell suspension of 5000 hASCs deposited day O in each well,
to the DNA value of 3-day-old SPH and BB. This means that 22%
of the cells where not integrated in the forming spheroid and re-
mained in the supernatant, independently of the absence or pres-
ence of microscaffolds.

BBs did not only have an impact on the cells’ ability to prolifer-
ate, but also on the ECM secretion and spheroid compaction. The
ECM quantification assay revealed that the trend for both groups
in terms of protein secretion is similar, with a low amount of pro-
tein secreted over the first 10 days, which then significantly in-
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creases at later time point (i.e. day 24, Fig. 5b). It is interesting to
note that the amount of protein secreted per sample for SPH com-
pared to BB at day 24 is not significantly different when looking at
the means, but there is a strong discrepancy in the standard devia-
tions. Growing spheroids inside BB stimulated the ECM deposition
in a more reproducible way than when no BB are present (SD are
5 and 30 pg/BB and ng/SPH respectively, Fig. 5b). As the amount
of DNA per sample is approximately 5 times higher in BB versus
SPH for such later time points (Fig. 5a), it is clear that a normal-
ization of the amount of protein secreted per DNA (or per cell),
will show significant higher values for SPH than for BB group. This
heterogeneity in terms of ECM deposition for SPH group corrobo-
rates the trends observed when analyzing the size and roundness,
as presented previous (Fig. 4).

The differences in terms of cellular density and ECM deposition
are also apparent when looking at the spheroids’ cross-sections
processed for histology staining. H&E demonstrated that cells were
homogeneously distributed throughout the SPH (Fig. 5¢). In con-
trast, a lower packing density characterized with numerous inter-
cellular cavities was seen already after only 1 day of BB spheroid
formation, which remained throughout the duration of the experi-
ment (Fig. 5d). Samples cut and observed using FIB-SEM corrobo-
rated such results, and revealed that the core of normal spheroids
was dense with only a few small cavities. The tissue density was
reduced for spheroids grown inside the BBs, with more and larger
cavities.

Ki-67 is a nuclear protein, present in all phases of the cell cycle
except GO, and is thus a marker for dividing cells. Inmunostaining
of the Ki-67 proliferative marker revealed that the number of cells
undergoing division decreased significantly overtime, for both SPH
and BB groups (Fig. 5e). For both groups and for both time points,
the proliferative cells were mostly located at the peripheral rim
of the structures and significantly less Ki-67+ cells were detected
in the central part. Even though the differences were not signifi-
cant, the zonal repartition at day 1 was slightly different between
SPH and BB, where more dividing cells were seen in the center
of the spheroids cultured within microscaffolds. This difference in
terms of spatial repartition became significant at day 28, as no Ki-
67+ cells could be detected in the center of normal spheroids SPH,
compared to 9.3% for the BB group (Fig. 5f and g).
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Assessment of BB chondrogenesis: Microscopic illustrations of BB-based tissue units grown under chondrogenic medium (CM) condition (a). SEM and Live/Dead staining
images of BB after 4 weeks of cultivation in CM (b and c). Alcian Blue histological staining and DMMB assay for sGAG deposition (d and e). Assessment of BB osteogenesis:
SEM and Live/Dead staining images of BB after 4 weeks of cultivation in OM (f and g). Successful mineral deposition was proven by calcium quantification (h), calcein green
fluorescent staining (i) and by Von Kossa histological staining (j). Scale bars represent 100 pm and the microscaffold$ structure is denoted by the red arrows. *** and ****

denote significance with P values <0,001 and <0,0001 respectively.

To assess if this significant difference might have negative out-
come on the cell behavior, we proceeded to a chondrogenic and
osteogenic differentiation assay, comparing both SPH and BB using
hASCs (Fig. 6). Under chondrogenic condition (CM), the size of both
groups evolved similarly and reached after 4 weeks of cultivation
an average Feret diameter of 550 ym and 563 pum (for SPH and BB
respectively, SD8). This demonstrated that the presence of BB mi-
croscaffold does not hamper cells to grow through and over the
polymeric structure (Fig. 6a and b). Nevertheless, we did observe
for both groups at the end of the cultivation a high deviation of
the sample’s average Feret diameters, ranging from 450 pm up to
720 pm (SD8).

No significant cell death was observed at the end of the cul-
tivation for both groups (Fig. 6¢ illustrates BB, data not shown
for SPH group). Alcian Blue staining on histological sections and
DMMB assay validated the important ECM deposition rich in sGAG
with no difference between both groups (Fig. 6d and e). A simi-
lar experiment was undertaken by cultivating hASC-spheroids and
BBs for 4 weeks in osteogenic medium (OM). In contrast to what
was observed for CM, samples kept in OM decreased in size on
a similar trend for both groups, even if being more pronounced
for spheroids (decrease of 13% for BBs versus 30% for SPHs, SD8).
Due to the limited cellular growth, the struts of the BB are still
discernible on SEM images of 4-weeks old samples keep in OM
(Fig. 6f). The viability remains satisfying until the end of the exper-
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iment, but the main difference comparing CM and OM, is that the
cells at the surface of the SPH or BB exhibited a more round-shape
phenotype for CM versus a more flattened one for OM (Fig. 6f and
g)-

Finally, the positive calcium mineralization for both SPH and BB
groups cultured in OM was demonstrated by the calcium quan-
tification assay, the positive fluorescent calcein green staining as
well as the histological staining using Von Kossa, depicted in black
(Fig. 6 h-j). No positive Von Kossa staining and limited sGAG depo-
sition were observed for control samples maintained in HG-DMEM
medium (SD9).

After having focused the first part of the experimental section
on single units, we then assessed how multiple units behave once
brought together. As our final objective is to engineer large tissues
using BB as building blocks, a prerequisite is that the presence of
the microscaffold does not impede their capacity to fuse.

Using 2 units (doublets) put close to each other, we could
demonstrate that both SPH and BB groups could effectively coa-
lesce within one day of contact (Fig. 7a, 48 h time-lapse movies
of two merging SPHs and BBs are shown in Videos 4 and 5 re-
spectively). The measurement of the intersphere angles confirmed
that the kinetic of fusion was similar for both groups over the first
three days of the experiment (Fig. 7b). Discrepancy appeared at
later time points, with 6spy being superior of g (210° versus 170°
respectively), which can simply be explained by the presence of
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Fig. 7. Differences in spheroids’ fusion due to the presence of BB microscaffolds.
Chronological evolution of one doublet of spheroids without and with the presence of BB, microscopically (a) and quantified by measuring the intersphere angle and the
area evolution (b and ¢) (n=6). b- significance was only noted between SPH and BB at day 4 and 7 (denoted by !), c- inter-group differences were significant for all of the

time points; ! denotes intra-group significance compared to day 0 only.

Larger self-assembled structures based on 20 SPHs or 20 BBs were formed and the size changes were visualized using optical and confocal microscopy over 18 days of culture
(d). The diminution of the tissue area (in %) was calculated between each time point (Agay o - ns1) for both groups (e, with the black square patterned bars representing the
evolution over the entire duration time of culture) (n=4). The cellularity of the 18-day old structures was determined using DNA quantification (f) (n=3). Macroscopic
observation and H&E staining image of a 28-day old and millimeter-size tissue assembly formed by the agglomeration of approximately 50 BBs (g and h).

the BB which physically restrains the merging of 2 units into a
final “oblong-like shape” rather than a “sphere-like shape” as do
doublets of SPHs. Nevertheless, significant morphological changes
occurred as the SPHs underwent fusion, with the final size of this
merged doublet being dramatically reduced compared to the ini-
tial units (Fig. 7a and c). Within 3 weeks of culture, the size re-
duction of 2 fused SPHs was close to 70% (Fig. 7c). As the BB acts
as a “spheroid exoskeleton”, two adjacent units may connect due
to the high porosity, but cannot completely fuse. From this first
study conducted on doublets, another fusiogenic investigation was
performed using higher number of building blocks (20 per group).
This study confirmed that multicellular assemblies can be formed
starting from multiple SPHs but also from BBs, and that the pres-
ence of microscaffolds significantly reduces the tissue compaction
occurring over maturation (Fig. 7d and e). At each time point, the
decrease of the size of the engineered tissue construct resulting
from the self-assembly of 20 units was significantly more pro-
nounced for the SPH group than for the BB group. The size area
decreased of 55% for SPH versus 17% for BB over 18 days of in
vitro culture, which corroborated previous finding observed on sin-
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gle SPH and BB (Fig. 4a). NSF cells released from the tissues were
also observed for the SPH and, to a less extend for the BB group
(SD7e and f).

Even though the size of the self-assembled tissues demon-
strates significative differences depending on the presence or ab-
sence of BB, the final number of cells within those tissues remains
similar. Indeed, the DNA quantification performed at the end of the
culture period (18 days) revealed similar amount for both groups,
but with a more uniform distribution for BB than for SPH group
(Fig. 7f). Finally, we showed that the size of the tissue assemblies
can easily be up-scaled by increasing the number of BBs put to-
gether, reaching a millimeter-sized tissue that can hardly be at-
tained using normal spheroid units (Fig. 7g and h). Once more, the
cellular density within this macro-sized assembly is relatively low
but its distribution is uniform throughout the section of the tissue.
This highlights once more i- the advantage of using BB as building
blocks for tissues with more control over the size and also over
the cellularity than SPH, and, ii- the decreased tissue density in
BB-based compared to SPH-based self-assemblies due to reduced
compaction.
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4. Discussion

Despite early successes observed when simply injecting
spheroids into damaged tissues [11], the engineering of mate-
rials that could dictate the behavior of entrapped spheroids is
an exciting strategy to potentiate the efficacy of spheroids. Re-
cently, reports have suggested that merging the existing technolo-
gies will most likely bring unprecedented opportunities in the field
of TERM [4,14,42]. The “third TERM strategy” enabling to build tis-
sues through self-assembly of spheroids cultured inside microscaf-
folds is a good illustration of such direction. The possibility to ac-
tually create microscaffold-based tissue units has been presented
in only few reports [36,37], but an investigation of the spheroids
and cells behavior into such hybrid structure is urgently needed.

Forming spheroids within microscaffolds requires the latter to
have an extremely high degree of porosity and large open pores
with, consequently, very thin struts. In this study, the design of the
microscaffolds was selected based on the chemical structure of a
fullerene, referred to as buckyball (BB), since it is a spherical struc-
ture, highly porous with thin struts (i.e. of 35 um), which was al-
ready shown to support spheroid formation within it [36,37]. Cur-
rently, producing such delicate structures is only possible using the
2PP technique. Other modern additive manufacturing techniques
have been developed to produce scaffolds with sub-micron resolu-
tion (e.g. melt electrowriting [43]), which can then host spheroids.
Such methods are nevertheless not suitable to produce suspended
structures, which restricts their application and cannot be em-
ployed for the fabrication of multiple individualized BBs. In oppo-
sition, 2PP allows for direct laser writing within the volume of the
resin. The resin, being highly viscous and solvent-free, further sup-
ports the realization of suspended microscaffolds.

Once optimal printing parameters were established, a high
number of micro-sized structures could be produced in a reason-
able time, without any post-processing deformation (see Supple-
mentary Table 1). By using a writing speed of 1000 mm.s~!, which
is a current record for 2PP [44], the production of one single BB
takes 10 sec. Using a single 2PP system, 6 days would be re-
quired to manufacture enough BBs to fill-up a defect volume of 1
cm3 (using the hexagonal close packing model with packing frac-
tion = 0.74, and a volume of 0.014 mm?3 per unit). Another aspect
of the work-flow that deserves improvement is the extensive man-
ual labor described to prepare the BB-based tissue units, which is
currently not optimal for clinical translation. Tackling this bottle-
neck is possible by, for instance, using an automated system to dis-
tribute BBs into single wells of multiwell plates, followed by auto-
matic liquid dispensing of the cell suspension. To conclude, we do
not consider the entire work-flow being detrimental time-wise for
a clinical usage, as the microscaffolds can easily be produced and
sterilized in advance and be available off-the-shelf as soon as the
patient$ cells are available.

In summary, we have performed for the first time a system-
atic and comparative study between normal spheroids (SPH) and
BB-based tissue units (BB). All experiments presented in this work
were performed on spheroids of small-size diameter (300-350 um)
to decouple as much as possible the effects of the microscaffolds
on the spheroids, from any nutrient- or oxygen-limiting effects
[45-47].

We demonstrated that the presence of BB microscaffolds did
not hamper some important features that made spheroids an at-
tractive tool for TERM applications. First, we validated that a cell
suspension can agglomerate to form a spheroid when cultured
in low-binding condition, even in the presence of BB structures
(Fig. 2). This can be explained by i- the design of the highly porous
BB as previously emphasized, but also by ii- the hydrophobic na-
ture of the chosen PCL-based material (£80°, as described here
[38]), which does not support a rapid cellular attachment (shown
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SD10 on 2D films). Upon deposition of the cell suspension, cell-
cell interaction will consequently become predominant, favoring
the formation of the spheroid within the BB, rather than cells at-
taching onto its struts. hASC suspension formed a spheroid within
BBs, with a seeding efficiency of 78%, similar to SPH. The presence
of highly porous polymeric scaffolds does not impair the formation
of the spheroids or their growth. To emphasize on the real effect
of the BB microscaffolds on the spheroid$ behavior, we have first
selected a relatively lean medium (HG-DMEM with 10% serum but
without any growth factor (GF) supplementation). As a result, it is
clear that some of the reported features or at least their degree
of intensity are medium-dependent (e.g. evolution of the diame-
ter, shape, proliferation). Nonetheless, using a GF-enriched EGM-2
medium, we still observed the positive impact of BB microscaffolds
on the spheroids growth (SD6).

It is recognized that scaffold-free aggregates used as building
blocks allow to rapidly engineer larger tissues, with the advan-
tage of a higher cell density compared to cell-seeded scaffolds.
Nevertheless, a fundamental prerequisite for such biofabrication
approach is that multiple spheroid bodies are able to coalesce
together. Our set of data demonstrated that the fusiogenicity of
hASC spheroids was not impaired by the presence BB microscaf-
folds (Fig. 7). In fact, multiple BBs self-assemble into a larger tissue
when put into close contact in a kinetic similar to the one of SPHs
only. The quality of the engineered tissue is in some aspects even
favored by the BB, as the presence of a hard polymeric “exoskele-
tal” structure surrounding the cellular spheroid body prevented ex-
cessive compaction and condensation, which otherwise resulted in
a final tissue of small and uncontrollable shape. The self-assembled
tissues are indeed significantly more stable volume-wise when BB
are used as building blocks. This characteristic will allow to ac-
curately determine the number of spheroids required to fill up a
defined volume of a certain tissue defect.

The spheroid-based tissue condensation is a natural phe-
nomenon reported by many authors [2,19,21,22,48], but which can
drastically restrict the clinical application of such bottom-up tis-
sue engineering approach. Our study points out that this third tis-
sue engineering strategy offers unprecedented opportunities in the
future, but raises as well plenty of unanswered questions. For in-
stance, condensation mechanisms are fundamental to tissue de-
velopment but culturing spheroids within BB attenuates this phe-
nomenon to a certain degree. Histological cross-sections revealed
that there is an important difference in terms of cellular distri-
bution between SPH and BB groups. Normal spheroids are char-
acterized by a homogeneous and dense cell distribution through-
out the volume of the structure. However, cells growing in the
core of the BBs were more dispersed, less dense, had a polygo-
nal shape and formed more intercellular cavities, as observed both
histologically and on the FIB SEM cut sections (Fig. 5). The shape
of the cells and the packing density appeared to be drastically im-
pacted by the BB structures, but the ECM secretion (e.g. total pro-
tein, SGAG and mineral) were not significantly different. Similar
features were described on large spheroids, and it was suggested
that those resulted from an adaptive response of the cells present
inside the spheroids to counter limited nutrient or oxygen diffu-
sion, in an aim to prevent any detrimental effect on the cells [47].
Even though the viability study presented here did not reveal a
higher degree of cell death in the BB group, further experiments
are needed to specifically investigate the possible shortage of oxy-
gen experienced by the cells in the center of the structure. One fu-
ture avenue opened thanks to the high versatility of 2PP would be
to adapt the shape or the size of the BBs (proof of concept shown
Fig. 4e), which might then affect the occurrence of such cavities by
controlling the degree of hypoxia.

Another interesting biological feature that was affected by the
presence of the BB is that numerous non-spheroid forming (NSF)
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cells were continuously released from normal spheroids. The ex-
pulsion of those loosely associated cells from the spheroids was
responsible for a decrease of their cell number, and consequently
a reduced diameter and roundness values. By growing the same
spheroids inside porous BB structures, we were able to physically
constrain the cells in a defined volume, and the resulting spheroids
maintained a higher cellularity, a larger diameter and an improved
roundness (close to 1, Fig. 4). Our data indicates that the BB act
as a “cage” supporting the spheroid and maintaining cohesion be-
tween the cells as less NSF were observed in the BB group. E-
cadherin plays an important role for the cell-cell adhesion and
therefore for the preservation of spheroids. Stadler et al. proved
that NSF cells that are expulsed from the main spheroid body
have lost their E-cadherin expression [49]. The positive effect of
BB structures on the cellular integrity of the spheroids may either
stem from stimulated E-cadherin receptors or from a pure physical
effect by retaining the cells and thereby forcing cell-cell interac-
tions.

Our differentiation experiment on human adipose derived stem
cells demonstrated that BB-based tissue units preserve the stem-
ness potential of the spheroids, and that modules of bone and car-
tilage micro-tissues could be produced. This is also an important
prerequisite as we aim to employ such tissue units as injectable
building blocks for osteochondral tissue repair. If we are able to
validate in future experiments that preventing cellular compaction
does not affect the quality of the neo-formed tissue (such as an
osteochondral tissue), then the utilization of microscaffolds such
as BBs will greatly stimulate the development of spheroid-based
therapies.

Even though we have not seen major differences in the fu-
sion capability of multiple “young” spheroids, a recent report indi-
cated that the ultrastructure of spheroid bodies impacts their fu-
sion capability [50]. It was reported that an environment inside
the spheroids that favors a rapid cell rearrangement, i.e. low ECM
density, was correlated with a faster fusion kinetic. This aspect
could then bring forward the necessity of using spheroid-loaded
microscaffolds, which, as we indicated in this work, is responsible
for a significant decrease of the spheroid packing density.

The actual bottleneck of using 2PP for TERM is the limited avail-
ability of biodegradable polymers processable using this technol-
ogy, with only few reports on biodegradable polyesters to date
[38,44]. As a photosensitive biomaterial, we tested a new commer-
cially available biodegradable PCL-based resin ( DDegrad INX). The
high viscosity and high reactivity allow efficient processing even at
extremely high scanning speeds of 1000 mm.s~! while providing
a high strength to the printed structure. We have shown that not
only biodegradable PCL-based resins, but also other biomaterials of
interest can be processed using 2PP to build micro-size scaffolds,
such as methacrylated poly-D,L-lactic acid (PDLLA) or methacry-
lated polycarbonate (PTMC, SD11).

Finally, this proposed strategy is truly convergent and versa-
tile not only in the choice of biomaterials but also in the cel-
lular composition, as many cell types can actually agglomerate
into spheroids when cultivated under low-binding conditions. In
this research, we used immortalized hASCs as a recent report
has shown that this cell line maintains its stemness characteris-
tic (even in high passage number), without the limiting irrepro-
ducibility seen using primary cells [51]. Other cell types can be in-
tegrated in the presented work-flow but this aspect would deserve
further investigation, as the growth kinetics of spheroids are highly
dependent on the cells and on the initial seeding density used to
fabricate the spheroids [52].

Even though some questions remain unanswered, our work
opens numerous perspectives and offers exciting venues for futur-
istic TERM strategies.

84

Acta Biomaterialia 165 (2023) 72-85
5. Conclusion

Some recent reports have raised awareness of a third ap-
proach in tissue engineering, which merges both scaffold-free and
scaffold-based strategies by forming spheroids inside micro-size
scaffolds; nonetheless little is known on how the cells behave in-
side such structures. In this original report, we first validate that,
due to the high-resolution ability of 2PP, a high number of mi-
croscaffolds with a buckyball shape (BB) exhibiting fine architec-
tural features can be produced. Such design was selected as it
enables a cell suspension to agglomerate into spheroid within its
core. Importantly, when spheroids of adipose derived stem cells
are cultured within BBs, the spheroids maintain their differentia-
tion potentials (i.e. chondrogenic and osteogenic). Another key as-
pect is that BB-based tissue units can be used as building blocks,
which can fuse together and form macro-tissues through directed
self-assembly, without external manipulations. The great advantage
is that the volume of the resulting tissue is stable and easily con-
trollable, as it is less prone to compaction. This singular property
makes this approach highly suitable for the bottom-up utilization
of hybrid spheroids as modular tissue units to be used in tissue
engineering and regenerative medicine.
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