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a b s t r a c t 

Due to the capability of cell spheroids (SPH) to assemble into large high cell density constructs, their use 

as building blocks attracted a lot of attention in the field of biofabrication. Nevertheless, upon maturation, 

the composition along with the size of such building blocks change, affecting their fusiogenic ability to 

form a cohesive tissue construct of controllable size. This natural phenomenon remains a limitation for 

the standardization of spheroid-based therapies in the clinical setting. 

We recently showed that scaffolded spheroids (S-SPH) can be produced by forming spheroids di- 

rectly within porous PCL-based microscaffolds fabricated using multiphoton lithography (MPL). In this 

new study, we compare the bioassembly potential of conventional SPHs versus S-SPHs depending on 

their degree of maturation. Doublets of both types of building blocks were cultured and their fusiogenic- 

ity was compared by measuring the intersphere angle, the length of the fusing spheroid pairs (referred 

to as doublet length) as well as their spreading behaviour. Finally, the possibility to fabricate macro-sized 

tissue constructs (i.e. cartilage-like) from both chondrogenic S-SPHs and SPHs was analyzed. 

This study revealed that, in contrast to conventional SPHs, S-SPHs exhibit robust and stable fusio- 

genicity, independently from their degree of maturation. In order to understand this behavior, we further 

analyze the intersection area of doublets, looking at the kinetic of cell migration and at the mechanical 

stability of the formed tissue using dissection measurements. Our findings indicate that the presence of 

microscaffolds enhances the ability of spheroids to be used as building blocks for bottom-up tissue engi- 

neering, which is an important advantage compared to conventional spheroid-based therapy approaches. 

Statement of significance 

The approach of using SPHs as building blocks for bottom-up tissue engineering offers a variety of ad- 

vantages. At the same time the self-assembly of large tissues remains challenging due to several intrinsic 

properties of SPHs, such as for instance the shrinkage of tissues assembled from SPHs, or the reduced 

fusiogenicity commonly observed with mature SPHs. In this work, we demonstrate the capability of scaf- 

folded spheroids (S-SPH) to fuse and recreate cartilage-like tissue constructs despite their advanced mat- 

uration stage. In this regard, the presence of microscaffolds compensates for some of the intrinsic limita- 

tions of SPHs and can help to overcome current limitations of spheroid-based tissue engineering. 

© 2023 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/ ) 
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. Introduction 

Biofabrication of tissues and organs using spheroids (SPHs), also 

eferred to as microtissues, was proposed as a promising tech- 

ological route leveraging some developmental biology aspects. 

n addition to the self-assembly capability of SPHs, it was noted 
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hat they represent building blocks suitable for industrial scale 

obotic and automated biofabrication. In fact, the first functional 

ioprinted organ was fabricated, i.e. vascularized mouse thyroid 

land, using spheroids, leading to a long-awaited breakthrough in 

he field of bioprinting [1] . Further reports have recently addressed 

he possibility of using SPHs for cartilage tissue engineering [2–

] . When placed in close contact, multiple SPHs can fuse and 

orm a cohesive construct. Nevertheless, upon self-assembly, tis- 

ue constructs fabricated from multiple SPHs undergo compaction 

nd consequently drastic volume loss. This natural phenomenon 

imits the stability of tissue constructs engineered using scaffold- 

ree approaches and cuts short the versatility to biofabricate tis- 

ues with controlled 3D architectures. Mironov et al., proposed to 

ccount for this compaction, indicated by the “coefficient of tis- 

ue retraction” and the associated geometrical reconfiguration ex- 

erienced by the single SPHs as well as by the produced tissue 

onstruct, in the original CAD model [6] . This approach was vali- 

ated experimentally on basic tube-like structures mimicking vas- 

ular rings. Nevertheless, this significantly complicates the work- 

ow: as first, this volumetric reduction is not only the result of the 

issue compaction, but also of the release of cells surrounding the 

pheroid body (called non-spheroid forming (NSF) cells [7] ). Sec- 

ndly, the occurrence and the magnitude of both phenomena de- 

end on many factors (e.g. cell type [ 7 , 8 ], cell density, SPH’s degree

f maturation, amount of secreted ECM [9] , and others). At this 

tage we are not aware of any computational models integrating 

uch a variety of factors for a predictable biofabrication of complex 

D structures. 

Alternatively, rather than trying to model and account for it, 

ne could develop technologies allowing to mitigate this com- 

action along with the cell detachment. Solution for such chal- 

enges can most probably be found in combining various tech- 

ologies, e.g. developing hybrid biofabrication techniques, as sug- 

ested by Dalton et al. in their recent review paper [10] . Hybrid 

pproaches have been attempted by combining cellular spheroids 

ith micro-size objects, such as polymer fibers [ 11 , 12 ] or by fab-

icating “structured spheroids” via extrusion bioprinting followed 

y microfluidic emulsification [ 13 , 14 ]. The “Kenzan” method is an- 

ther illustration where spheroids are temporarily physically con- 

trained using microneedles. Upon spheroids aggregation and tis- 

ue maturation, the biofabricated tissue can be retrieved from this 

upport and further used for tissue engineering and regenerative 

edicine (TERM) applications [15] . One can also stabilize the vol- 

me of tissue formed via self-assembly by depositing individual 

pheroids into pores of printed macroscaffolds. By repeated SPH 

eposition, Mekhileri et al. were able to engineer complex hierar- 

hical osteochondral tissues [16] . Even though this approach is ap- 

ealing for the bottom-up biofabrication of tissue, it still falls into 

he scaffold-based tissue engineering strategy since a “fitting” scaf- 

old is required. In contrast to initial SPHs, the resulting constructs 

annot be employed anymore as modular building block since the 

ioassembly potential is lost. 

A synergetic tissue engineering strategy, combining the advan- 

ages of scaffold-free and scaffold-based approaches, referred to 

s the third tissue engineering strategy, can counter this limita- 

ion [17] . This strategy relies on producing individual SPHs directly 

ithin specialized microscaffolds, to be used as building blocks 

18] , referred to as scaffolded spheroids (S-SPHs). This approach is 

romising since important biological functions of stem cell SPHs, 

uch as the possibility to self-assemble and to differentiate towards 

hondrogenic, osteogenic [18] or even adipogenic lineages [19] , are 

aintained. We also observed that cell retention within the SPHs 

as improved by the presence of microscaffolds, acting as a phys- 

cal cage for the agglomerated cells [18] . 

Nevertheless, to be able to use SPHs to reconstruct 3D organs, 

t is important to assess how this fusiogenicity evolves over time 
164
f culture. Indeed, it was reported that pre-cultured SPHs exhibit 

educed capability to self-assemble [ 20 , 21 ], which limits the scope 

f the scaffold-free strategy. As pointed out in our previous pub- 

ication [18] , we observed a looser cell packing within the scaf- 

olded spheroids, compared to spheroids (without scaffold). This 

spect of loose cell packing was (among other aspects) associated 

ith faster fusion of cellular spheroids in the work of Kosheleva 

t al. [22] . Therefore, we hypothesized that matured or differen- 

iated S-SPHs show enhanced bioassembly properties compared 

o spheroids. The scope of this publication is to provide insight 

nto the fusiogenicity potential of S-SPHs, compared to conven- 

ional spheroids. Our in vitro data suggests that the presence of 

he microscaffold within S-SPHs does not impair the bioassem- 

ly of doublet units when put in contact to each other. In addi- 

ion, we demonstrated that, both the individual S-SPHs and the 

esulting bioassembled tissue constructs resulting from multiple 

-SPHs show a significant lower degree of compaction, compared 

o SPHs independently of their degree of maturation. Finally, we 

roved through multiple experiments that S-SPHs exhibit a simi- 

ar chondrogenesis potential compared to SPH, but possess a better 

usiogenicity capacity. The chondrogenic S-SPHś cells cannot only 

igrate faster compared to SPH’s cells, but can form a mechani- 

ally more stable tissue at the intersection between those building 

locks. 

In this work we demonstrate the suitability of the third strat- 

gy in tissue engineering for the biofabrication of a mature tissue 

onstruct (here cartilage-like tissue). The described method follows 

he bottom-up approach, using bioassembly of multiple differenti- 

ted S-SPHs as building blocks. 

. Materials and methods 

.1. Fabrication of microscaffolds 

The microscaffolds were produced by two-photon polymeriza- 

ion (2PP) as described previously [18] . Briefly, the photosensi- 

ive PCL-based resin (DEGRAD INX) was obtained from BIO INX 

Ghent, Belgium) and 0.5 wt% M2CMK was used as a photoini- 

iator [23] . Photo-crosslinking of the resin was performed using 

 femtosecond-pulsed laser (MaiTai eHP DeepSee, Spectra-Physics) 

perated at a wavelength of 800 nm, a repetition rate of 80 MHz 

nd a pulse duration of 70 fs after the microscope objective (UP- 

anSApo, 10x/0.4 NA, Olympus, Japan). Following printing parame- 

ers, were used to fabricate 50 0 0 microscaffolds in 24 h (equal to 

oughly 208 microscaffolds per hour) by aligning 3 × 3 (in total 

) microscaffolds per field of view: line/ layer spacing = 1.3 μm/ 

.85 μm, scan speed = 600 mm/s, laser power = 115 mW. Think3D 

oftware (UpNano GmbH, Vienna, Austria) was used to process 

he 3D files and control the hardware. The produced microscaf- 

olds have a fullerene geometry, with a diameter of 350 μm and 

truts size of 35 μm. After printing, the uncrosslinked resin was 

ashed away in Tetrahydrofuran (THF, Sigma-Aldrich, USA) and the 

emaining microscaffolds were sterilized and stored in 1-Propanol 

Carl Roth GmbH + Co. KG, Germany) until further use. 

.2. Cell culture and spheroid formation 

Immortalized human adipose-derived mesenchymal stem 

ells (hASC/TERT1) (Evercyte, Austria), without and with green- 

uorescent protein (GFP)-label, were used throughout the ex- 

eriments. The hASC/TERT1 were retrovirally infected with GFP 

ollowing the protocol by Knezevic et al. [24] , whereas both 

tem cell lines were expanded using EGM-2 BulletKitTM medium 

Lonza, Switzerland) supplemented with 10 % (v/v) newborn calf 

erum (NBCS) (Gibco, New Zealand) and maintained at standard 

ulturing conditions (37 °C, 5 % CO , humidified atmosphere). 2 μL 
2 
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f hASCs suspension (containing 50 0 0 cells, passages 6–7) were 

eeded manually into each well of an agarose mold containing 

ne microscaffold each (for S-SPH group) or none for normal 

pheroid group (SPH) and let to form spheroids for 2 days. Once 

he S-SPHs and SPHs were formed as described before, they were 

ither directly used for the next assays (maturation week 0), 

ransferred in DMEM-HG medium supplemented with 10 % NBCS 

nd 1 % P/S for further maturation (for either one or two weeks) 

r differentiated towards the chondrogenic lineage as described 

n 2.3 . 

.3. Chondrogenic differentiation of SPHs and S-SPHs 

After spheroid formation (with and without scaffold as de- 

cribed in 2.2), the medium was changed to chondrogenic medium 

CM) for up to 28 days, in order to induce differentiation. CM 

onsisted of DMEM-HG supplemented with 1 % (v/v) Insulin- 

ransferrin-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 

yruvate, 50 μg/mL l-proline, 50 μg/mL ascorbic acid 2-phosphate, 

00 nM dexamethasone, 10 ng/mL of human transforming growth 

actor β3 (Peprotech, NY, USA) and human bone morphogenic pro- 

ein 6 (R&D, MN, USA). Medium changes were carried out three 

imes a week, while human transforming growth factor β3, hu- 

an bone morphogenic protein 6 and ascorbic acid 2-phosphate 

ere added fresh upon each medium change. 

.4. Analysis of chondrogenic differentiated units (SPH and S-SPHs) 

Successful differentiation was verified by quantitative reverse 

ranscription polymerase chain reaction (RT-qPCR) analysis of 

hondrogenic genes (ACAN, SOX9, COL2A1, COL10A1), as well as 

uantification of sulfated Glycosaminoglycan/ DNA (GAG/DNA) con- 

ent of single units as described below. 

For quantification of the GAG/DNA content three samples of 

ach group (SPH and S-SPH) were collected and pooled on the first 

ay of medium change to CM ( = day 0), and on day 7, 14, 21 and

8. Pooled samples were washed three times in PBS. Subsequently, 

amples were prepared for DNA quantification as described in 2.8, 

nd the DNA content was measured using the Quant-iT PicoGreen 

ssay (Thermofisher, USA). GAG content of each sample was mea- 

ured ( n = 3 per group and time point) using the dimethylmethy- 

ene blue dye-binding assay (DMMB, Blyscan, Biocolor Ltd., United 

ingdom), and chondroitin sulphate as standards. GAG content of 

ach sample was normalized to the measured DNA content to re- 

eive the desired GAG/DNA ratio ( n = 3 per group and time point).

For gene analysis, 10 samples per condition (SPH and S-SPHs) 

ere pooled on each day of analysis (day 0, 7, 14, 21 and 28), 

ashed three times in PBS and lysed in 0.5 mL QIAzol Ly- 

is Buffer (Qiagen, Netherlands). Total RNA was extracted using 

Neasy Mini Kit (Qiagen, Netherlands) according to manufacturerś 

rotocol, subsequently the RNA concentration was measured us- 

ng the microplate reader Synergy H1 (BioTek, USA). RNA concer- 

ation was diluted to result in 100 ng/ reaction for the cDNA syn- 

hesis ( = reverse transcription) using the All-In-One 5x RT Master- 

ix (Applied Biological Materials (ABM), Canada). cDNA was di- 

uted 1:5 in nuclease-free water and RT-qPCR was conducted us- 

ng the primers listed Table 1 . For RT-qPCR following program was 

pplied using the CFX Connect Real-Time PCR Detection System 

Bio-Rad, USA): 3 min at 95 °C, followed by 40 cycles of Denat- 

ration at 95 °C for 10 s and annealing/extension at 60 °C for 

0 s. The gene expression was normalized to the housekeeping 

ene (HPRT1), while samples collected on day 0 were used to cal- 

ulate the relative gene expression. For low expressed genes, a cut- 

ff CT-value of 40 was defined (in case of SOX 9 for day 0, and
165
CAN for day 0 and 7) as previously described by Žigon-Branc et al. 

25] ( n = 3 per group and time point). 

.5. Study of the fusion kinetics 

The aim of the experiment was to assess, the speed and qual- 

ty of the doublet’s fusion using SPHs compared to S-SPHs, and to 

hich degree it depends on their pre-culture time (0, 1 or 2 weeks, 

eferred to as maturation). To allow for fusion, two S-SPHs or two 

PHs, were transferred from the agarose mold to wells of U-bottom 

6 well plate, coated with hydrophobic coating Lipidure® (Ams- 

io, USA) beforehand to prevent cells from attaching to the plastic. 

t regular time-points, images of the doublets were taken using a 

ight microscope and processed using Fiji [26] . The fusion kinetics 

as evaluated by quantifying the intersphere angle between the 

oublets and the doublet length over 8 days of culture ( n = 6 to

1 per condition, see Fig. 1 ). A fusion angle of 180 ° was considered

s complete fusion, as the two fused units are not discriminable 

nymore at this time point. Therefore, the fusion experiments were 

topped as soon as a fusion angle of 180 ° was reached (complete 

usion). 

.6. Assessment of the spreading kinetics 

The aim of this experiment was to determine if the presence 

f microscaffolds influences the spheroids’ ability to attach and to 

pread once in contact with tissue culture plastic. For this experi- 

ent, SPH and S-SPHs were prepared using GFP-labelled hASC and 

ndividually transferred to a flat-bottom tissue culture treated 96 

ell plates after maturation (at maturation week 0, 1 and 2). Us- 

ng a LSM 700 (Zeiss, Germany), fluorescent images of the spread- 

ng building blocks were taken regularly over 7 days, and the im- 

ges were processed using Fiji [26] to analyse the evolution of the 

preading areas. For this quantification, images were first trans- 

ormed into a 32-bit image, followed by manually setting/defining 

 segmentation threshold. The area was finally measured after set- 

ing the outline fitting the spreading area ( Fig. 2A ), n = 12 per con-

ition. 

.7. Bottom-up bioassembly of defined defects in vitro 

At a later stage (e.g. translation to clinics and in vivo exper- 

ments), the main goal of any bottom-up TERM approach is to 

ll up a defined defect of known volume and be able to have 

ontrol over this aspect. To this end, here a custom-made mold 

resembling) the TU Wien logo as a complex-shaped defect was 

reated on a SLA 3D printer (Form 2, Formlabs, MA, USA) us- 

ng a heat-resistant resin (High Temp Resin, Formlabs, MA, USA). 

ustom-made TU-logo-shaped molds were produced using 3 wt% 

garose (Sigma-Aldrich, USA) in a glass-bottom cell culture dish 

ibidi GmbH, Germany) by using the 3D-printed model as coun- 

erpart during the hardening of the Agarose form. After complete 

ardening the 3D-printed counterpart was removed from the mold, 

nd the void was filled with 2 mL EGM-2 BulletKitTM medium 

Lonza, Switzerland) supplemented with 10 % (v/v) newborn calf 

erum (NBCS) (Gibco, New Zealand), as well as 1% P/S and incu- 

ated at standard culturing conditions (37 °C, 5 % CO2 , humidified 

tmosphere) overnight. The amount of S-SPHs to fill up the de- 

ned volume was calculated to be 180 units, by assuming a pack- 

ng density of 74 % (as face-centered-cubic filling was assumed). 

he defect was filled up with GFP-labelled S-SPHs or SPHs respec- 

ively and incubated for 6 h at 37 °C, 5 % CO2 , humidified atmo- 

phere. Subsequently, z-stack analysis of each sample was done us- 

ng a confocal microscope (LSM 800, Zeiss, Germany). Each layer 

f the resulting z-stack was automatically thresholded (background 
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Fig. 1. SPHs suffer from greater shrinkage compared to S-SPHs for all three tested degrees of maturation. Fusion kinetics of SPHs and S-SPHs were assessed by measuring the 

intersphere angle for up to 8 days of doublet incubation, on samples with different degrees of maturation (week 0, 1 and 2). Intersphere angle measurement was performed 

until a value of 180 ° was reached for SPHs (A) compared to S-SPHs (B). ! denotes significance between S-SPH week 0 and week 2, with a higher angle for week 2. A red 

arrow highlights necking of S-SPHs doublets (B). Doublet length was assessed over 8 days on samples of different maturation times, and imaged using bright field microscopy 

for SPHs (C and D) and for S-SPHs (E and F). Differences between the three degrees of maturation are all significant for the SPH group. For S-SPHs, statistically significance 

was found only when comparing week 1 and 2 with week 0. A thick mass layer of cells is visible just after the formation of the S-SPH, outside the microscaffold (pointed 

by the red arrow). 

166
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Table 1 

Primers used for RT-qPCR analysis of chondrogenic genes, all primers were purchased from Bio-Rad, 

USA. 

Gene (abbreviation) Gene name Manufacturer, assay ID 

SOX9 SRY (sex determining region Y)-box 9 BioRad, qHsaCED0021217 

COL2A1 Collagen type II, alpha 1 BioRad, qHsaCED0001057 

COL10A1 Collagen type X, alpha 1 BioRad, qHsaCID0007356 

ACAN Aggrecan BioRad, qHsaCID0008122 

HPRT1 hypoxanthine phosphoribosyltransferase 1 BioRad, qHsaCID0016375 

Fig. 2. The ability of the spheroids to spread is not inhibited by the presence of the microscaffolds. Illustration of the workflow undertaken to analyse the spreading of 

the cells using Fiji software (A). The spreading areas were analysed over 7 days of incubation for samples of different degrees of maturation (B and D for SPH and S-SPH). 

Fluorescent images are shown for 2-weeks old SPH and S-SPH, at day 0 and day 4 exhibiting advanced spreading (C and E for SPH and S-SPH). At day 7 of incubation, 

differences between SPH and S-SPH, and between week 0, 1 and 2 are statistically not significant. 

c

i

e

r

(

g

2

e

j

w

orrection) to measure the area occupied by GFP-labelled cells us- 

ng Fiji [26] . The measured area was multiplied by the height of 

ach layer (35 μm) to result in the volume of the filled space. The 

esulting volume was normalized to the calculated total volume 

 = 100 %) of the mold and the comparison between S-SPH and SPH 

roup is depicted ( n = 1/group). 
167
.8. Cell migration from S-SPH to empty microscaffolds 

The goal of this experiment was to investigate the capacity of 

mpty microscaffolds to be colonized by the cells from the ad- 

acent S-SPHs. This experiment required the formation of S-SPHs, 

hich were subsequently cultured together with different num- 
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ers of empty microscaffolds (ratios ranging from 1:1 up to 1:8, 

roup C). As control groups, SPHs only (Group A) and (cell-laden) 

-SPH only (Group B), were used (with similar final quantity of 

uilding blocks as for the experimental group, i.e. 2–9 SPHs/S-SPHs 

ultured together). The SPHs and S-SPHs used for this experiment 

ere prepared as mentioned in 2.2. Morphological changes includ- 

ng the bioassembly and the colonization of the empty microscaf- 

olds were imaged over 9 days of culture ( n = 5 to 8 per con-

ition). To determine the final number of cells in the 9-days old 

issue constructs, DNA quantification was performed for samples 

rom all three groups. Firstly, this required samples to be digested 

ith 125 μg/mL papain in 0.1 M sodium acetate, 10 mM l-cysteine- 

Cl, 50 mM EDTA (all from Sigma-Aldrich) adjusted pH 6.0 and 

ncubated at 55 °C under constant shaking for 18 h. DNA content 

f each sample was quantified using the Quant-iT PicoGreen assay 

Thermofisher, USA) ( n = 5 to 8 per condition). Finally, the viabil- 

ty of the hASCs of one tissue construct of Group C (ratio 1:6) was

ssessed after 15-day culture using Live/Dead® assay (Invitrogen, 

hermofisher), based on 0.2 μM calcein-AM (live stain) and 0.6 μM 

ropidium iodide (dead stain), using a LSM 700 (Zeiss, Germany). 

.9. Cell migration and fusion study on doublets of chondrogenic 

ifferentiated units 

In order to systematically test and analyze the fusion behav- 

or of mature SPHs versus S-SPHs, the following experiments were 

onducted. After successful chondrogenic differentiation for 28 

ays, as described in 2.3, the kinetic of cell migration in dou- 

lets of chondrogenic SPHs or S-SPHs respectively was character- 

zed. To allow for cell tracking via LSM imaging, only one of the 

wo spheroid units was composed of GFP-labelled cells. One chon- 

rogenic (unlabelled) hASCs sample (either S-SPH or SPH) and one 

hondrogenic GFP-labelled hASC sample were pipetted into a well 

f a U-shaped well plate previously coated with hydrophobic coat- 

ng Lipidure® (Amsbio, USA) to prevent cells from attaching to 

he cell culture plastic. Plates were tapped and pivoted in order 

o guarantee close proximity of samples in the well, which was 

erified under the light microscope on day 0. Over the course 

f 15 days, the fusion process was monitored in regular inter- 

als by LSM-z-stack imaging. The resulting imaging data was post- 

rocessed using a custom-written macro for Fiji [26] , which was 

ade available online [27] . To define the region of interest (ROI) 

he macro was applied to z-stack LSM images taken on day 0, 

nd included following functionality: generation of maximum in- 

ensity projection of the measured z-stacks (including background 

orrection), followed by channel separation. Furthermore, a blur- 

ing filter and masking of the image based on the fluorescent sig- 

al was conducted. Subsequently, a circle was fitted based on the 

utline of the masked region, and the left most pixel of the cir- 

le was defined as center of the fusion area. This applies, since in 

ll images the GFP-labelled SPH/S-SPHs was present on the right 

ide of the fusion area. In a last step the macro automatically de- 

ned three ROIs, the intersection region around the identified cen- 

er of the fusion area, and two neighboring regions (with defined 

rea as well) covering both sides of the fusion area (region of la- 

elled/unlabelled SPH/S-SPHs) as depicted in Fig. 4 A. Applying the 

efined ROIs (from day 0) of each sample to the corresponding 

ater time points and measuring the mean intensity fluorescence 

n each of the defined ROIs allowed quantifying the cell migra- 

ion from the GFP-labelled SPH/S-SPH into the intersection area 

nd subsequently the neighboring unit using the described macro. 

he background corrected mean fluorescence intensity of each ROI 

as normalized to the signal of the GFP-labelled sample for each 

mage (referred to as right ROI). The progression over culture time 

up to day 15) is depicted in Fig. 4 B. Furthermore, the diameter of

he fusion area was measured using Fiji [26] between day 1 and 
168
ay 15 of fusion ( Fig. 4 E). Number of units per condition n = 3–6

depending on the time point). All images were taken on LSM 800 

Zeiss, Germany). 

.10. Mechanical characterization of fused doublets 

Chondrogenic doublets, prepared as described in 2.6, were 

ransferred into the PBS-filled reservoir of the MicroTester 

CellScale, Canada) on day 3 of the fusion process. The samples 

ere positioned under the beam (0.3048 mm, with no platen 

ounted) in order to compress the fusion area until complete sep- 

ration of the doublets. The measured maximum force (at break) 

max was used to calculate the shear stress τmax applied [28] to 

eparate the two fusing units. The formula for the shear stress cal- 

ulation is depicted in Fig. 4 C along with an illustration of the used 

etup. The fusion areas A (required to calculate the shear stresses) 

ere calculated from the fusion area diameters (as circular fusion 

rea was assumed) ( n = 4 per condition). 

.11. Bottom-up assembly of mature cartilage-like tissue 

We tested the possibility to recreate a cartilage-like tissue in 

itro by assembly of 500 SPH or S-SPHs, which were differenti- 

ted towards a chondrogenic lineage for three weeks as previously 

escribed in section 2.3. Custom-made cylindrical 3 wt% agarose 

olds (Sigma-Aldrich, USA) with Ø1.4 mm, housed in a 15 mL fal- 

on tube were filled up with 500 S-SPHs or SPH. To guarantee 

lose proximity to each other, the falcon tube was centrifuged at 

00 g for 3 min. For the merging period of 7 days (inside the mold)

MEM-HG medium supplemented with 10 % NBCS and 1 % P/S was 

sed and daily medium changes were performed. After the merg- 

ng period the samples were extracted from the mold by cutting 

he mold open using a scalpel. The resulting plugs were washed in 

BS (Sigma-Aldrich, USA) and subsequently fixed in 4 % formalde- 

yde (Roti Histofix 4 %, Roth, Germany) for 12 h at 4 °C. The quality

f the produced cartilage tissue constructs was assessed using his- 

ology as followed. After rinsing the plugs with PBS and dehydra- 

ion with increasing ethanol solutions, starting with 50 % ethanol, 

he samples were immersed in xylene and finally wax-embedded. 

he plugs were then cut in 4 μm thin sections and dried overnight 

n a 37 °C incubator. After deparaffinising the sections, they were 

e-hydrated and then stained with 0.1 % Alcian blue solution at 

H 2.5 (Merck, Germany) for 30 min at room temperature to visu- 

lize Glycosaminoglycan (GAG) deposition. Samples were counter- 

tained with Mayer‘s Haemalaun (Roth, Germany), dehydrated and 

ounted with Consul Mount (Thermofisher, USA). Another sec- 

ion from each sample was stained with PicroSirius Red to visu- 

lize collagen. First the samples were stained with Weigert‘s Iron 

aematoxylin (Roth, Germany) for nuclei and after rinsing in dH2 O 

tained for one hour in PicroSirius Red solution: 0.1 % DirectRed 80 

n saturated picric acid (Merck, Germany). After that, the samples 

ere rinsed in 0.5 % acidic acid solution, dehydrated and mounted 

ith Consul Mount. Subsequently, the stained sections were im- 

ged on an upright clinical microscope Eclipse CI (Nikon, Japan). 

.12. Statistical analyses 

Statistical analysis of the presented data was performed using 

rism 9 software (GraphPad Software, USA). Normal distribution of 

he data was verified using a Shapiro-Wilk test performed in Prism 

 software (GraphPad Software, USA). Student t -test was applied 

o analyze the significance of differences between two experimen- 

al groups (with p < 0.05). Data presented are means ± standard 

eviation (SD) unless stated otherwise. 
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. Results 

.1. Influence of the microscaffold on the fusiogenicity and 

ompaction of spheroids 

A prerequisite for the third tissue engineering strategy, based 

n the use of multiple S-SPHs as building blocks, is the possibil- 

ty for them to bioassemble into larger cohesive constructs. This 

roperty relies on fusion, which can be assessed by measuring the 

ntersphere angle on doublets during culture ( Fig. 1 ). Following the 

ncubation of doublets of SPHs ( Fig. 1A ), their rapid fusion was ob-

erved, until they form a single agglomerate, with an angle of 180 °
ithin three to four days for freshly prepared or for 1-week old 

PHs. With higher degree of maturation (i.e. 2-weeks old SPH), this 

80 ° intersphere angle was reached after longer incubation time, 

.e. 6 days ( Fig. 1A ). For the S-SPHs, the kinetic of fusion was not

egatively altered by the spheroid maturity, and all three matura- 

ion stages reached the maximal intersphere angle (i.e. 150 °) after 

 to 5 days ( Fig. 1B ). The presence of the microscaffold does not

estrict their fusion, but prevents the doublets from fusing into a 

ingle indistinguishable spheroid, as it is observed for SPH group. 

he resulting S-SPH doublets exhibit a rather oblong-shape, with 

 slight “necking” at the contact area, corresponding to an inter- 

phere angle between 150 and 160 ° ( Fig. 1B ). 

We analysed the evolution of doublet length over 7–8 days of 

ulture, based on the degree of maturation of SPHs and S-SPHs, 

tarting from the doublet length recorded just after the incubation 

f the doublet (at day 0). It has to be noted that the initial dou-

let length is smaller for more mature SPHs since they are also 

maller individually. For instance, at day 1 of the fusion experi- 

ent, freshly prepared SPHs (maturation week 0) have a doublet 

ength of ∼740 μm, while it is only 570 and 345 μm for sam- 

les from the 1-week and 2-weeks maturation group respectively 

 Fig. 1C ). Those morphological changes and the compaction phe- 

omenon were monitored using optical microscopy ( Fig. 1D ), with 

eek 0 SPHs being significantly larger than week 2 group. Sec- 

ndly, the length of the doublets significantly decreases with pro- 

onged incubation time. The degree of this compaction correlated 

o the maturation stage, with younger SPHs experiencing more re- 

uction than 1 or 2-weeks old ones. The resulting merged tissue 

onstruct at day 7 is consequently smaller when using more ma- 

ured SPHs compared to “younger” SPHs. 

Subsequently, we compared the doublet length obtained from 

PH with the one from S-SPH ( Fig. 1 E and F). It has to be noted,

hat although the same number of cells (50 0 0 cells/unit) was used 

or both tested groups (SPH and S-SPH) the initial measured dou- 

let length on day 0, was already larger for S-SPHs compared to 

PHs ( ∼880 μm for S-SPH compared to ∼740 μm for SPH). This 

an be explained by the presence of the microscaffolds that results 

n a mass of cells excluded from the core of the microscaffold and 

nding up outside the latter (pointed by the red arrow Fig. 1F ). 

he volume of the scaffold account s f or approximately 33 % of the 

dditional cell mass, on day 0 S-SPHs. As the S-SPHs matured, this 

ass of cells was no longer visible around the microscaffold. Based 

n the previous observations we conclude that this is a result of 

he compaction process, which stops at the microscaffolds’ border 

or the S-SPH group [18] . When measuring the doublet length of 

-SPHs, there is a significant reduction for S-SPHs freshly formed 

week 0), specifically due to the retraction of this mass of cells 

vertime (day 0 = 880 μm and after 7 days = 720 μm). Conducting 

his fusion experiment with 1- or 2-week mature S-SPHs results in 

ifferent behaviour. Indeed, S-SPHs show a smaller range of dou- 

let size reduction compared to SPHs. The initial measured doublet 

ength for S-SPHs is ∼760 μm while after 8 days the doublet length 

ecreased slightly to ∼700 μm. This experiment further revealed 

hat this mass of cells initially surrounding the microscaffold is 
169
ot a prerequisite for the fusiogenicity of S-SPH, since more ma- 

ure S-SPHs without this cell mass are still able to fuse. Therefore, 

ecreasing the number of cells that are seeded onto each scaffold 

an help to circumvent the formation of this initial additional cell 

ayer from the beginning. The doublet size reduction observed for 

-SPHs is significantly different compared to what was described 

reviously for SPHs. The same data presented after normalizing to 

he double length registered at day 0 further supports this conclu- 

ion (SD 1). There is a strong reduction of doublet length of SPHs 

epending on both, the time of culture and their degree of matu- 

ation, with a reduction of up to 50 % for young and of 30 % for 2-

eeks old SPHs (SD 1A). Using S-SPHs enables the stabilization of 

he doublet length, with a reduction of less than 10 % for 1-week 

nd 2-weeks old building blocks (SD 1B). A later maturation time 

oint was tested (week 3) on both groups to verify the stability 

f the bioassembled doublet (SD 1C). The similarity of the doublet 

ength for the 3 maturation time points (week 1, 2 and 3) with 

o residual mass of cells for the S-SPH group validated the previ- 

us statement. Differences between SPHs and S-SPHs were signif- 

cant for all the maturation time points. The size homogeneity of 

he bioassembled tissue resulting from S-SPHs is reflected by the 

ower STD values compared to the SPH group (SD 1C). Therefore, 

he microscaffolds not only support fusion, but compared to SPH, 

lso allow to control and predict the volume of the bioassembled 

issue engineering constructs. 

For multicellular building blocks to be used in tissue engineer- 

ng, one must not only ensure that they can fuse into one sin- 

le tissue-construct, but that they can also interact with their sur- 

ounding and attach to it. This aspect can be assessed in vitro by 

haracterizing the spreading behaviour of single building blocks 

n tissue culture plastics. In our experiment, we compared the 

preading behaviour of SPHs and S-SPHs prepared from GPF- 

abelled hASCs, and recorded the fluorescence signal using a laser 

canning microscopy system. The workflow together with the im- 

ge analysis is shown Fig. 2A . 

SPHs placed onto tissue culture plastic rapidly attached to it 

nd enabled cells to spread, from an initial area of 50-100 × 103 

m2 reaching 1.5–2.0 × 106 μm2 after only 7 days. The spreading 

inetics does not seem to be dependent on the degree of matura- 

ion, as the evolution was similar for SPH week 0, 1 and 2 ( Fig. 2B ).

rom the initial location of the spheroid at day 0, the area formed 

y adhering cells starting from the SPH, elongated in x- and y- 

irection due to the migration and proliferation of the hASC from 

he SPH body ( Fig. 2C ). 

S-SPHs exhibit similar spreading evolution, with a final spread- 

ng area similar to the one obtained for the SPH group. Freshly 

repared S-SPHs resulted in a final spreading area (after 7 days) 

hat appeared larger compared to samples with a higher degree of 

aturation (1 and 2 weeks), which can be attributed to the addi- 

ional cell mass present on early time point S-SPHs as discussed 

bove ( Fig. 2 D and E). Anyhow, statistical analyses performed at 

he last day of spreading experiment (day 7) revealed no signifi- 

ant differences between SPH and S-SPH group, and between the 

hree maturation stages for both groups. 

After having shown that S-SPHs exhibit good fusiogenic and 

preading behaviour, and that the tissue-construct resulting from 

he bioassembly of doublets of S-SPHs is better controllable in size 

han using SPHs, we assessed the potential of S-SPHs to fill up a 

omplex shaped defect of defined volume. The amount of units 

eeded to fill up the defect was calculated to be 180, therefore 

he cavity with the shape of “TU Wien” logo was filled with 180 

FP-labelled S-SPHs or with a similar number of SPHs ( Fig. 3A ). 

his experiment revealed that indeed the enhanced control over 

ompaction in case of the S-SPHs helps to fill up the defined vol- 

me very precisely compared to the SPHs group (filled up volume 

ompared to the total volume: 89 % for SPHs to 103 % for S-SPHs). 
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Fig. 3. Bioassembly of scaffolded spheroids produces stable tissue constructs and offers the opportunity to be combined with empty scaffolds. 

TU-logo construct consisting of 180 units (SPH versus S-SPH) used to mimic a complex- shape defect (A) and verification of filled up volume after seeding, normalized to 

“defect” volume (B). The degree of cellularity of multiple merged units (2, 4, 6 or 9) was assessed by DNA quantification and imaged using bright field microscopy, of SPH 

only (Group A), S-SPHs only (Group B), and a combination of one S-SPH and empty microscaffolds (Group C) of various ratios (C). ! denotes significance between Group 

C and Groups A-B, whereas non-significance is abbreviated “NS”. Microscopic observations of one sample of Group C, ratio 1:5 (D) and its viability assessment (Live/Dead 

staining, E) after 15 days of culture. 
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hile for the SPH group roughly 11 % of the defect remained unoc- 

upied, the S-SPH group showed complete filling of slightly above 

00 % (most likely due to the fact that the volume is not confined

rom the top, allowing “overfilling” of the defect), as depicted in 

ig. 3 B. 

Having shown that the S-SPH offers the possibility to bioassem- 

le into a tissue with more controllable size than conventional 

pheroids do, we then explored the possibility to combine cell 

oaded S-SPHs with cell-free S-SPHs (empty scaffolds). For that, the 

ame number of SPHs and S-SPHs (from 2 to 9) was incubated to- 

ether over 9 days, but their composition varied. Controls based 

n SPH and S-SPH only were analysed as Group A and B respec- 

ively. In order to assess the colonization potential of the cells from 

-SPHs, a third group was tested, based on only 1 S-SPH with in- 

reasing number of empty microscaffolds (from 1 up to 8, Group 

, Fig. 3C ). Multiple building blocks (either based on SPH or S- 

PH and microscaffolds) cultured together merge into one single 

issue structure within a few days. The determination of the DNA- 

ontent after 9 days of culture revealed no statistical difference be- 

ween bioassembled tissue constructs made of SPH or made of S- 

PH only, as expected. For both groups, the increasing amount of 

uilding blocks resulted in tissue constructs with linearly increas- 

ng amounts of DNA ( Fig. 3C ). Interestingly, the same bioassem- 

ly behaviour is also observed when multiple empty microscaf- 

olds are incubated with a single S-SPH. Even though the amount 

f DNA is significantly lower in this group (Group C) compared to 
t

170
PH or S-SPH only (Group A and B respectively), the cells from 

-SPH are able to colonize the empty microscaffolds over time of 

ulture. This enables multiple building blocks to bioassemble into 

 single tissue, even when the majority of them are cell-free mi- 

roscaffolds. We prolonged the culture duration for one sample of 

roup C with ratio S-SPH:empty microsaffolds of 1:5 for a total of 

 weeks. From the image presented in Fig. 3D , it can be seen that

he cells have migrated and colonized the entire structure. A high 

iability of the hASCs is maintained as shown by the Live and Dead 

taining ( Fig. 3E ). 

.2. Influence of the microscaffold on the chondrogenic differentiation 

nd on the ability of S-SPH to form cartilage-like tissues 

After assessment of the fusion ability of SPHs and S-SPHs rel- 

tive to their degree of maturation, we tested their fusion abil- 

ty when differentiated towards a chondrogenic phenotype (which 

s associated with ECM deposition, known to influence the fusion 

bility). 

We used GFP-labelled cells in a doublet experiment over 15 

ays of incubation ( Fig. 4A ), to study the cell migration via confo- 

al laser scanning microscopy. In the intersection area, where col- 

nization first happens, higher mean fluorescence intensities were 

etected for S-SPH compared to SPH for the first five days of this 

xperiment ( Fig. 4B ). This feature was indicating a faster migra- 

ion of the cells present in the scaffolded spheroids. For longer in- 
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Fig. 4. Chondrogenic S-SPHs show stronger cohesion and faster migration rates compared to chondrogenic SPHs. Visualization of the workflow of cell migration experiments 

and cell culture progression over time including the ROI definition (A). Quantification of the mean fluorescence intensity for each ROI on day 2,5,9 and 15, ∗ denoting 

significance between the two tested groups (B). Graphical representation of the dissection experiment setup performed using a MicroTester, depicting the beam that was 

applied to dissect two fused units. Visualization of the projected area and formula for shear stress calculations (C). Record of the maximum shear stress needed to separate 

two fused units, with ∗ denoting significance between the 2 groups (D). Analysis of the fusion diameter of S-SPHs and SPH, no significant difference between both groups 

when compared on individual time points (E). Scale bar is 200 μm. 

171
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Fig. 5. Chondrogenic S-SPH can be used as building blocks for engineering cartilage-like tissue via bioassembly. Chronological evolution of the gene expression of key 

chondrogenic markers (A) and of GAG/DNA ratio (B) of SPHs versus S-SPHs. Depiction of the workflow used to create cartilage-like tissue via self-assembly of SPH versus 

S-SPH (C). PicroSirius Red and Alcian Blue histological staining of SPH (D) and S-SPH (E and F) bioassembled cartilage-like tissues. Scale bar in each figure is 200 μm. For 

lower magnification images a 4 × objective was used, while for higher magnifications a 10 ×/20 × objective was used. No significance was denoted comparing SPH versus 

S-SPH for A and B. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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ubation time, no further significant differences were registered, 

nd the GFP-labelled cells were not only present in the intersec- 

ion area but were found also in the neighbouring unit (SPH or S- 

PH), indicating cell mixing between doublets at later time points 

or both tested groups. 

After having demonstrated that the migration of cells was in- 

uenced by the presence of the microscaffold, an experiment was 

onducted to test if this phenomenon results in increased cohe- 

ion between S-SPH units as well. For that, we assessed the me- 

hanical stability of the intersection area of doublets through a dis- 

ection experiment, performed on day 3 of doublet fusion, using a 

icroTester (set up shown in Fig. 4C ). Once more, differences be- 

ween both groups were detectable, as the shear stress required to 

issect a doublet of S-SPH was almost twice as high as for the SPH 

oublets ( Fig. 4D ), although the fusion diameters were similar over 

ulturing time ( Fig. 4E ). 

After having shown that chondrogenic S-SPHs show an in- 

reased fusionability especially in the first days of cell migration, 

e conducted a final experiment where we compared the possi- 

ility to use mature, chondrogenic SPHs and S-SPHs to bioassem- 

le into a cartilage-like tissue construct. To exclude that the mi- 

roscaffold influenced the differentiation process, we first analysed 

he gene expression and GAG synthesis over 4 weeks of differenti- 
172
tion. In fact, no differences were noted between SPH and S-SPH in 

erms of chondrogenic gene expression and GAG synthesis ( Fig. 5 A 

nd B). Over the culture in CM medium, both SPH and S-SPH fol- 

owed the same trend, characterized by a steady increase of all 

ested chondrogenesis markers ( Fig. 5A ). Furthermore, no signifi- 

ant difference of GAG content (normalized to DNA content) could 

e detected when comparing SPH and S-SPH on the same day of 

ulture ( Fig. 5B ). After successful differentiation in CM medium, 

00 building blocks of both groups (S-SPH vs. SPH) were manually 

ransferred into custom-made agarose molds for 7 days of merging 

see workflow in Fig 5C ). The extracted plugs, showed an intensive 

AG and collagen deposition, detectable homogenously across the 

ntire section for both groups ( Fig. 5 D-F). Additionally, anatomi- 

al features resembling of cartilage, e.g. lacunae hosting chondro- 

ytes within the deposited ECM, are clearly visible for both groups, 

hich emphasizes the overall applicability of the utilized method. 

Interestingly, while the S-SPH group resulted in one cohesive 

lug, the SPH-based plug was characterized by an overall less con- 

ected structure with lower mechanical stability. This was not only 

oticeable by the smaller size of the resulting construct but also 

y the presence of multiple single SPH-units that did not integrate 

nto the plug structure ( Fig. 5D ). Further analysis performed us- 

ng histological staining corroborated this findings. Higher magni- 
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cation microscopic images of PicroSirius red stained histological 

ections confirmed the superior merging ability of S-SPHs com- 

ared to SPHs. Indeed, for the SPH-group, numerous voids espe- 

ially alongside the intersection of building blocks were clearly vis- 

ble. This was not visible on the S-SPH-group, as this group was 

ble to form one cohesive tissue construct. In this group, the voids 

n-between neighbouring S-SPH units were invaded and filled up 

y cells and ECM ( Fig. 5 E and F). From our histology staining, this

ntersection tissue between different S-SPHs is rather poor in GAG 

ut rich in collagen. This result corroborates previous work from 

indberg et al., who observed that chondrogenic hASC-spheroids, 

hen merged together, secreted a fibrocartilaginous-like ECM in 

he tissue fusion area [29] . This results further strengthen the find- 

ngs already described in Fig. 4 regarding the superior stability of 

he S-SPH bioassembled chondrogenic doublets, compared to SPH. 

. Discussion 

We have previously reported on the possibility to produce S- 

PHs to be used as building blocks for the third tissue engineering 

trategy [18] . The present work gives insights into the evolution of 

he fusiogenicity of these S-SPHs upon tissue maturation. For the 

iofabrication of large size tissue constructs based on a bottom-up 

pproach, it is important to verify if the presence of microscaffolds 

nfluences the bioassembly behaviour of S-SPHs. Indeed, fusion is 

 fundamental biological process for SPHs to be used as building 

locks in tissue engineering. This fusiogenicity, enables the engi- 

eering of cohesive and large size tissue constructs with cell den- 

ities approaching those of native tissues [30] . Nevertheless, the 

tandardization of the tissue resulting from the self-assembly ap- 

roach remains extremely complicated due to 1- the impact of the 

egree of maturation of the single SPHs on their fusiogenicity, and 

- the substantial compaction of the final tissue-construct occur- 

ing over extended culture time 

.1. S-SPHs exhibit fusiogenicity uncoupled of their maturation 

The fusiogenic potential of spheroids (SPH) is dependent on 

heir in vitro preculture time (referred to as degree of maturation) 

s reported by several authors [ 20 , 21 , 31 ]. Older SPHs (i.e. longer

reculture time) and more mature (i.e. differentiated SPHs) do not 

qual freshly prepared samples in their ability to self-assemble. 

onsequently, this degree of maturation is a decisive factor for 

ottom-up strategies. For instance, Nilsson et al. reported that in- 

reasing the degree of maturation of cartilaginous SPHs resulted in 

 significant decrease of the spreading. Similarly, the self-assembly 

otential of multiple SPHs grown under chondrogenic condition 

as also drastically reduced by 3 weeks of maturation period [31] . 

rom our first set of experiment conducted on doublets (grown in 

MEM HG supplemented with 10 % serum medium, considered to 

e relatively “poor” medium), we could not detect any correlation 

etween the maturation (after 2 to even 3 weeks of in vitro cul- 

ure) and the fusiogenicity of both the SPH and the S-SPH group. 

either the culture time, nor the presence of the microscaffold de- 

reased the ability of building block doublets to fuse into a single 

ody. 

In the literature, an increase in ECM deposition within the 

PHs and/or a rearrangement of contractile cells responsible for F- 

ctin protein synthesis surrounding the SPHs have been suggested 

s probable reasons for this reduction of fusiogenicity with time 

31] . Our previous study did not show any significant difference in 

erms of amount of protein comparing S-SPH and SPH [18] , which 

ight explain why the presence of the microscaffolds does not re- 

trict their merging behaviour. 

Nevertheless, in our second set of experiments where more ma- 

ure and at the same time differentiated building blocks were pro- 
173
uced (after 3 weeks of culture in CM condition), S-SPHs still ex- 

ibited potent fusiogenic capability and were able to bioassemble 

nto a cohesive large size cartilage-like tissue construct. This fea- 

ure was lost for SPHs cultured under identical conditions. This be- 

aviour cannot be explained by an uncomplete chondrogenic dif- 

erentiation of S-SPH compared to SPH, as we have not observed 

ny gene expression or biochemical-related dissimilarities between 

hose two groups. We hypothesised that the fusiogenic superiority 

f the differentiated S-SPHs can be explained by a different cellu- 

ar behaviour on the surface of the S-SPHs compared to SPHs. In 

act, more migrating cells were observed on the intersection area 

f doublets of S-SPH compared to SPH in the first 5 days of fusion. 

ells from S-SPH migrated faster which could allow them to infil- 

rate the voids in between neighbouring building blocks easier or 

aster compared to SPHs. This hypothesis was validated when con- 

ucting the dissection experiment, where we noted higher shear 

tresses required to rupture the fusion area of 2 S-SPHs compared 

o 2 SPHs. Furthermore, after an initial faster migration of cells ob- 

erved in S-SPHs during the first 5 days of fusion study, no signif- 

cant differences between the two tested groups in terms of cell 

igration could be found. This observation leads to the conclu- 

ion that initially the presence of the microscaffold supports cell 

igration in the early phase of fusion, while it is not interfer- 

ng in the later stage of fusion, once ECM is formed in the fusion 

rea. 

In our present work, we have shown that culturing spheroids 

ithin microscaffolds allowed better control over the bioassembly 

otential, independent of the maturation period. Our approach en- 

bles to utilize building blocks of high degree of maturity (e.g. dif- 

erentiated cartilage units), which can still assemble into a cohe- 

ive tissue-construct. Further investigations are still needed to de- 

ipher which biological stimulus is triggered by the presence of the 

icroscaffold, enabling S-SPHs to preserve such robust fusiogenic- 

ty otherwise lost when only SPHs are used. 

.2. S-SPHs bioassemble into a tissue construct, while avoiding 

xcessive compaction 

Spheroids put in close contact to each other naturally and spon- 

aneously fuse like “liquid droplets”, forming a spherical tissue, try- 

ng to minimize their interfacial area [32] . This compaction makes 

he fabrication of reproducible and standardize SPHs on a large 

cale, as well as complex 3D tissues built from such SPHs ex- 

remely difficult. Many examples facing this issue are available in 

he literature, with for instance Napolitano et al. who created a 

oroid-like structure based on multiple self-assembled spheroids. 

ithin 5 days, only 33 % of those structures retained their toroid- 

ike shape, whereas the majority retracted and aggregated to be- 

ome spherical [33] . Similarly, Olsen et al. reported on similar 

ing-like structure resulting from the self-assembly of multiple 

pheroids. Within less than one week the ring-like structure com- 

acted into a spheroid tissue, due to the forces generated through 

ell-cell and cell-ECM interaction [34] . They also observed that the 

ower the initial number of cells used to create each SPH, the faster 

he compaction was. Self-assembled tissues from spheroids based 

n 50 0 0 cells compacted more than 30 % within 48 h of culture.

imilarly, Parfenov et al. fabricated spheroids of 1.6 × 104 cells, and 

easured a size reduction of doublets of more than 70 % with 

4 h [35] . We used the exact same seeding density per SPH as 

n Olsenś study (i.e. 50 0 0 hASC) and our results from the doublet 

xperiments, correlated with this previous observation. However, 

his can be significantly countered when using S-SPH instead of 

PH. 

Due to the intense compaction happening upon maturation of 

PHs, the size of both, the single SPHs and the resulting merged 

issue undergo drastic reduction. This compaction further leads to 
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l

he reduction in size of the bioassembled tissue over time of cul- 

ivation. Based on our experiment, if we consider that a freshly 

repared SPH (week 0) has a diameter of 350 μm (corresponding 

o a volume of 0,045 mm3 for a doublet), and that after a mat- 

ration of 2 weeks, a SPH doublet cultured for 7 days has a to- 

al length of 250 μm (corresponding to a volume of 0,008 mm3 ), 

he volume reduces by a factor greater than 5. Similar calculation 

ade from S-SPH doublet would correspond to a decrease of 1.8 

imes and of only 1.2 times if we exclude the mass of cells sur- 

ounding the microscaffold. From our set of experiment, it is clear 

hat S-SPHs offer a better control over the size of the bioassembled 

issue-constructs. This can be further highlighted by the conducted 

TU-shaped” defect experiments, where a defined volume could be 

recisely filled with a calculated number of S-SPHs, while at least 

1 % of volume remained empty after 6 h of culturing when SPHs 

ere used. This furthermore shows the advantage of lower degree 

f shrinkage of S-SPHs compared to SPHs while preserving the pos- 

ibility of filling up complex shaped defects. 

The quality of the formed tissue is not only dependent on the 

ize evolution of each building block, but more importantly, on it’s 

egree of maturation. For instance, Rago et al. produced rods based 

n multiple spheroids and observed an intensity of the tissue com- 

action inversely proportional to the degree of maturation of the 

ells [20] . He showed that the fusiogenicity of doublets was also 

ecreasing by prolonging the maturation of the SPHs. Precultur- 

ng spheroids for 1 day resulted in a sphere-like structure upon 

elf-assembly. Repeating this experiment with 7-day old doublets 

ormed tissues where both SPHs were still discernible. In opposi- 

ion to many authors [ 20 , 33 , 34 ], we did not observe that the de-

ree of maturation exerted any effects neither on the fusiogenicity 

f the S-SPH, and more importantly, nor on the final size of the 

erged structures. 

.3. S-SPHs alleviate present limitations of SPH-based approaches 

The opportunity offered by this third strategy in tissue engi- 

eering with the possibility to mix cellularized and empty mi- 

roscaffolds, which composition still possesses bioassembly be- 

aviour, permits to control the final cell density of the tissue con- 

truct. This property comes most probably due to the design of the 

icroscaffold, with it’s thin strut sizes and high degree of poros- 

ty, enabling cells from S-SPHs to easily migrate and colonize the 

urrounding empty microscaffolds within a few days. This under- 

ines that the third tissue engineering strategy has a great versa- 

ility to be used in the future as minimally invasive approach, in 

rder to fill up defects of defined volume with a desired cellular 

ensity. The ratio of S-SPHs / empty microscaffolds to be delivered 

an be adapted to the physiological activity of the required tissues, 

s some are known to contain naturally high number of cells (like 

one), while other tissues are poorly cellularized and consequently 

annot sustain an exogenous addition of too many cells (like carti- 

age or intervertebral disks (IVDs)). This opportunity might extend 

he field of spheroid-based therapy to tissues so far excluded due 

o their inadequate natural cell density, too low to sustain the via- 

ility and the functionality of transplanted SPHs. 

Tissue engineering constructs resulting from the assembly of 

ultiple SPHs are also limited in size due to the difficulty for the 

ells present in the core to have access to nutrient and oxygen. 

ascularization is often proposed as generic answer to such issues, 

ven though i- pre-vascularizing an engineered tissue in vitro re- 

ains highly challenging [36–38] , and that ii- some tissues are 

aturally avascular (e.g. articular cartilage, IVDs, skin epithelium, 

ornea, or even meniscus and tendon to a lower degree to cite 

ust a few). By using combination of S-SPHs and empty microscaf- 

olds, we could obtain tissue-constructs of similar or even larger 
174
ize compared to the use of S-SPHs only, but with a significantly 

educed density of cells. This new opportunity, unique to this third 

issue engineering strategy, could potentially alleviate the urgent 

eed of tissue vascularization and enhance the survival of cells 

ost-implantation. 

A last aspect that would deserve further investigation is the 

elf-compartmentalization of cells occurring upon spheroid fu- 

ion (also called self-sorting) [20] . Indeed, upon self-assembly of 

pheroids composed of heterogeneous cell types, cells will self- 

rganize into the newly created tissue, where one type usually 

orms the inner core and the other the outer layer, in a phe- 

omenon called the differential adhesion hypothesis (DAH) [ 39 , 40 ]. 

his compartmentalization has been observed by many reports 

 20 , 41 ], and is a fundamental principle of developmental biology 

40] . We might nevertheless hypothesise that for specific applica- 

ions focusing on heterogeneous tissues, being able to control and 

ven limit this compartmentalization would be favourable. This 

ould for example be beneficial when heterotypic SPHs are to be 

sed to regenerate an osteo-chondral tissue with zonal repartition 

f bone cells and cartilage cells. Similar segregation might be re- 

uired to recreate in vitro tissues like the ovarian follicle character- 

zed by oocyte surrounded by layers of granulose and theca cells 

42] , or the epidermal/dermal layers of the skin. Even though we 

ave not elucidated this aspect, it is probable that the presence of 

icroscaffolds, which inhibit s the compaction, also limit s the phe- 

omenon of self-compartmentalization to a certain degree. If this 

spect is validated, we could envision to regenerate for instance 

n osteo-chondral defect, by injecting consecutively matured os- 

eogenic S-SPHs followed by chondrogenic S-SPHs, that will subse- 

uently bioassemble in situ into a cohesive and already differenti- 

ted tissue. 

.4. Perspectives of S-SPH for cartilage tissue engineering 

In situ repair of cartilage lesions using bottom-up approaches 

n TERM, via micro-size building blocks are currently under vivid 

esearch. Literature analysis conducted by Grottkau et al. emp- 

azised that “micro-cartilage bioassembly” is a young and also a 

obust growing thematic in scientific publication [43] . Nonethe- 

ess, recurrent drawbacks still limit the size of the cartilage tissue 

ne can fabricate via bioassembly of micro-cartilage units. Indeed, 

pheroids can fuse only into a small and thin tissue ( < 0.75 mm 

n height) [44] , and attempts to up-scale this dimension are gen- 

rally troublesome due to the limited fusiogenic properties of the 

uilding blocks, the resulting poor mechanical properties and the 

ormation of a necrotic core. Having shown in this publication that 

he fusiogenicity of S-SPH is not dependent on their degree of mat- 

ration and that chondrogenic S-SPH can form a cohesive tissue, 

ot achievable using SPH, the proposed third tissue engineering 

trategy offers great perspective for bioassembly of cartilage tissue 

epair. 

The usage of MPL processes for TERM application is often crit- 

cized due to the long printing time requires to fabricate macro- 

ize constructs. Our group is actively tackling this bottleneck, and 

e have shown for instance in 2020 the capability of our MPL sys- 

em to print large-size scaffolds with volumes one order of mag- 

itude bigger than any other previous report [45] . This was made 

ossible thanks to the selection of highly photo-reactive resins to- 

ether with a fast printing speed (10 0 0 m.s−1 ). In our more re- 

ent publication, we have discussed that the printing time required 

o produce enough microscaffolds to fill up a 1cm3 cartilage de- 

ect would require 6 days [18] . Furthermore, continuous research 

n the field of two-photon-polymerization could result in improved 

PP systems capable of reducing the printing time further and al- 

ow upscaling of the microscaffold fabrication in the near future. 
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aking into consideration the possibility to automatize the entire 

ork-flow consisting on 1- printing, 2-post-printing development 

i.e. washing steps required to remove the non-polymerized resin), 

- individualization of each microscaffold into single well (doable 

sing a Biosorter (e.g. commercialized by Unionbio, Aalst Belgium), 

- sterilization (i.e. 30 min UV-sterilization cycle) and finally the 

eposition of patient cells and their agglomeration with each mi- 

roscaffold (requiring generally 48 h), the time required for the 

abrication of S-SPH does not seem anymore being such a strong 

onstrain. 

.5. New technology calls for new definition 

Athanasiou et al. defined “self-assembly” as “a process in tis- 

ue engineering using scaffoldless technology which produces tis- 

ues that demonstrate spontaneous organization without external 

orces” [46] . Later on, Groll et al. and Moroni et al., included the 

ossibility of “pre-formed cell-containing fabrication units, i.e. hy- 

rid cell-material building blocks” to an adapted “bioassembly” ter- 

inology [ 47 , 48 ]. This new publication is a great example on how

ioassembly of such hybrid cell-material building blocks can be 

sed in bottom-up tissue engineering strategies, revealing clear ad- 

antages over conventional self-assembled spheroids. According to 

he definition of “spheroid” proposed by Fennema et al., as a “small 

ggregate of cells growing free from foreign materials” [30] , we 

ropose a new concept of “scaffolded spheroid” intrinsic to this 

hird tissue engineering strategy, being “a small aggregate of cells 

rowing within a micro-size scaffold, maint aining bioassembly be- 

aviour”, as utilized in this manuscript. 

. Conclusion 

The third tissue engineering strategy offers unprecedented op- 

ortunities by unifying scaffold-free and scaffold-based strategies. 

e have recently shown the possibility to create multiple build- 

ng blocks by integrating single spheroids within microscaffolds. 

or this new strategy to become a breakthrough in tissue engi- 

eering, it is not only important to demonstrate that high num- 

er of S-SPHs can be rapidly produced, but that they possess un- 

ltered stemness potential and robust fusiogenic properties. This 

s a strong prerequisite, since building blocks with poor, unrepro- 

ucible or uncontrollable self-assembly properties cannot be used 

urther as building blocks to engineer large tissue structures. 

Collectively, we have shown that the fusiogenic potentials of S- 

PHs is not only unaltered by the presence of microscaffolds com- 

ared to SPH, but that some aspects are even favoured. Indeed, 

he size of tissues formed by S-SPHs fusing together is more sta- 

le over time compared to normal spheroids, and independent of 

heir degree of maturation. Both freshly formed or matured S-SPHs 

xhibit almost the same fusiogenicity, which was so far the most 

mportant limiting factor intrinsic to normal SPHs. Finally, our last 

xperiments seem to indicate that this advantage is conferred due 

o the higher migration potential of the cells present at the sur- 

ace of S-SPHs. Being able to engineer building blocks with repro- 

ucible fusiogenicity, uncoupled from their degree of maturation, 

nd from the initial cellular loading density, offer a significant sim- 

licity and advantages over spheroid-based therapies for tissue re- 

eneration. Tissues with high degree of maturity like cartilage can 

ow be produced by the bioassembly of chondrogenically differen- 

iated S-SPHs, not achievable using scaffold-free SPHs. 

Finally, as new technologies need new definitions, we propose 

o adapt the existing terminology in the field and to introduce 

he term of “scaffolded spheroid”, being “a small aggregate of cells 

rowing within a micro-size scaffold, maint aining bioassembly be- 

aviour”. 
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