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Abstract
Scaffold-free 3D cell cultures (e.g. pellet cultures) are widely used in medical science, including
cartilage regeneration. Their drawbacks are high time/reagent consumption and lack of early
readout parameters. While optimisation was achieved by automation or simplified spheroid
generation, most culture systems remain expensive or require tedious procedures. The aim of this
study was to establish a system for resource efficient spheroid generation with additional early
readout parameters. This was achieved by a new approach for spheroid generation via
self-assembly from monolayer via compartmentation of cell culture surfaces utilising laser
engraving (grid plates). The compartmentation triggered contraction and rolling up of the cell
monolayer, finishing in condensation into a spheroid in human adipose-derived stem cell
(ASC/TERT1) and human articular chondrocytes (hACs)-ASC/TERT1 co-cultures, when
cultivated on grid plates under chondrogenic conditions. Plates with 1 and 3 mm grid size yielded
stable diameters (about 140 µm and 300 µm, respectively). ASC/TERT1 spheroids fully formed
within 3 weeks while co-cultures took 1–2 weeks, forming significantly faster with increasing hAC
ratio (p < 0.05 and 0.01 for 1:1 and 1:4 ASC/TERT1:hAC ratio, respectively). Co-cultures showed
slightly lower spheroid diameters, due to earlier spheroid formation and incomplete monolayer
formation. However, this was associated with a more homogeneous matrix distribution in the
co-culture. Both showed differentiation capacity comparable to standard pellet culture in
(immune-)histochemistry and RT-qPCR. To assess usability for cartilage repair, spheroids were
embedded into a hydrogel (fibrin), yielding cellular outgrowth and matrix deposition, which was
especially pronounced in co-cultures. The herein presented novel cell culture system is not only a
promising tool for autonomous spheroid generation with the potential of experimental and clinical
application in tissue engineering, but also for the generation of ‘building blocks’ for subsequential
biofabrication strategies such as bioprinting.

1. Introduction

Scaffold-free high cell density cultures have been
extensively used in tissue engineering andmany other
fields of medical science. The most frequently used
culture types are: (a) hanging drop culture, (b) pel-
let culture and (c) micromass culture. (a) Hanging
drop culture is the typical system for a variety of dif-
ferent setups from cancer research to differentiation

studies [1–3]. However, handling can be challenging
since evaporation and limited possibility of media
exchange often require transfer of the generated pel-
lets to well plates for longer culture times. (b) Pellet
cultures are the gold standard for chondrogenic dif-
ferentiation [4, 5] but are also used for generation
of other organoids in fields such as bone and cancer
research [3, 6]. Historically, pellet cultures were estab-
lished in rather big vessels (e.g. 15 ml centrifugation
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tubes or Eppendorf tubes), which led to high con-
sumption of media, laborious maintenance during
the condensation stage (e.g. media change of mul-
tiple vials), and the need for an additional transfer
of pellets to well plates or vials for long-term main-
tenance of cultures. This has to some extent been
alleviated by using 96-well plates made out of mater-
ials which are inherently less adhesive, or by block-
ing cell adherence using compounds such as agarose
or poly(2-hydroxyethyl methacrylate) (poly-HEMA),
which is often referred to as liquid overlay technique
[7]. Nevertheless, time and media consumption still
leave much room for optimisation. (c) Micromass
culture differs from the other two methods, as it does
not predominantly form pellets by gravity. Here, cells
are seeded at high density in small drops on the bot-
tom of wells forming nodules [8] or in some cases
spheroids [5]. While previously used for develop-
mental studies [9], it has more recently been used for
drug testing and chondrogenic differentiation [5, 8].
In general, this method is used far less often than
the others mentioned above, as it usually produces
inhomogeneous shapes and sizes.

The disadvantages of all these methods are their
time-intensive handling, high reagent consumption
and lack of early readout parameters. An efficient
way to alleviate these drawbacks is partial or total
automation of spheroid generation, maintenance and
analysis. Many automated systems use the hanging
drop culture for spheroid generation. Tung et al. [10]
presented a custom made hanging drop plate design,
which allowed automated spheroid generation and
maintenance of molarity for up to 2 weeks. This
was achieved by holes in the plate enabling access
to the drop from above, therefore allowing for easier
media changing while also introducing additional
reservoirs to minimise evaporation. Other systems,
while employing slightly different plate designs and
liquid handling systems, use similar approaches to
achieve hanging drop automatisation [11–13]. How-
ever, none of the publications showed cultivation
times longer than 2 weeks, and spheroid transfer to
standard well plates was still required for further cul-
tivation. Additionally the generated spheroid size is
limited by the achievable drop size, which can only be
increased by special plate designs until a certain point
beforemasses become too large tomaintain a hanging
droplet.

For pellet culture, earlier approaches mainly
attempted to simplify pellet generation (e.g. using
pipetting automates to distribute cell solutions
homogeneously into multi-well plates and let them
aggregate by sedimentation or subsequent manual
centrifugation) [14]. Newer systems strive for all-
in-one solutions, often including automatised ana-
lysis (e.g. automated staining, fluorescence imaging
and flow cytometry). With these systems, fully auto-
mated hanging drop and pellet cultures could be
performed [15, 16] and additional incorporation of

nanoparticles (e.g. magnetic) improved functionality
and handling [17].

While all of these methods achieve automation
and therefore vastly improve the amount of work-
hours and reagents used, the necessary equipment has
high acquisition andmaintenance costs, whichmakes
them often unaffordable or uneconomic, especially
for smaller labs. Micro-moulding [18–21] and sur-
face patterning [22] have been explored as alternat-
ives for generation of high quantities of micromass
pellets with highly repeatable size and morphology.
Some of these methods allow for the design of inter-
estingly shaped cell constructs, such as honeycombs
[18], which could provide new options for applica-
tion in regenerativemedicine. However, most of these
methods depend on laborious production of culture
vessels (e.g. multistep casting procedures) [21, 23]
and are not easily integrated into standard culturing
vessels.

Therefore, we developed an easily mass-
producible culturing system for autonomous spher-
oid formation on compartmented surfaces, using
standard cell culturing vessels (e.g. 60 mm Petri
dishes). Compartmentation is achieved by computer-
guided laser engraving, which allows for highly repro-
ducible patterning and high-speed manufacturing.
Chondrocytes and adipose-derived stromal cells were
used either in mono- or co-culture to test the feasib-
ility for chondrogenic spheroid generation. Since all
spheroids are generated within one dish, the effects
of pipetting errors and time for media changes are
significantly reduced compared to standard pellet
culture approaches in 96-well plate format. Fur-
ther, due to the reduced media volume required in
Petri dishes compared to well plates, reagent costs for
spheroid generation and maintenance can be signi-
ficantly reduced. The kinetics of spheroid formation
provide further readouts, available before the end-
point of cultivation. This early readout option is a
promising tool for pharmaceutical high-throughput
screening or may be used for developmental research.
Additionally, the system might also be used to gener-
ate spheroids for cell therapy and tissue engineering
applications.

2. Material andmethods

2.1. Cells andmedia
Human articular chondrocytes (hACs) were isol-
ated from human femur heads obtained from joint
replacements. The study was approved by the local
ethics committee, and patient consent was given via
a consent form. Human telomerase reverse tran-
scriptase immortalised adipose-derived stem cells
(ASC) (ASC/TERT1) were obtained from Evercyte
GmbH (Austria, Vienna). Expansion and chondro-
genic differentiation media were used as previously
described [24]. Briefly, chondrocyte expansionmedia
(CM) consisted of DMEM high glucose (Gibco,
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41966-029), 10% FCS (PAN Biotech), 2 µg ml−1

amphotericin B (Gibco), 100 µg ml−1 gentamicin
(Gibco), 50 µg ml−1 L-ascorbic acid 2-phosphate
(Sigma-Aldrich), 10 mM HEPES, 5 µg ml−1 insulin
(Sigma-Aldrich) and 2 mM L-glutamine (Gibco).
EGM-2 was used for ASC/TERT1 expansion while
retaining chondrogenic potential as previously
described [24] (EBM-2 basal medium + EGM-2
BulletKit) and was purchased from Lonza. Chon-
drogenic differentiation medium with a low dose of
growth factors was chosen. It contained DMEM high
glucose (Sigma-Aldrich D6546), 5 mg ml−1 insulin
and transferrin and 5 ngml−1 selenous acid provided
as ITS premix (Gibco), 0.17 mM L-ascorbic acid 2-
phosphate, 1mM sodiumpyruvate (Gibco), 0.35mM
L-proline (Sigma-Aldrich), 1.25 mg ml−1 bovine
serum albumin (Sigma-Aldrich), 100 U ml−1 peni-
cillin/streptomycin (Gibco) and 2 mM L-glutamine
(Gibco), and was freshly supplemented with 20 nM
dexamethasone (Sigma-Aldrich), 1 ngml−1 rhTGFβ-
3 (R&DSystems, 243-B3/CF) and 1ngml−1 rhBMP-6
(R&D Systems, 507-BP) at use.

2.2. Isolation and cultivation of hAC
For the isolation of primary hAC, cartilage was taken
from non-arthritic regions of femoral heads and cut
into ∼1–2 mm3 pieces, followed by 30 min incuba-
tion in antibiotic solution (0.5 mg ml−1 gentamicin,
10 µg ml−1 amphotericin B). Cartilage was then
digested for 30 min in 1 mg ml−1 hyaluronidase
(Sigma), 1 h in 1 mg ml−1 pronase (Roche) (both in
DMEM) and 2 d in 200Uml−1 collagenase II (Gibco)
and 1 U ml−1 papain (Sigma) in CM. All digestion
steps were done on a roller at 37 ◦C and 5% CO2.
After cartilage digestion, the resulting cell suspen-
sion was centrifuged at 300 ×g, the pellet was resus-
pended in phosphate-buffered saline (PBS, Gibco)
and cells were counted using a CASY1 cell counter
(Schärfe Systems). In all, 3 × 106 cells were sub-
sequently seeded per T75 flask and cultured in CM
at 37 ◦C and 5% CO2, changing media twice a week.
Cells were passaged when reaching∼90% confluency
and cultured until the end of passage one for all exper-
iments.

2.3. Transduction of ASC/TERT1
ASC/TERT1 were transduced to express mCherry for
cell tracking as previously described elsewhere [25].
Briefly, Phoenix-Ampho cells were transduced with
pBMN vector containing cDNA for the expression
of mCherry at 80% confluency using Lipofectam-
ine 2000 (Thermo Fisher). The virus-containing
supernatant was mixed with polybrene (Sigma) at
a final concentration of 6 µg ml−1 and transferred
to ASC/TERT1 at 30% confluence and spinocula-
tion at 800 ×g was performed for 1 h at RT. Sub-
sequently, the medium was changed to fresh EGM-
2, and ASC/TERT1 were cultured to 70% confluence
before splitting.

For analysis of F-actin, ASC/TERT1 were trans-
ducedwith LifeAct-RFP (ASC/TERT1-LA) using rLV-
Ubi-LifeAct lentiviral vectors according to manufac-
turer’s protocol (Ibidi). In short, cells were seeded in
EGM-2 the day prior to transduction, reaching 30%
confluence at the time of transduction. Polybrene at
a final concentration of 6 µg ml−1 and lentivirus at
a MOI of 2 were added, followed by a spinocula-
tion step using 800 ×g for 90 min. Cells were cul-
tured in fresh medium for 3 d under standard culture
conditions until the RFP signal became visible and
were subsequently selected using EGM-2 containing
0.3 µgml−1 puromycin for 1 week. Selected cells were
propagated in EGM-2.

2.4. Compartmentation of plates
To generate grid plates, standard 60 mm cell culture-
treated Petri dishes (Corning) were laser engraved
using a Trotec Speedy 300 (Trotec Ltd) CO2 laser
with a standard wavelength of 10.6 µm, set to a
power of 12 W and a pulse frequency of 5000 Hz.
The speed was set to 35.5 cm s−1 and lines were
laser engraved with a 1 or 3 mm offset to the pre-
vious line in a grid pattern dependent on desired
grid size (supplementary figure 1 (available online at
stacks.iop.org/BF/13/035018/mmedia)).

2.5. Size modulation of grid plate spheroids
To investigate the controllability of generated spher-
oid size via variation of grid sizes, ASC/TERT1 were
seeded into grid plates with 1 mm and 3 mm grid
size at 1 × 106 cells per plate. Cells were cultivated
in low-dose differentiation for 3 weeks until spher-
oid formation was fully concluded. Spheroid size was
analysed using Eclipse TE2000-U and NIS-Elements
BR 4.20.03 software. For 3 mm grid plates 338 and
for spheroids generated by 1 mm grids 800 spheroids
were measured for horizontal and vertical diameter.
Data were tested for normality using D’Agostino and
Pearson omnibus normality test (p<0.0001) and stat-
istical significance of size difference was tested using
two-sided Mann–Whitney test.

2.6. Spheroid formation kinetics and effects of
ASC/TERT1:hAC ratios
For assessment of spheroid formation kinetics and
the effect of ASC/TERT1:hAC co-culture ratios on
kinetics and resulting spheroid sizes, ASC/TERT1
alone (n = 5), primary hAC alone (n = 3) or
in co-culture (n = 5) were seeded on grid plates
with 3 mm grid size at 1 × 106 cells/plate. All cul-
tures (ASC/TERT1 mono-cultures and co-cultures)
were performed in low-dose differentiation medium,
except for pure hAC cultures that were also cul-
tured in CM. Ratios tested for co-culture were 0.8:0.2,
0.5:0.5 and 0.2:0.8 million cells. The number of fully
formed spheroids was counted manually twice a
week. For the definition of the start point for rapid
spheroid formation, a threshold of 25 fully formed
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spheroids was used. The time point for the formation
of 25 spheroids was calculated by exponential curve
fitting (R2 > 0.9) and interpolation. Non-Gaussian
distribution was assumed due to small sample size.
Spheroid sizes were measured after 5 weeks of cul-
ture using TE2000-U and NIS-Elements BR 4.20.03
(Nikon) software, and data was tested for normality
using the D’Agostino and Pearson omnibus normal-
ity test (p < 0.0001). Statistical significance of differ-
ence in formation speed and spheroid size was tested
using theKruskal–Wallis andDunnmultiple compar-
ison tests. Additionally, time-lapse imaging of spher-
oid formation was done using Lumascope 620 and
Lumaview software (Etaluma).

2.7. Fibrin embedding of spheroids
To assess the possibility of using grid plate-generated
spheroids as organoids to potentially fill defect sites
with suitable cartilage, they were embedded into fib-
rin as a model hydrogel. ASC/TERT1 and 0.5:0.5 mil-
lion ASC/TERT1:hAC cultures were generated on
3 mm grids. Cultures were kept for 3 weeks prior
to harvesting by gentle resuspension using a 1 ml
pipette for embedding. Tissucol/Tisseel (fibrinogen:
72–110 mg ml−1+ 3000KIUml−1 aprotinin; throm-
bin: 500 IU ml−1; Baxter) was used as stock. Throm-
bin was diluted 1:8 to reduce reaction speed, and
fibrinogen was diluted 1:8 with CM containing cell
spheroids prior to mixing. Afterwards, the embedded
spheroids were cultivated for 2 weeks. Cultures were
imaged twice a week and time-lapse imaging of cel-
lular outgrowth spheroids was performed for the first
3 d of culture using Lumascope 620 and Lumaview
software.

2.8. (Immuno-)histology
Samples were fixed in 4% neutral buffered form-
alin overnight at 4 ◦C and subsequently rinsed with
PBS, dehydrated using a graded series of ethanol and,
after changing to xylol (Carl Roth), embedded into
paraffin. A rotary microtome (MICROM HM355S,
Thermo Fisher Scientific) was used to create sections
of 3–4 µm thickness for staining. Azan staining was
used as the overview staining showing collagen mat-
rix in blue and cells in red. For analysing matrix com-
position, Alcian blue (0.3% at pH 2.5) for glycosa-
minoglycans (GAG) with Sirius red counterstaining
and immunostaining for collagen type II (Thermo
Fisher Scientific, clone 6B3) were used. For analysis of
cell division and apoptotic cell death immunostain-
ing for Ki67 (abcam, clone SP6) and cleaved caspase-3
(Cell Signaling, Asp175) were used. For the immun-
oreaction, alkaline phosphatase and endogenous per-
oxides were blocked using BIOCALL reagent (Vector
Labs). For collagen type II antigens were retrieved
by treatment with pepsin (pH 2) and Ki67 as well
as cleaved caspase-3 with EDTA buffer (10 mM Tris,
1 mM EDTA, 0.05% Tween 20, pH 9). Samples were
incubated with collagen type II (1:100), Ki67 (1:200)

or cleaved caspase-3 (1:100) primary antibodies for
1 h at room temperature and subsequently incub-
atedwith BrightVision Poly-HRP secondary antibody
(VWR). For detection, the NovaRED™ peroxidase
substrate kit (Vector Labs) was used. Haematoxylin
was used for nuclear counterstaining.

2.9. Comparison of pellet culture to grid plate
culture
For standard pellet culture, 96-well round bottom
plates were coated with poly(2-hydroxyethyl methac-
rylate) (poly-HEMA, Sigma). A total of 0.5 g poly-
HEMA was dissolved in 95% ethanol overnight at
38 ◦C while shaking. A total of 50 µl of the solu-
tion were added per well and plates were left at 37 ◦C
while shaking to evaporate ethanol for at least 8 h.
ASC/TERT1 and ASC/TERT1:hAC (0.5:0.5) pellets
were created by seeding a total of 5000 cells per well
and centrifuging at 650 ×g for 5 min, yielding pel-
lets of a similar size to grid plates (300–350 µm).
Cultures on grid plates were seeded at 1 × 106 cells
per plate. Both, well plate (200 µl total media/well,
150 µl media change) and grid plate cultures (4 ml
total media/plate, 3 mlmedia change) were cultivated
in low-dose differentiation medium, changing media
twice per week. Cell samples before seeding and pel-
lets/spheroids after 3 and 5 weeks of cultivation were
taken for qRT-PCR (n = 4, 12 pellets/spheroids per
n) and (immuno-)histochemistry (n= 4, 12 pellets/-
spheroids per n).

2.10. Image quantification
Histological sections were quantified using the Fiji
distribution of ImageJ [26]. Collagen type II and
GAG were quantified by mean intensity analysis for
the spheroid area (n = 4 experiments). For colla-
gen type II also outer (∼60% of area) and inner
area (∼40% of area) were measured separately (a
visual representation of the regions of interest (ROI)
can be found in supplementary figure 6). Spheroids
with strong focal collagen type II staining for differ-
ent ASC/TERT1:HAC ratios, and Ki67 and cleaved
caspase-3 positive cells per spheroid were counted
using the multipoint tool. Circularity and round-
ness were analysed via the corresponding paramet-
ers in the measurement tool. Filament orientations
in compartment corner regions were analysed using
the OrientationJ plugin using the visual directional
analysis [27], distribution of orientation (n= 4) [28]
and quantitative orientation measurement (n = 7)
[29] tools. Cortex thickness was measured in con-
focal images of five grid plate spheroids and five pel-
lets from standard pellet culture from ASC/TERT1-
LA mono-cultures in three areas per spheroid/pellet.

Cellular outgrowth from fibrin embedded spher-
oids was measured as radius from the centre point
and subsequently normalised to the initial radius
of the spheroid at d0 in horizontal and vertical
orientation, and for ASC/TERT1 d14 in the directions
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of enhanced directional and standard outgrowth.
Illustrations of the measurement can be found in
supplementary figure 11. All quantified data were
tested for normal distribution using Shapiro–Wilk
test (when n-number was sufficient). For compar-
ison of two groups unpaired t-test or Mann–Whitney
test and for comparison of multiple groups one-way
ANOVAwithHolm–Sidak’s multiple comparison test
or Kruskal–Wallis test with Dunn’s multiple compar-
ison test were chosen according to distribution.

2.11. Life/dead staining
For analysis of cell viability and cell death in
ASC/TERT1 mono- and co-culture with hAC in grid
plates and standard pellet culture spheroids/pellets
were stained using LIVE/DEAD viability/cytotoxicity
kit for mammalian cells (Invitrogen) according to
supplier instructions. In short, spheroids/pellets
were harvested and washed in PBS before being
stained with 2 µM calcein-AM and 4 µM Ethidium
homodimer-1 for 15 min at 37 ◦C and were immedi-
ately imaged.

2.12. mRNA isolation and qRT-PCR
Spheroids were lysed in RLT lysis buffer contain-
ing 10 µl ml−1 β-mercaptoethanol, frozen and kept
at −80 ◦C until further processing. RNA was isol-
ated using the RNeasy Micro Kit (Qiagen) accord-
ing to the manufacturer’s protocol, eluting with
14 µl UltraPure DEPC-treated water (Invitrogen).
RNA concentrations were measured using a Nan-
oDrop 2000c spectrophotometer (Thermo Sci-
entific). RNA samples were subsequently reverse
transcribed using iScript cDNA synthesis kits (Bio-
Rad) according to the manufacturer’s protocol using
a Primus 25 thermal cycler (MWG Biotech). qPCR
was performed using the SensiMix II probe kit
and TaqMan probes (20 µl reactions) for Col1a1
(Col1, Applied Biosystems, Hs00164004 m1), Col2a1
(Col2, Eurogentec, forward: 5′-GCC-TGG-TGT-
CAT-GGG-TTT-3′, reverse: 5′-GTC-CCT-TCT-
CAC-CAG-CTT-TG-3′, probe: 5′-AAA-GGT-GCC-
AAC-GGT-GAG-CCT-3′), aggrecan (ACAN, Applied
Biosystems, Hs00153936_m1) and HPRT1 (Applied
Biosystems, Hs02800695_m1) as housekeeping gene
on a 7500 Fast Real-Time PCR system (Applied
Biosystems). Data was analysed using ∆∆CT-
method, normalising Col1 and Col2 expression to
ASC at d0 of experiments. ACAN was normalised to
HAC at d0 of experiment as no ACAN expression
was detectable in ASC at d0. Statistical analysis was
done using Kruskal–Wallis test with Dunn’s multiple
comparison test.

2.13. Statistical analysis
All statistical tests were done using GraphPad Prism
6.01, as described in the respective paragraphs above.
Groups were considered significantly different with
anα-value < 5% (p< 0.05). Box and whisker plots are
given with whiskers for 1st and 99th percentiles, and

non-histogram bar charts are given as mean± stand-
ard deviation.

3. Results

Spheroid formation was observed on compartmen-
ted culture dishes of 6 cm diameter, generating one
spheroid per compartment and yielding a total of
approximately 200 spheroids per dish. The assess-
ment of the formation process revealed distinct
phases with progression from monolayer to fully
formed spheroids (figure 1). Co-cultures showed a big
impact on the system and led to an increased form-
ation speed of spheroids. When comparing the grid
plate system to standard pellet culture, a similar dif-
ferentiation capacity could be achieved, with less vari-
ation than in the standard pellet culture setup. Finally,
embedding the spheroid into fibrin hydrogel showed
cellular outgrowth andmatrix deposition into the gel.

3.1. Cells self-assemble into spheroids on
compartmented growth surface
In order to test the behaviour of two different cell
types with chondrogenic potential on the grid plates,
hAC andASC/TERT1were seeded in compartmented
cell culture dishes (1 × 106 cells per 6 cm Petri dish;
1 mm and 3 mm grid size) and cultivated in prolifer-
ation and low chondrogenic differentiation medium
(containing a low dose of growth factor), respectively.
Both cell types did not adhere to the laser incisions,
but only to the compartment surface where they ini-
tially formed a standard 2D monolayer (figure 1).
With increasing confluence, cells started to aggreg-
ate and form spheroids. The much faster prolifer-
ating ASC/TERT1 took approximately 3 weeks until
spheroids were free-floating in themedium (figure 1),
while chondrocytes reached this state after 2 months
or longer (supplementary figure 3). The final size of
spheroids was controllable by the grid size resulting
in ASC/TERT1 spheroids with significantly different
mean diameters of 134 µm and 340 µm for 1 mm
and 3 mm grid size, respectively (p < 0.0001; supple-
mentary figure 2). Due to the faster formation speed,
ASC/TERT1 were used to more closely assess the
assembling process of grid plate-induced spheroids
by observation in regular intervals (figure 1) and via
time-lapse imaging (supplementary video 1: spheroid
formation). Three millimetre grid size was chosen for
comparison with standard pellet culture, as standard
pellet culture becomes increasingly impractical with
decreasing pellet size. After the monolayer phase, the
spheroid formation phase started with a slight con-
traction and condensation of the cell layer in the peri-
phery of the compartments, which was most pro-
nounced in the corners (figure 1(a), day 12). This was
followed by rolling up of the cell layer (figure 1(a),
day 25), which typically happens in an elongated cell
bulge at the cell layer front. At the end of this rolling
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Figure 1. Bright-field and fluorescence imaging of spheroid formation for (a) ASC/TERT1 and (b) 0.5:0.5 ASC/TERT1:hAC
co-culture on a 3 mm grid plate over a period of 29 d. (a) In ASC/TERT1 mono-culture starting spheroid formation could be
observed after about 2 weeks, with spheroids being fully formed after 3–4 weeks. (b) Co-cultures showed starting spheroid
formation within 1 week and completed spheroid formation within 2 weeks (µ-bar= 500 µm).

up stage, usually 2–3 anchor points to the plate sur-
face were left. Subsequent conversion into spheroid
form happened rapidly within 30–60 min by loss of
an anchor point and contraction into a knob-like
structure. In the final stage of spheroid formation,
spheroids condensed fully to take on a spherical shape
(figure 1(a), day 29).

To gain more insight into the contraction of the
cell monolayer, ASC/TERT1-LA with red fluorescent
actin filaments were used for spheroid formation and
imaged by confocal microscopy (figure 2). Cells in
the periphery of the compartments aligned along
their edges exhibiting a well-developed actin cyto-
skeleton (figure 2(a)). In the corners, further cells
with high amounts of oriented actin cytoskeleton
aligned radially to the centre (figure 2(b)). This was
clearly visible when analysing filament orientation
(figures 2(e)–(h), supplementary figure 4) showing
peaks at 0◦, 45◦ and 90◦ corresponding to the bor-
der regions and the intermediate area. Additional
peaks were observed at−45◦ and 145◦ resulting from

cells that change direction between the other align-
ments. When cell layers began to roll-up, actin was
aligned along the roll-up front. Cells beside and fus-
ing with the roll-up region exhibited actin alignment
perpendicular to the roll-up front (figure 2(c)). In
fully formed spheroids, only the cortex region dis-
played a thin layer of cells with strongly aligned actin
filaments, while the central areas revealed random
F-actin alignment (figure 2(d)).

3.2. Co-culture of ASC/TERT1 and hAC accelerates
the self-assembling process
As ASC/TERT1 formed spheroids faster than hAC,
it was tested if the addition of ASC/TERT1 to
hAC cultures could speed up the formation process
compared to hAC mono-cultures. Surprisingly, the
co-cultures proved to be even faster in forming spher-
oids than ASC/TERT1 mono-culture (figure 1(b)).
As ASC/TERT1 and co-cultures, in contrast to initial
hACmono-cultures, were tested in low-dose differen-
tiation medium, hACmono-cultures were also tested
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Figure 2. Confocal imaging of F-actin orientation during spheroid formation in ASC/TERT1-LA. (a) Overview of one
compartment with condensation starting at the border. (b) Corner region of the compartment while starting contraction showing
actin aligned along the compartment borders (arrows) and radially to the centre (arrowhead). (c) Monolayer beginning to roll-up
(arrow) with cells exhibiting actin aligned perpendicular to rolled up zone (arrowheads) and (d) fully formed spheroid with cell
free voids formed by matrix sheets (arrowheads) (µ-bar= 100 µm). (e) Orientation map of the corner region showing 0◦ in
turcoise, 45◦ in purple and 90◦ in red. (f) Measurement areas for horizontal border region (ROI 1), vertical border region (ROI
2) and intermediate area (ROI 3) and (g) quantification of these areas (n= 7). (h) Histogram of mean angle distribution in the
corner areas as in (e) (n= 4), showing maxima at 0◦, 45◦ and 90◦ as well as−45◦ and 135◦ corresponding to cells in the very tip
of the corner (green in (e)).

Figure 3. Spheroid formation speed of ASC/TERT1 or co-culture (ratio ASC/TERT1:hAC) on grid plates. (a) Spheroid count over
a period of 25 d showing a faster spheroid formation rate in cultures with increasing hAC ratio. (b) Duration of reaching a
spheroid count threshold of 25 was selected as a start point. ∗p < 0.05; ∗∗p < 0.01.

in this medium. However, they assembled into very
small spheroids without prior formation of a stable
cell layer.

In order to assess the kinetics of spheroid self-
assembly and to more closely look at the effect of
co-culture, fully formed spheroids of ASC/TERT1
mono-culture and different co-culture ratios
(ASC/TERT1:hAC ratios: 0.8:0.2, 0.5:0.5 and 0.2:0.8)
were assessed over 3.5 weeks (figure 3(a)). The com-
parison of the counts of readily formed spheroids
revealed that co-culture spheroid formation was cell
ratio-dependent, starting formation about 1 week
sooner than ASC/TERT1 spheroids (21 ± 7 d),
and due to similar kinetics during formation, also
completed spheroid formation significantly earlier.

Co-cultureswith 0.5:0.5 and 0.2:0.8 ASC/TERT1:hAC
were shown to form spheroids significantly faster
(7 ± 2 d and 6 ± 3 d, respectively) than pure
ASC/TERT1 cultures (figure 3(b), p < 0.05 and
p < 0.01, respectively). The 0.8:0.2 ASC/TERT1:hAC
cultures were not significant, but they still showed
a trend to be slightly faster (12 ± 2 d) in spheroid
formation than ASC/TERT1 cultures.

3.3. Spheroid parameters can be influenced by
ratio of ASC/TERT1 and hAC
Since acceleration of spheroid formation in co-
cultures was observed, the effects of co-culture
ratios on spheroid sizes were investigated (figure 4).
Mean sizes ranged from 308 µm to 150 µm in
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Figure 4. Effect of ASC:hAC ratio on resulting spheroid size
for 3 mm grid plates. (a) Histogram of spheroid size
distribution for different ASC/TERT1:hAC ratios,
(b) ASC/TERT1 only, (c) 0.8:0.2, (d) 0.5:0.5 and (e) 0.2:0.8,
showing a shift to smaller spheroid sizes with increasing
hAC ratio. ∗∗∗∗p < 0.0001.

ASC/TERT1 only and 0.2:0.8 ASC/TERT1:hAC cul-
tures, respectively. The most common spheroid size
(within a ±12.5 µm range) per group was: 300 µm
(ASC/TERT1), 200 µm (0.8:0.2), 150 µm (0.5:0.5)
and 125 µm (0.2:0.8). Size differences were statist-
ically significant in all conditions (p < 0.0001). Due
to the earlier spheroid formation, with higher hAC
ratios (0.2:0.8), the size became more variable, with
increasing numbers of small spheroids. The total
number of spheroids was therefore higher, but were
not counted as they fell below the threshold size of
100 µm. Additionally, in most conditions, individual
very large spheroids could be observed, which formed
via not fully compartmented areas in the outermost
regions of some plates.

Histology revealed different internal spheroid
structures in the four cell-type ratios (figure 5).
ASC/TERT1 cultures showed large regions with thick
matrix strands, while co-culture spheroids exhib-
ited a more homogenous appearance of deposited
matrix. In accordance with the size measurements,
increasing percentages of hAC showed higher num-
bers of small spheroids. Furthermore, they con-
tain intense spots of collagen type 2 labelling more
frequently than ASC/TERT1 mono-culture (des-
pite not being statistically significant, supplement-
ary figure 5). According to the more regular size
and internal structure, the 0.5:0.5 ASC/TERT1:hAC
ratio was used as co-culture conditions for sub-
sequent experiments, yielding the best compromise
between formation speed and system stability. Also,
in non-compartmented dishes, monolayer 0.5:0.5
ASC/TERT1:hAC co-cultures (figure 5, 0.5:0.5 unstr.)
rolled up, even though after a very long generation
time (∼2 months). The resulting singular spheroid
showed similar strand-like matrix structures as in
ASC/TERT1 spheroids. The matrix was arranged in
regular layers between cell dense sheets, appearing
as spiral patterns at the perpendicular section plane,
with the innermost layer being formed by cells. This
structure likely occurs due to matrix deposition dur-
ing prolonged 2D phase and subsequent rolling up of
the cell layer with simultaneous incorporation of the
matrix layers.

3.4. Grid plate spheroids have comparable
differentiation capacity as standard pellets
To compare the differentiation capacity of grid plate
spheroids with standard pellet culture, ASC/TERT1
only and 0.5:0.5 co-culture were analysed after
3 weeks, as well as 5 weeks of culture using qRT-
PCR. To eliminate influences from varying spher-
oid/pellet sizes and cell numbers between grid plate
spheroids and pellets, cell number dilution series
were performed in standard pellet culture, yielding
comparable pellet sizes to 3 mm grid plates when
using 5000 cells/well. Col1 expression levels showed
no significant differences between cell-type ratios
and time points (figure 6(a)). Also, Col2 expression
was similar between grid plate spheroids and stand-
ard pellets and did not show any significant differ-
ence within the same cell-type ratio, but trended to
slightly higher expression levels in standard pellets
(figure 6(b)). Despite Col2 expression not reaching
significant difference between 3 and 5 weeks, and
between ASC/TERT1 and co-culture, a positive trend
was visible. The differentiation index (Col2/Col1)
reflected these findings; however, standard pellet
culture showed much higher variability, especially
in co-cultures, where grid spheroids yielded more
reproducible results (figure 6(c)). ACAN expression
(figure 6(d)) corresponds with the results found for
Col2 and differentiation index, while showing even
lower differences between grid and standard pellet
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Figure 5. Histological sections of different ASC/TERT1:hAC ratio spheroids grown on 3 mm grid plates (after 5 weeks of culture)
and not compartmented plates (0.5:0.5 unstr., after finished formation of∼2 months), stained for ECM formation (Azan),
collagen type II and GAG (Alcian). Azan staining showed differences in matrix distribution, with conditions leading to longer 2D
phase (ASC/TERT1 mono-culture and unstructured plates), showing increased matrix dense regions, while other conditions led
to a more dispersed matrix distribution. Increase in the ratio of hAC (0.8:0.2–0.2:0.8) showed an increased amount of small size
spheroids and an increase of zones with high collagen type II expression. (µ-bar= 100 µm; µ-bar inserts= 20 µm).

culture. However, ACAN expression showed a signi-
ficant difference between ASC/TERT1 only and co-
culture for standard pellets after 5 weeks of culture
(p < 0,05; 15-fold increase), while other conditions
showed a positive trend in co-cultures.

Histological analysis (figure 6(e)) and quantifica-
tion of staining intensity (collagen type II and GAG
supplementary figure 6) reflected the results seen in
qRT-PCR. Between grid plate spheroids and pellets
no difference was observed in ASC/TERT1 culture.
In co-cultures, only a slight but statistically not sig-
nificantly higher intensity was visible in pellets in
comparison to spheroids. Comparing the two differ-
ent cell-type groups, co-cultures in general showed a
trend to higher staining intensity than ACS/TERT1
mono-culture. However, statistical differences were
only found between some of ASC/TERT1 mono-
versus co-cultures (GAG at week 3 and collagen type
II at week 5).

When assessing the collagen type II distribution
between cortex and centre area (cortex-centre index;
supplementary figure 6), grid plate spheroids trended
to a more even distribution than standard pellets
with a ratio of 1–1.1. Only in 5 week co-cultures

a higher cortex-centre ratio was measured in indi-
vidual cases (mean ratio of 1.3, individual spheroids
up to a ratio of 1.9). In contrast, pellet culture gen-
erally had a trend to exhibiting slightly higher colla-
gen II intensities in the cortex compared to the inner
area (mean ratio of 1.2–1.4). However, a significant
difference between grid and pellet culture was only
found for ASC/TERT1 cultures at week 3. In addi-
tion to histology, fluorescence images revealed the
differences between cortex and centre on a cellular
level. The alignment of ASC/TERT1-LA in the cortex
region (figure 6(f)), which was significantly thicker
in pellets (mean 47.5 µm) than in grid plate spher-
oids (mean 27.0 µm) (supplementary figure 10), was
clearly observable. The alignment of the cells in the
cortex led to the adaptation of a more elongated cell
morphology.

3.5. Grid plates exhibit comparable circularity to
standard pellet culture
Circularity and roundness of spheroids were com-
parable between both culture systems (grid plates
and pellet culture) with mean circularity above 0.95
for all conditions and mean roundness between 0.95
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Figure 6. Comparison of grid plate spheroids and standard pellet cultures. Fold gene expression of (a) Col1, (b) Col2,
(c) differentiation index (Col2/Col1), and (d) ACAN of ASC/TERT1 only and 0.5:0.5 co-cultures generated in grid plates and
standard pellet cultures normalised to ASC at seeding (ACAN was normalised to hAC at seeding as it was not detectable in ASC at
seeding). Relative gene expression and differentiation index showed no significant difference between grid plate and standard
pellet culture but higher Col2 expression in co-culture versus ASC/TERT1 mono-culture. (d) (Immuno-)histochemistry of
ASC/TERT1 only and 0.5:0.5 co-cultures from grid plates and standard pellet cultures stained for GAG (Alcian) and collagen type
II. Spheroids from grid plates and pellets from standard pellet cultures showed comparable staining; however, they both showed
differences in internal structure. Pellets showed a thick strongly aligned cortex (arrows) that was not present in grid plate cultures,
which exhibited strands of dense matrix. Co-cultures showed regions of especially high collagen type II staining, indicating high
local numbers of chondrocytes (µ-bar= 100 µm). (e) Confocal imaging of ASC/TERT1-LA visualising F-actin orientation,
showing a thicker aligned cortex region (arrow) in ASC/TERT1-LA pellet cultures than in grid plate cultures (µ-bar= 50 µm).
∗p < 0.05 compared to d0; #p < 0.05 ASC compared to the corresponding co-culture.

and 0.85 for all conditions (supplementary figure 7).
Slightly lower circularity was only found for grid cul-
tures with ASC/TERT1 at 5 weeks and co-culture at
3 weeks. However, a significant difference could only
be seen between two groups (ASC/TERT1 5 weeks,

co-culture 3weeks) and grid co-cultures after 5weeks,
which exhibited the highest circularity values of all
conditions. The same was visible in roundness, where
another group (co-culture pellets 3 weeks) signific-
antly differed from grid co-cultures after 5 weeks.
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Figure 7. Cellular outgrowth behaviour of ASC/TERT1 spheroids and 0.5:0.5 ASC/TERT1:hAC spheroids generated on grid plates
and embedded into a loose formulation of fibrin. (a) Bright-field images of days 0, 5 and 14, and fluorescence (red=mCherry
labelled ASC/TERT1) image of day 14 after embedding. Both types of culture exhibit cellular outgrowth behaviour; however, it is
much more pronounced in co-culture. (b) Histological sections stained for structural discrimination of cells, matrix and fibrin gel
(Azan) for GAG (Alcian) and collagen type II showing stronger matrix deposition in co-cultures (µ-bar
bright-field/fluorescence= 500 µm; µ-bar histology= 100 µm).

3.6. Grid plate-generated spheroids show similar
cell turn-over compared to standard pellet culture
To assess the viability of grid spheroids and com-
pare the cell turn-over to standard pellet culture,
life/dead staining was performed showing strong
calcein-AM staining and only few dead cells, visual-
ised with staining of nuclei by ethidium homodimer-
1 (supplementary figure 9). Also, staining for Ki67
and cleaved caspase-3 showed only few positive
cells (supplementary figure 8). Grid plate culture
had slightly more Ki67 positive cells, however there
was no significant difference. For cleaved caspase-3
ASC/TERT1 cultures showed slightly higher values
than co-cultures, but again no significant difference
could be observed.

3.7. Grid plate-generated spheroids are able to
populate hydrogels in a cell type-specific manner
To test the repopulation and matrix deposition
into hydrogels by grid plate-generated spheroids

used as pre-differentiated organoids for regen-
erative medicine applications, ASC/TERT1 and
0.5:0.5 hAC:ASC/TERT1 co-culture spheroids were
embedded into a loose formulation of a fibrin gel
(∼11mgml−1). Bothmono- and co-cultures showed
significant (vs. d0) cellular outgrowth (figure 7(a);
supplementary figure 11(a)), which was not signi-
ficantly different between mono- and co-cultures
when looking at outgrowth radius. However, co-
cultures showed equally strong outgrowth in all
directions (figure 7(a)), leaving almost no cent-
ral cores and reaching an approximate outgrowth
radius of 0.5 mm after 14 d. In contrast, ASC/TERT1
spheroids showed significantly higher mean cel-
lular outgrowth radius in the direction of other
spheroids (573 µm) compared to general outgrowth
(232 µm) (supplementary figure 11(c)), while the
main part of the spheroid persisted for the time of
observation (14 d). The different outgrowth beha-
viour was documented using time-lapse imaging
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(supplementary video 2: spheroid cellular out-
growth). (Immuno-)histochemistry staining revealed
that ASC/TERT1 deposited only very little matrix
around the spheroids, while the co-cultures exhibited
clear deposition of GAG and collagen type II into the
fibrin matrix.

3.8. Grid plates allow for a significant reduction in
used media
To estimate the reduction in media use possible with
the grid plate system (3 ml/dish) compared to pel-
let culture using 96-well plates (150 µl/well), media
used per media change was calculated. At 200 spher-
oids (produced by one grid plate) a 10× reduction
in media use can be achieved with the grid plate
system. The break-even point was calculated for 20
spheroids (supplementary figure 12). Due to the flex-
ible process of grid plate production derivates, using
other cell culture vessels as starting material, can eas-
ily be produced (e.g. using 6-well or 12-well plates,
supplementary figure 1). Six-well and 12-well plates
reduce the break-even point to 9 and 4 spheroids,
respectively, while allowing for the production of 89
and 32 spheroids per well, respectively (supplement-
ary table 1). When increasing the amount of spher-
oids generated, this grid well plate systems show a
stepwise increase in used media, always staying far
below the media used in 96-well plates (supplement-
ary figure 12).

4. Discussion

In this study, an easy manufacturing system for
micromass spheroids is presented, functioning via
induction of autonomous spheroid formation from
monolayer via growth surface compartmentation.
This allows for a considerable reduction of handling
time and reagent usage. Additionally, due to the char-
acteristics of the spheroid formation process, early
readout parameters might be gained. The process
of spheroid formation could be divided into three
phases: initial edge contraction, followed by condens-
ation, leading to roll-up and spheroid formation. Two
main factors seem to drive this self-assembly into
micromass spheroids: (a) the contractile force of the
cells themselves and (b) detachment of the cell layer
from the substrate. (a) The influence of the forces
within a cell layer previously predicted by a mech-
anical stress model [30] agrees with the F-actin ori-
entation (alignment with compartment borders and
radial alignment in the corner regions) and start-
ing points of condensation (high mechanical stress
regions in corners) observed in this study. In previ-
ous studies, it was demonstrated that this functional
formation of actin filaments, and the subsequent
facilitated force transmission, is essential for initial
self-assembly into microtissues [31]. The forces gen-
erated by dedifferentiated chondrocytes were shown
to be strong enough to deform scaffolds [32] and

to have an effect on the formation and alignment
of extracellular matrix [33], which explains the mat-
rix sheets observed in this study, and which was
especially pronounced in ASC mono-culture derived
spheroids. In contrast, in fully formed spheroids,
increasing matrix deposition and separation of the
cells from each other was associated with reduced
and randomly aligned F-actin. This shows the change
in contractility and suggests chondrogenic differen-
tiation, which was shown to be associated with dis-
ruption of the cytoskeletal contractile machinery in
chondrocytes [34]. (b) For the detachment from the
contracting cell layer, cellular adhesion to the culture
surfacemust be overcome.Cellular attachment to cul-
ture plastic and other cells can be strongly influenced
by media components, such as serum, and changes
in expression of adhesive molecules. Serum replace-
ment was shown to lead to reduced attachment to cell
culture plastic [35], which was likely facilitated by the
lack of fibronectin and other serum components pro-
moting cell attachment. This also became apparent
in the grid plate system, as hAC cultured in serum-
rich CM attached relatively strongly to the substrate
and only detached over a long duration, while hAC in
serum-free medium detached very fast. While media
composition seems to play an important role, cell-
specific factors also seem to impact the detachment
process, as this process is more gradual in ASC and
co-cultures than in pure chondrocyte mono-cultures.
Alteration of adhesion molecule expression levels or
switching to different types was shown during phases
of development (e.g. NCAM) [36] and during differ-
entiation in monolayer/3D culture [37, 38]. Further-
more, the importance of cellular adhesion molecules,
for interaction with substrate/extracellular matrix
(ECM) and force distribution, has been presented
(e.g. cadherins) [39]. Thus, during spheroid assembly
in the grid plate, a change in attachment to the plate
substrate and a switch to stronger cell–cell adhesion
or adhesion to the cell-derived matrix could promote
spheroid formation. However, detachment as a result
of the cellular force and contraction could also be suf-
ficient.

To compare the differentiation capacity of spher-
oids generated by grid plate culture and stand-
ard pellet mono-culture and 0.5:0.5 co-culture, gene
expression was analysed. Col1 expression remained
stable in all conditions. Col2 and ACAN expres-
sion between the grid plate and standard pellet cul-
ture was comparable, with a slight trend to higher
differentiation in standard pellet culture. This is
promising as the immortalised ASC/TERT1 have a
higher proliferation rate than primary hAC and pro-
liferated more during the initial 2D phase in grid
plates. Consequently, the ASC/TERT1:hAC ratio in
the final grid plate spheroids was higher than ini-
tially seeded, which differs from standard pellet cul-
ture where pellets form immediately. In both, grid
plate cultures and pellet cultures, Col2 expression
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was significantly increased in co-cultures. This is
in accordance with the literature reporting that co-
cultures of mesenchymal stem cells and chondrocytes
[40, 41] or dedifferentiated and differentiated chon-
drocytes [42, 43] have positive effects on hAC and
mesenchymal stem cells, such as improved chondro-
genesis [44, 45], proliferation [41] and suppression of
hypertrophy [46]. Underlying mechanisms are either
paracrine stimulation via upregulation of growth
factor secretion (e.g. TGF-β1) [44, 47–50], or direct
cell-to-cell contact [40]. It was shown that these pos-
itive effects already occur with amounts as low as 20%
of hAC co-cultured with MSC [44] or freshly isolated
hAC [43]. The differentiation index reflected the res-
ults found in Col2 expression. However, standard pel-
let culture showed very high variability in co-cultures,
while grid plate spheroids produced more reprodu-
cible results. The higher consistency within the grid
plate system can partly be explained by the cultiva-
tion of all spheroids in one culture vessel, allowing for
more homogenous auto-/paracrine stimulation than
in 96-well plates with completely independent com-
partments. Thus, inhomogeneous chondrocyte pop-
ulations (e.g. articular chondrocytes from different
zones of native cartilage) or ASC sub-populations can
be better equalised, leading to more stable and repro-
ducible results. Additionally, due to the decrease in
total media volume these auto-/paracrine factors are
likely to be more concentrated, thereby increasing
their effectiveness [51, 52].

Histological analysis of GAG and collagen type
II reflected the qRT-PCR results, showing that Col2
expression was generally very similar between the two
culture systems. In co-cultures, pellets had a trend
to slightly higher collagen type II expression. How-
ever, grid plate cultures showed a more equal dis-
tribution of collagen type II between the cortex and
the inner area. This might result from the differ-
ent development in both systems, starting with a 2D
phase in spheroids followed by a later rolling up,
while pellets grow by internal matrix deposition and
superficial proliferation, also visible by Ki67 stain-
ing in the outer pellet region. Co-cultures exhib-
ited an increased number of spheroids containing
strongly stained focal regions, indicating a locally
high concentration of chondrocytes. Co-culture was
also influenced by the cell ratio. Higher hAC ratios
led to decreased spheroid size, due to their acceler-
ating effect on rolling up not allowing for complete
monolayer formation in ratios higher than 50:50. Cell
death as possible explanation for a reduced spheroid
size can be excluded, since life/dead staining showed
good viability and only low amounts of cell death, also
confirmed by a neglectable amount of apoptotic cells
stained with cleaved caspase-3. When comparing the
internal structure of grid plate spheroids and standard
pellet cultures, differences in their internal structure
are clearly apparent. Grid plate ASC/TERT1 mono-
cultures especially exhibited internal strands of dense

matrix that were likely formed during the monolayer
phase between the cell layer and growth surface, as
has been previously shown for cell sheets generated
on thermo-responsive poly(N-isopropylacrylamide)
surfaces [53, 54]. These compact matrix strands
might provide a denser andmore cartilage-likematrix
environment for the cells but also a higher mechan-
ical stiffness which could be an advantage for in vivo
application. Another difference between grid plate
and pellet culture was the structure of the cortex
region. While grid spheroids only showed a very thin
aligned layer on the surface, pellets showed a signi-
ficantly thicker layer of aligned cells and matrix. This
might limit the necessary rearrangement after in vivo
application and outgrowth or spheroid fusion into
bigger constructs, which was previously shown for
micropellets cultured for longer durations [21]. Espe-
cially biofabrication approaches require spheroids of
constant size and shape. Grid-plate derived spher-
oids revealed a high regularity with mean circular-
ity and roundness above 0.95 and 0.85, respectively,
for all conditions and were comparable between all
conditions indicating a very circular overall shape.
These values are also in line with other systems for
spheroid generation showing mean circularity values
of around 0.9 [55, 56]. One reason for occasionally
observed reduced circularity of grid plate spheroids
is the seldomly occurring agglomeration of spheroids
from neighbouring compartments, either because of
fusion or incomplete compartmentation. Neverthe-
less, also standard pellet cultures in some cases show
a reduced circularity which can be attributed to the
incorporation of small, separately forming, side pel-
lets or focal outgrowth and differentiation, which was
visible in co-cultures of both systems.

Due to promising results of grid plate spheroids
in terms of differentiation and architecture, the feas-
ibility to use them in 3D in vitromodels of hydrogel-
augmented organoid therapy for regenerative medi-
cine was assessed. Spheroids have previously shown
to be promising alternatives to single cells for cartilage
tissue repair, especially due to a higher differentiation
potential [57–59]. Here, it was shown that, while
ASC/TERT1 and co-culture spheroids both showed
outgrowth of cells into fibrin hydrogel, co-cultures
exhibited more even migration into the gel, spread-
ing into an area comparable with the cartilage thick-
ness (1.3 mm) within 2 weeks. ASC/TERT1 spher-
oids showed similar or even faster outgrowth in the
direction of other spheroids but had much slower
outgrowth in other directions. Furthermore, the co-
cultures deposited remarkably more matrix, which
was collagen type II positive, indicating that cells
retained their chondrogenic phenotype. The extens-
ive outgrowth with simultaneous retention of the
differentiated state (regained during grid plate cul-
ture) is a good indication for their applicability in
cartilage regeneration to entirely fill a defect from
the spheroids as the initiation centre. For the use
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in bioprinting, depending on nozzle size, the use
of smaller diameter spheroids might be beneficial.
Due to the controllability of spheroid diameter via
variation of grid size spheroids, with a mean dia-
meter of 134µmcould be producedwhen using 1mm
grid size. This is in a similar size range of spheroids
previously used for cartilage bioprinting by de Moor
et al which used spheroids with a mean diameter of
116 µm [56]. The use of spheroids for bioprinting
might be beneficial compared to single cell applic-
ations due to a better protection against external
factors (e.g. shear forces, radicals), facilitated by the
associated matrix and density of the spheroid tissue.

In addition to applications in tissue engineering,
this system also has promising characteristics for drug
testing applications. Formation time, resulting spher-
oid size and morphology in 2D and 3D phases might
yield useful parameters of early assay readouts with
a high sample number, while all standard endpoint
assays remain available as additional readouts. The
fast and easy generation of large amounts of spheroids
also enables applications for high-throughput test-
ing, with lower variation compared to single-well sys-
tems, as was shown by the comparison of grid plates
to standard pellet cultures. Additionally the easy gen-
eration and low variation combined with the con-
trollability of resulting spheroid size make grid plate
spheroids interesting ‘building blocks’ for subsequent
biofabrication applications (e.g. bioprinting).

Finally the herein presented system, allows for sig-
nificant reduction in production and maintenance
cost and time. Due to reduced media consumption
in comparison to 96-well plates, a reagent expense
reduction up to ten-fold is achievable, assuming the
generation of 200 spheroids (which is the approxim-
ate number of spheroids generated per dish of 6 cm
diameter). As the laser engraving method used is very
flexible in regard to the cell culture vessel used as
‘raw-material’, it can be adapted depending on experi-
mental needs, allowing for even better efficiency. This
might be of especial interest for labs and industry
working with expensive media or additives.

5. Conclusion

In conclusion, a versatile and easy to manufac-
ture culturing system for high-throughput spheroid
generation by modification of commercially avail-
able standard cell-culture dishes has been presen-
ted. Spheroid formation was tested with hAC and
ASC/TERT1 and found to be especially efficient with
co-cultures of both cell types yielding reproducible
diameters while reducing both reagent and time
consumption. Furthermore, a comparable but more
reproducible differentiation compared to standard
pellet culture in a low-dose growth factor chondro-
genic differentiation setup was demonstrated. The
spheroids generated showed outgrowth with mat-
rix deposition when embedded into hydrogel, thus

making it a promising platform for the production
of building blocks for tissue regeneration. Due to
the high number of produced spheroids and possible
early readout parameters during the formation phase,
this system might further be a promising tool for
high-throughput testing applications.
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