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ABSTRACT

Regenerative therapies for articular cartilage are currently clinically available. However, they are asso-
ciated with several drawbacks that require resolution. Optimizing chondrocyte expansion and their as-
sembly, can reduce the time and costs of these therapies and more importantly increase their clinical
success. In this study, cartilage organoids were quickly mass produced from bovine chondrocytes with
a new suspension expansion protocol. This new approach led to massive cell proliferation, high viability
and the self-assembly of organoids. These organoids were composed of collagen type II, type VI, gly-
cosaminoglycans, with Sox9 positive cells, embedded in a pericellular and interterritorial matrix similarly
to hyaline cartilage. With the goal of producing large scale tissues, we then encapsulated these organoids
into alginate hydrogels with different viscoelastic properties. Elastic hydrogels constrained the growth
and fusion of the organoids inhibiting the formation of a tissue. In contrast, viscoelastic hydrogels al-
lowed the growth and fusion of the organoids into a homogenous tissue that was rich in collagen type II
and glycosaminoglycans. The encapsulation of organoids to produce in vitro neocartilage also proved to
be superior to the conventional method of encapsulating 2D expanded chondrocytes. This study describes
a multimodal approach that involves chondrocyte expansion, organoid formation and their assembly into
neohyaline-cartilage which proved to be superior to the current standard approaches used in cartilage
tissue engineering.

Statement of significance

In this manuscript, we describe a new and simple methodology to quickly mass produce self-assembling
cartilage organoids. Due to their matrix content and structure similarities with native cartilage, these
organoids on their own have the potential to revolutionize cartilage research and the manner in which we
study signaling pathways, disease progression, tissue engineering, drug development, etc. Furthermore,
these organoids and their fast mass production were combined with a key relatively ignored hydrogel
characteristic, viscoelasticity, to demonstrate their fusion into a neo-tissue. This has the potential to open
the door for large scale cartilage regeneration such as for entire joint surfaces.

© 2021 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

tion, which will lead to an increase in healthcare associated costs
and a bigger burden for societies. Thus, osteoarthritis (OA) being

One of the major challenges that societies in developed coun- the leading cause of disability and source of societal costs in older
tries face today is their transition towards a much older popula- adults remains a challenge and a priority of the healthcare systems
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around the world [1]. The prevalence of OA is expected to con-
tinue increasing due to an aging population and according to the
United Nations, by 2050 people aged over 60 years old will account
for more than 20% of the world’s population, and of those 20% it
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abrasion arthroplasty and subchondral drilling that are designed
to elicit a repair response with production of fibrocartilage [4,5].
Other techniques based on regenerative techniques such as autolo-
gous chondrocyte implantation (ACI) and matrix-assisted chondro-
cyte implantation (MACI) have also been explored for the treat-
ment of full thickness cartilage lesions. Randomized control tri-
als demonstrated clinical superiority of the MACI procedure when
compared with other techniques such as microfracture [6,7]. How-
ever, there are many drawbacks of MACI and ACI. The neotissue
may detach and/or inferior fibrocartilage may form [8,9]. It can
take up to 21 months before the healing tissue fully matures with
the right biomechanical properties [6,10]. It is expensive due to
lengthy chondrocyte expansion [10]. Furthermore, the in vitro ex-
pansion of the chondrocytes is a delicate procedure as these cells
will lose their chondrogenic phenotype and differentiate into fi-
broblast like cells leading to the formation of fibrocartilage [11-
13]. There may be poor lateral integration between the neotis-
sue and the surrounding native cartilage due to the low metabolic
activity of the implanted chondrocytes [14]. Current chondrocyte
expansion strategies rely on 2D systems, which is a slow pro-
cess and is associated with the de-differentiation of chondrocytes,
that can ultimately lead to the in vivo production of fibrocarti-
lage. Hence, there is a need to develop strategies that can quickly
expand chondrocytes without compromising their phenotype and
synthetic capacity. Additionally, the long post-operative procedure
can be shortened by implanting a more mature and metabolically
active tissue that can integrate faster with the surrounding tissue.
This would allow the patients to start with earlier and more ag-
gressive rehabilitation, leading to a cost reduction and an improve-
ment in patient’s mobility and quality of life. In this study we de-
veloped a strategy to engineer neohyaline-cartilage in vitro which
is based on a culture system to produce self-assembling cartilage
organoids in large quantities and within a short period of time, and
their fusion into neocartilage using viscoelastic hydrogels. To boost
chondrocyte expansion while preserving their chondrogenic phe-
notype, we cultured bovine chondrocytes in a suspension culture,
using spinner flasks, and notochordal cell derived matrix (NCM)
as a supplement. NCM is a decellularized biologic matrix pro-
cessed from porcine nucleus pulposus tissue, similar in composi-
tion to cartilage (rich in collagen type II and glycosaminoglycans,
GAGs) and known to have a profound impact on chondrocytes and
chondrocyte-like cells in terms of proliferation and matrix produc-
tion [15-20]. We hypothesized that the chondrocytes would use
the extracellular matrix (ECM) constituents from NCM and with
time self-assemble into more complex structures resembling hya-
line cartilage, i.e. organoids. We investigated the effect that NCM
has on the proliferation, viability, organoid formation and its di-
mensions, composition and organization and then compared them
with the standard expansion in 2D. These organoids were then en-
capsulated into different alginate hydrogels formulations with sim-
ilar elasticity but different viscosity to study how viscoelasticity of
the matrix affects cartilage formation by the organoids. Lastly, we
compared our new approach with the conventional method of ex-
panding chondrocytes in 2D followed by encapsulation, in terms of
formation of in vitro neocartilage.

2. Material and methods
2.1. Production of porcine NCM

Nucleus pulposus tissue was harvested from the intervertebral
disk of porcine donors (3 months old). Each batch of NCM con-
sisted of NCM pooled from 3 independent donors. The harvested
tissue was lyophilized (Labconco; Kansas City MO, USA) until it
was completely dry. The product obtained consisted of a white and
brittle matrix which was afterwards pulverized using a microdis-
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membrator (Sartorius; Gottingen, Germany). The NCM powder was
stored at —80 °C until further use.

2.2. Chondrocyte expansion

Cryovials were removed from the liquid nitrogen and placed in
a 37 °C water bath until it started detaching from the walls of
the cryovial. The frozen cells were resuspended in pre-warmed de-
frosting medium which consisted in hgDMEM containing 20% (v/v)
FBS and 1% (v/v) (P/S). Next, the cells were centrifuged at 300
rcf for 5 min, the supernatant removed and the cells resuspended
in defrosting medium and counted with a counting chamber. The
cells were centrifuged again at 300 rcf for 5 min and resuspend
at the concentration of 5 x 10% cells/mL in chondrocyte expansion
medium with 0.25 mg/mL NCM or without NCM (negative control).
Chondrocyte expansion medium consisted of 92% (v/v) hgDMEM,
5% (v|v) FBS, 1% (P/S), 1% (v/v) HEPES buffer (15,630,106, Gibco),
1% (v/v) non-essential amino acids (11,140,050, Gibco) and 0.2 mM

L-Ascorbic acid 2-phosphate sesquimagnesium salt hydrate
(A8960, Sigma-Aldrich). For the group cultured in medium with
NCM, the NCM was first dissolved in hgDMEM with a homogenizer
Ultra-Turrax (IKA; Staufen, Germany) until it was completely solu-
bilized and then the other medium components were added. The
working volume per spinner flask was 125 mL. The spinner flaks
were placed on top of magnetic stirrer plate Variomag Biosytem
4 (Thermo Fischer Scientific; Waltham MA, USA) and the agitation
set to 60 rpm with the help of a Biomodul 40B (Thermo Fischer
Scientific). The entire setup was inside an incubator at 37 °C, 5%
CO, and 2.5% 0,. Cells were cultured for 12 days inside the spinner
flasks with medium refreshment at day 4, 8 and 11. At day 4, half
of the medium (62.5 mL) was carefully removed from the flasks
and centrifuged at 300 rcf for 10 min. Then the supernatant was
removed, the pellet resuspended in fresh chondrocyte expansion
medium with or without 1 mg/mL NCM, and added back to the
respective spinner flask. On day 8 and 11, the total medium in the
flask was refreshed and not just half of it like in day 4. Cells were
not passaged in 2D before being used in the spinner flasks. For cul-
turing chondrocytes in 2D, the cryovials were thawed as described
above and the cells plated at the density of 15,000 cells/cm? in
T500 flasks (132,913, Thermo Fischer Scientific) in chondrocyte ex-
pansion medium, with 10% FBS instead of 5%, and cultured until
80% confluent. Cells were used at passage 1 for gene expression
studies and encapsulation in hydrogels as single cells.

2.3. Organoid analysis

At day 3, 6, 9 and 12, medium from the spinner flasks was col-
lected to determine cell concentration, viability and organoid di-
mensions. Organoid dimensions were determined by pipetting 500
uL of the collected medium to a petri dish and imaged with an
EVOS XL Core microscope (AMEX1000, Life Technologies; Carlsbad
CA, USA). Pictures were processed with Image] software and the
maximum and minimum Feret diameter of every organoid (Fig.
A.1) determined. The root mean square between the maximum and
minimum Feret diameter was calculated (Equation A.1) and used
to determine the volume of an organoid by assuming they were a
perfect sphere (Equation A.2). The cell concentration and viability
inside the flask (with and without NCM) was determined by cen-
trifuging, at 300 rcf for 10 min, the medium collected at every time
point. Next, the supernatant was removed, the pellet resuspended
in a digestion buffer, which consisted in hgDMEM with 0.1 mg/mL
hyaluronidase and 2 mg/mL collagenase A (Roche), and incubated
overnight at 37 °C and 5% CO, in a tube roller. Next day, the cell
suspension was centrifuged at 300 rcf for 10 min, the supernatant
removed and the pellet resuspend in hgDMEM. The cells suspen-
sion was mixed (1:1) with 0.4% (w/v) Trypan blue (15,250,061,
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Gibco) and the cells counted using a counting chamber. Cell con-
centration was calculated by dividing the number of viable cells
(cells not stained blue) by the total volume inside the spinner flask,
and cell viability by dividing the number of viable cells by the total
number of cells (not stained and blue stained cells).

2.4. Alginate fabrication and characterization

Alginic acid (71,238, Sigma-Aldrich) was reacted with differ-
ent concentrations of H,O, (216,763, Sigma-Aldrich) at different
temperatures to obtain alginate with different average molecular
weights. First, a 2% (w/v) solution of the standard alginate (aver-
age molecular weight of 298 kDa) was prepared in milliQwater and
warmed to the desire temperature with the help of a hot plate, a
heating jacket and an electronic contact thermometer (VI-5, VWR).
Once the alginate solution reached the desired temperature, H,0,
was added, and the reaction carried out for 2 h with an agita-
tion of 600 rpm. To fabricate alginate with an average molecular
weight of 170 kDa, the reaction was carried at 60 °C with 0.25%
(v/v) Hy0,, the 70 kDa alginate was obtained carrying the reaction
at 85 °C with 0.25% (v/v) H,O, and the 48 kDa alginate at 85 °C
with 1.5% (v/v) H,0,. After 2 h, the reaction was stopped by freez-
ing the solutions at —30 °C overnight. Next day, the samples were
thawed and purified with a 3.5 kDa molecular weight cut off dial-
ysis cassette (66,110, Thermo Fischer Scientific) in milliQwater for
48 h. The water was replaced after 2, 4 and 24 h. After dialysis,
the samples were collected from the cassettes to tubes and frozen
at —80 °C overnight. Next day the samples were lyophilized until
they were completely dried. The 298 kDa alginate was not reacted
with H,0,, but it was purified by dialysis and lyophilized like the
other alginates. The lyophilized samples were stored at room tem-
perature until further used. The molecular weight of the alginates
was assessed by gel permeability chromatography (GPC).

2.5. Hydrogel fabrication and characterization

A 2.5% (w/v) solution of alginate was prepared in hgDMEM and
added to a 3 mL syringe. Next, a solution of CaSO4 (102,161, Su-
pelco; St Louis MO, USA) was prepared in hgDMEM and added to
a second 3 mL syringe. Depending on the molecular weight, the al-
ginate was crosslinked with different concentrations of CaSOy4. The
298 kDa alginate was crosslinked with 125 mM CaSOy, the 170 kDa
with 166.5 mM CaSQy, the 70 kDa with 212.5 mM CaSO4 and the
48 kDa with 275 mM CaSQy. The ratio inside the syringes between
the volume of the alginate solution and the volume of the CaSO4
solution was 4:1. The two syringes were connected with a female-
female Luer lock coupler system (21,015, Supelco) and then the two
solutions (alginate and CaSO,4) were mixed. The mixture was de-
posited on a Teflon mold, with wells of 8 mm diameter and 2 mm
height. Next, a glass slide was placed on top of the mold, the glass
and mold clamped together with paper clips, and then the solu-
tion was allowed to gel for 45 min. After 45 min, the hydrogels
were placed inside a well plate and allowed to swell overnight in
chondrocyte experiment medium containing 1 mM CaCl, before
characterization. Chondrocyte experiment medium was identical
to the chondrocyte expansion medium described above, but with
10% FBS instead of 5%. Mechanical characterization of the hydro-
gels was performed in an ARES rheometer (TA Instruments; Asse,
Belgium). Hydrogels were placed in the pre-warmed (37 °C) lower
plate of the rheometer and the top plate lowered until a force of
0.05 N was applied to ensure contact between the hydrogel and
the top plate. A plate with a parallel geometry and 8 mm diameter
was used. PBS containing 1 mM CaCl, was applied to the hydro-
gel to prevent evaporation and the hydrogel allowed to equilibrate
to 37 °C for 10 min. After 10 min, a dynamic time sweep test was
performed for 300 s, at a frequency of 1 Hz and strain of 1% at
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37 °C. All hydrogels were then subjected to a dynamic strain sweep
test, from 0.1 to 100% strain, at the frequency of 1 Hz and 37 °C, to
confirm that 1% strain was within the linear behavior of the hydro-
gel. For swelling and degradation studies, the hydrogels were incu-
bated in chondrocyte experiment medium containing 1 mM CaCl,
at 37 °C, 5% CO, and 2.5% O,, and their weight measured after 1
and 24 days. First their wet weight was measured and then the
hydrogels were frozen at —80 °C overnight. Next day, the hydro-
gels were lyophilized overnight and afterwards their dry weight
was measured. The swelling ratio was calculated as the ratio be-
tween the wet and the dry weight.

2.6. Organoid and cell encapsulation in the hydrogels

After 12 days of culture inside the spinner flaks, the organoids
were collected and strained through a 100 pum cell strainer, fol-
lowed by 3 times washing with PBS. Next, the strained organoids
were mixed with the 2.5% (w/v) alginate solution and the hy-
drogels fabricated as described above. The organoids were seeded
into the hydrogels at the volumetric concentration (v/v) of 50%
organoids/hydrogel. The median volume of the organoids, after 12
days of culture inside the spinner flasks, was used to calculate the
amount of organoids needed to be encapsulated. The hydrogels
containing organoids were then cultured for 24 days in chondro-
cyte experiment medium containing 1 mM CaCl, at 37 °C, 5% CO,
and 2.5% O,. Medium was refreshed three times a week.

Cells cultured in 2D (Passage 1) were trypsinized with 0.05%
trypsin-EDTA (25,300-054, Gibco) before confluency, counted with
a counting chamber and mixed with 2.5% (w/v) 48 kDa alginate
at the concentration of 110.000.000 cells/mL. This concentration
was chosen, so that the number of cells per hydrogel matched the
number of cells in the hydrogels with organoids. The amount of
DNA measured on day 1 for the hydrogels with organoids was used
as a reference to calculate the amount of single cells needed, as-
suming that each cell contains 6 pg of DNA. Hydrogels with single
cells were fabricated and cultured as described above.

To study the stability of tissue constructs after 24 days of cul-
ture, alginate hydrogels were disassociated by incubating them
with sodium citrate buffer for one hour with gentle shaking at
room temperature.

2.7. Statistical analysis

All experiments were conducted with at least three replicates
per group. Proliferation and viability studies inside the spinner
flask were conducted with three donors. To compare organoid vol-
ume, the data population (n > 100) was checked for normality
using D’Agostino & Pearson normality test (did not follow normal
distribution) and then compared using a one-tailed nonparametric
Mann Whitney t-test. One-way ANOVA with post hoc Bonferroni’s
multiple comparison test was used to test for significance be-
tween groups within the same time point, while two-way ANOVA
was used to test for significance within groups across multiple
time points. Comparisons with p < 0.05 were considered statis-
tically significant. All statistical tests were performed using Graph-
Pad Software.

3. Results
3.1. Fast production of organoids in large quantities

Bovine chondrocytes were cultured in spinner flasks for 12 days
with or without solubilized NCM, and the proliferation, viability
and organoid volume and composition were analyzed at different
time points. In terms of proliferation, chondrocytes cultured with
NCM proliferated much faster than the negative control (Fig. 1a).
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Fig. 1. Characterization of the organoids produced in the spinner flask. a, Cell proliferation in the spinner flasks with and without NCM over the period of 12 days (mean +
standard deviation) (n = 3 donors). b, Cell viability inside the spinner flasks with and without NCM over the period of 12 days (mean + standard deviation) (n = 3 donors).
c-f, Light microscopy image of the organoids cultured with or without NCM after 6 and 12 days (scale bar is 500 pm). g, Organoid volume distribution at day 6 and 12
inside the spinner flaks with NCM (median) (n > 100). h-i, Alcian blue staining of the organoids after 12 days of culture inside the spinner flaks with NCM (scale bar is
250 um). j-k, Pricosirius Red staining of the organoids after 12 days of culture inside the spinner flaks with NCM (scale bar is 250 um). 1, Collagen type I (red) and type
Il (green) immunostaining on the organoids after 12 days of culture inside the spinner flask with NCM (scale bar is 200 pm). m, Collagen type VI (yellow) immunostaining
on the organoids after 12 days of culture inside the spinner flask with NCM (scale bar is 100 pm). n, KI67 (cyan) immunostaining on the organoids after 12 days of culture
inside the spinner flask with NCM (scale bar is 100 pm). o, Sox9 (magenta) immunostaining on the organoids after 12 days of culture inside the spinner flask with NCM
(scale bar is 100 pm). p, Gene expression of chondrocytes expanded in 2D and of chondrocytes in the organoids after 12 days culture (mean + standard deviation) (n = 3).
All immunofluorescence pictures 1-o, were counterstained with DAPI (blue). *, **, *** and ns indicate p ( 0.05, p < 0.01, p < 0.001 and p ) 0.05 respectively.

After 12 days, there was a 34 + 4 fold increase in cell number in
the group with NCM, while in the group without NCM there was
only a 6 + 2 fold increase. The cell growth curve was composed of
three phases: a lag phase during the first 3 days, exponential phase
between day 3 and 9, and stationary phase which took place after
day 9 probably due to insufficient medium refreshment. Cell via-
bility remained always above 88% for both conditions throughout
the culture period (Fig. 1b). The organoid concentration after 12
days was 56.2 + 21.6 organoids/mL (n = 3 donors). After 6 days of
culture, cells cultured with NCM had already self-assembled into
small organoids (cells and ECM constituents from the NCM) with a
diameter of approx. 260 um (Fig. 1c). These organoids kept grow-
ing reaching 600 pm in diameter at day 12. (Fig. 1d). In contrast,
in the group without NCM, cells aggregated to each other form-
ing small aggregates (only cells), that stayed relatively the same
in size over time (Fig. le-f). The growth of the organoids from
day 6 to day 12 corresponded to an increase in the organoid’s
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volume of 15.4 times. (Fig. 1g). We observed that the organoids
were composed of charged glycosaminoglycans (Fig. 1h-i) and col-
lagen (Fig. 1j-k) (Fig. A.2). And that the collagen network within
the organoids was mainly composed of collagen type II, with little
content of collagen type I (Fig. 11) (Fig. A.3), similarly to the com-
position of NCM (Fig. A.4). We confirmed that there was no pres-
ence of collagen type X within the organoid’s matrix (Fig. A.5). Hy-
pertrophic chondrocytes were used as control (Fig. A.6). Within the
ECM of cartilage, the chondrocytes are surrounded by a special-
ized matrix called pericellular matrix (PCM), primarily composed
of collagen type VI [21]. The PCM plays a pivotal role in biome-
chanical signal transduction to the chondrocytes and therefore, in
cartilage homeostasis [22,23]. Staining against collagen type VI,
confirmed its presence and localization around the cells in the
organoids confirming the presence of a structural PCM within the
organoids ECM (Fig. 1m) (Fig. A.7). Furthermore, the collagen type
Il was more concentrated in the interterritorial matrix between the
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Fig. 2. Mechanical characterization of the alginate hydrogels. a, Illustration of the approach to fabricate alginate with different molecular weights by controlling the temper-
ature of the reaction and the concentration of H,0,. b, Molecular weight measurements with GPC of the alginates obtained from the reaction with H,0,. ¢, Dynamic time
sweep of the different alginate hydrogel formulations. d, Storage modulus (G’, red) and loss modulus (G”, green) of the different alginate hydrogel formulations (n = 4). e,
Loss factor of the different alginate hydrogel formulations (n = 4). f, Dry weight of the alginate hydrogels at day 1 and day 24 of culture (n = 4). g, Swelling ratio of the
alginate hydrogels at day 1 and day 24 of culture (n = 4). All data is plotted as mean =+ standard deviations. *, **, *** and ns indicate p( 0.05, p < 0.01, p < 0.001 and p)

0.05 respectively.

PCMs (Fig. 11). After observing that the cell distribution was differ-
ent within a organoid, as there was more cells in the outer region
than in the core of the organoids, we hypothesized that cell prolif-
eration was different as well. We stained for KI67, a protein present
in proliferating but absent in resting cells, in order to detect divid-
ing cells [24]. We observed that only the cells in the outside of
the organoids were KI67 positive and that the cells in the core did
not express this proliferation marker (Fig. 1n) (Fig. A.8). We stained
against Sox9 to confirm the chondrogenic phenotype of the cells
in the organoids and observed that all cells in the organoids were
Sox9 positive (Fig. 10) (Fig. A.9). Lastly, we compared the gene ex-
pression of the organoids after 12 days of culture inside the spin-
ner flask with chondrocytes expanded in 2D for 12 days (Fig. 1p).
We observed that the expression of aggrecan was 8.7 + 1 times
higher in the organoids when compared with the chondrocytes in
2D. The expression of collagen type Il was slightly higher in the
organoids than in 2D but this difference was not statistical signif-
icant. In contrast, the expression of collagen type I was 12.6 + 4.2
times higher in the chondrocytes expanded in 2D when compared
with the organoids. There was no difference in the expression of
Sox9 between the 2D chondrocytes and organoids, and the ex-
pression of matrix metalloprotease 13 (MMP-13), aggrecanase 5
(ADAMTS5) and interleukin 18 (IL-18) genes were not detected for
both groups. Altogether, this data shows that NCM leads to mas-
sive proliferation of chondrocytes in the spinner flask while main-
taining a viability above 95%. During the 12 days of culture, the
chondrocytes and the ECM matrix from the NCM self-assembled
into organoids that increase in number and size throughout the
culture period. These organoids were composed of GAGs and colla-
gen type Il similar to native cartilage. Additionally, these organoids
were organized into an interterritorial matrix rich in collagen type
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Il and a PCM rich in collagen type VI with the cells located inside
structures resembling lacunae. When compared with the standard
2D expansion system, organoids had higher expression of aggrecan
and significantly lower expression of collagen type 1.

3.2. Fabrication of hydrogels with different viscoelasticity

After establishing a system to produce cartilage organoids, we
aimed at developing large scale tissues by encapsulating these
organoids into hydrogels that would allow the growth and fu-
sion of the organoids and lead to the generation of a homoge-
nous tissue identical to native cartilage. We chose alginate as a
mode hydrogel because its viscoelastic properties can be modu-
lated independently of its elastic, swelling and degradation prop-
erties [25,26]. Hydrogels were fabricated with alginate of different
molecular weights to modulate the viscous properties of the hy-
drogel, while the concentration of the crosslinker (CaSO4) was ad-
justed so that the elastic properties did not significantly change.
In order to fabricate alginate with different molecular weight, we
reacted the alginate with hydrogen peroxide (H,0,) for 2 h which
leads (Fig. 2a) to oxidation of the alginate chains resulting in an
alginate with lower molecular weight without compromising its
ability to gel (Fig. 2a) [27,28]. Increasing the reaction temperature
and the volumetric concentration of H,0, led to the fabrication of
alginates with lower molecular weight (Fig. 2b). Hydrogels were
fabricated by mixing a 2.5% (w/v) of 298, 170, 70 and 48 kDa al-
ginate solution with 125.0, 166.5, 212.5 and 275.0 mM of CaSO,
(Fig. A.10) and dynamic time sweep test was performed to char-
acterize their viscoelastic behavior (Fig. 2c). We observed that the
elastic component (G’) of the different alginate hydrogel formula-
tions was identical between groups (Fig. 2d, red bars), whereas the
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Fig. 3. Characterization of the morphology and biochemical content of the different alginate hydrogel formulations with organoids. a, [llustration of the effect viscoelasticity
has on the growth and fusion of the organoids. b, Gross morphology of the different alginate hydrogel formulations with organoids after 24 days of culture (top to bottom:
298, 170, 70 and 48 kDa hydrogel formulations) (Scale bar is 8 mm). c-f, Light microscopy pictures of the different alginate hydrogel formulations with organoids after 1
and 24 day of culture (scale bar is 500 um). k, DNA quantification in the different alginate hydrogel formulations with organoids after 1 and 24 days of culture (n = 4). |,
GAG quantification in the different alginate hydrogel formulations with organoids after 1 and 24 days of culture (n = 4). m, Collagen quantification in the different alginate
hydrogel formulations with organoids after 1 and 24 days of culture (n = 4). Data in k-m is represented as mean + standard deviations and normalized for the dry weight
of the hydrogel. *, **, *** and ns indicate p ( 0.05, p < 0.01, p < 0.001 and p ) 0.05 respectively.

viscous component (G”) increased as the molecular weight of the
alginate decreased (Fig. 2d, green bars). The G” was 78.3 + 2.4 for
the 298 kDa hydrogel formulation and 202.9 + 4.6 for the 48 kDa
hydrogel formulation. The loss factor, that describes the ratio be-
tween the viscous and the elastic component of the hydrogel, in-
creased as the molecular weight decreased (Fig. 2e). The loss factor
was 0.057 + 0.003 for the 298 kDa formulation and 0.200 + 0.008
for the 48 kDa formulation. Next, we characterized the degradation
rate and swelling properties of the different hydrogel formulations
after 1 and 24 days of culture. We observed that the dry weight
for all formulations was identical between groups and there was
no significant degradation of the hydrogels during the 24 days of
culture (Fig. 2f). In terms of swelling properties, there was no sig-
nificant difference between the hydrogel formulations at day 1 and
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24. In sum, we fabricated four different alginate formulations with
similar elastic properties (G’), but different viscous properties (G”)
and therefore different viscoelastic behavior (tan §). These formu-
lations were mechanically stable, with negligible loss of dry weight
and minor changes in the swelling properties (Table A.1). This de-
velopment allowed us to investigate how viscoelasticity of the ma-
trix affected neocartilage formation by the organoids produced in
the spinner flask with NCM.

3.3. Matrix viscoelasticity affects cartilage formation by the organoids

We then investigated the impact that matrix viscoelasticity has
on cartilage formation by the organoids (Fig. 3a). After 24 days of
culture, the gross morphology of the hydrogels was drastically dif-
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ferent among groups (Fig. 3b). In the 298 and 170 kDa hydrogel
formulations, the volume of the hydrogel did not change during
the culture period while in the 70 and 48 kDa formulations the
volume of the hydrogel increased, as the constructs grew in width
and height. We observed that the organoid concentration inside
the hydrogels was identical among the groups at day 1 (Fig. 3c-
f). After 24 days of culture, nothing changed for the most elastic
hydrogel formulation (298 kDa), as it was still possible to iden-
tify the individual organoids and there was no filling of the ini-
tial empty space inside the hydrogel with new cells and matrix
(Fig. 3e). For the 170 kDa formulation hydrogel, the initial empty
space inside the hydrogel started to be filled with cells and matrix.
However, it was still possible to identify single organoids, mean-
ing that they were not actually fusing together. On the other hand,
for the 70 and 48 kDa hydrogel formulations, most of the empty
space inside the hydrogel was filled with cells and matrix and
the organoids fused together creating a more homogenous tissue
(Fig. 3i-j). From the DNA analysis, we observed that there was a
reduction in DNA content for all hydrogel formulations from day
1 to day 24 (Fig. 3k). In the more elastic formulation (298 kDa),
there was a reduction of 42 + 2.0% in DNA content per dry weight
from day 1 to day 24. For the other formulations, the reduction in
DNA content was less pronounced with a reduction of 18.5 + 11.3%,
22.8 + 10.9%, and 10.5 + 9.4% for the 170, 70 and 48 kDa hydro-
gel formulations respectively (Fig. A.11a). In terms of charged GAG
content, we observed an increase in the amount of charged GAGs
from day 1 to day 24 for all conditions, with an increase in pro-
duction as the viscosity of the hydrogel increased (Fig. 31). There
were fold increases of 1.3 + 0.1, 2.4 + 0.4, 3.0 + 0.2 and 3.8 £ 0.3
for the 298, 170, 70 and 48 kDa hydrogel formulations (Fig. A.11b).
The production of collagen was also affected by the viscoelastic-
ity of the matrix (Fig. 3m). In the more elastic hydrogel formula-
tions, there was no significant production of collagen. On the other
hand, in the more viscous hydrogels, there were fold increases of
2.0 £ 0.0 and 2.5 + 0.2 for the 70 and 48 kDa hydrogel formula-
tions (Fig. A11c).

We analyzed the composition of the four hydrogel formulations
by histology and immunostaining. At day 1 the composition of the
different alginate hydrogels was identical as expected, with single
isolated organoids made of cells, collagen type Il and VI and GAGs.
Immunostaining confirmed that after 24 days there was no filling
of the initial empty space with new cells and matrix in the 298
and 170 kDa alginate hydrogels (Fig. 4e-f; m-n; u-v). After the cul-
ture period, the characteristic outer region of the organoids was
less smooth and with less cells, suggesting degradation of the ma-
trix during the culture period. In contrast, for the more viscous
hydrogel formulations (70 and 48 kDa), after 24 days of culture,
there was fusion of the organoids, due to filling of the initial empty
space with cells and new matrix. The new matrix formed during
the culture period was mainly composed of collagen type II, type
VI and GAGs (Fig. 4g-h; o-p; w-x). From all the alginate hydrogel
formulations tested, the formulation with higher viscosity (48 kDa)
performed the best in terms of formation of new cartilage (Fig.
A.12). Afterwards, we confirmed that the cells in all hydrogel algi-
nate formulations were Sox9 positive after 24 days of culture (Fig.
A.13) and that there was no production of collagen type X (Fig.
Al4).

We also evaluated the gene expression in the different hydro-
gel alginates after 1 and 24 days of culture (Fig. 5). The gene ex-
pression in the organoids after 12 days of culture in the spinner
flask and before encapsulation was used as baseline for aggrecan,
collagen type Il and I, and Sox9. We observed that one day af-
ter encapsulation, the expression of aggrecan decreased for all for-
mulations (Fig. 5a). The expression continued to decrease during
the culture period for all formulations except the 48 kDa hydro-
gel which was restored to high levels. The expression of collagen
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type Il also decreased after encapsulation in all hydrogel formu-
lations and remained low throughout the culture period for the
298 and 170 kDa hydrogels (Fig. 5b). In contrast, in the 70 and
48 kDa hydrogels, the expression increased between day 1 and 24,
with the highest collagen type Il gene expression being reported
for the 48 kDa alginate hydrogel. The expression of collagen type
I during the 24 days stayed negligible, identical to the levels pre-
encapsulation (Fig. 5c). Sox9 expression also decreased after en-
capsulation, and significantly increased during the 24 days of cul-
ture only in the 48 kDa hydrogel (Fig. 6d). Encapsulation of the
organoids led to the upregulation of catabolic genes that were not
detected within the organoids before encapsulation. Expression of
MMP-13 and ADAMTS5 were detected one day after encapsulation
for all formulations (Fig. 6e-f). The expression was higher in the
298 kDa hydrogel and decreased as the viscosity of the hydro-
gels increased. After 24 days of culture, MMP-13 and ADAMTS5 ex-
pression were negligible in all formulations. IL-81 expression was
also upregulated after encapsulation, with higher expression in the
more elastic formulations (Fig. 6g). In conclusion this data shows
that the viscoelasticity of the matrix deeply affects the formation
of cartilage by the organoids. We identified an alginate formulation
with a loss of tangent of 0.2 that was optimal for cartilage forma-
tion, as it promoted the growth and fusion of the organoids by en-
hancing proliferation, migration and matrix synthesis of the cells
while at the same time downregulated the expression of catabolic
genes. These constructs had an interconnected matrix similar to
native cartilage in composition and organization.

3.4. Organoid encapsulation leads to superior cartilage compared to
single cells

After confirming that encapsulation of organoids in hydrogels
with suitable viscoelastic properties led to the formation of car-
tilage like tissues, we also compared this new methodology with
the standard approach. The standard approach to produce in vitro
cartilage consists of expanding chondrocytes in 2D monolayer and
then encapsulating them into a hydrogel. We expanded chondro-
cytes in 2D and then encapsulated them into the 48 kDa alginate
hydrogel as single cells to compare with organoids encapsulation
in terms of cartilage formation (data in Section 3.3; Fig. 3k-m).
DNA analysis showed that there was similar content at day 1 and
day 24 in the hydrogels with single cells and organoids (Fig. 6a). In
terms of GAG content, there was an increase for both groups dur-
ing the culture period, reaching similar levels at day 24 (Fig. 6b).
The collagen content also increased in both groups during the cul-
ture period (Fig. 6¢). In the hydrogels with single cells there was an
increase from 2.3 £ 0.9 (day 1) to 51.1 &+ 7.4 (day 24) ng/mg, which
corresponds to a 6.4 4+ 0.8 fold increase in collagen content. In
the hydrogels with organoids, the collagen content increased from
37.8 + 3.7 (day 1) to 94.5 &+ 7.9 (day 24), corresponding to a fold
increase of 2.5 4 0.2. During the 24 days of culture the increase in
collagen was higher for the hydrogels with single cells, however at
the end of the 24 of days of culture, the hydrogels with organoids
had 1.8 + 0.1 times more collagen than the hydrogels with sin-
gle cells. Next, we assessed the type of collagen present within
the tissue construct. We observed that in the hydrogels with sin-
gle cells, there was presence of both collagen type I and type II
(Fig. 6d), in contrast to the hydrogel with organoids which had un-
detectable levels of collagen type I (Fig. 6e). This different behavior
is likely a consequence of the 2D expansion step before encapsu-
lation, as we showed that cells expanded in 2D have higher gene
expression of collagen type I and lower expression of collagen type
Il than cells in the organoids inside the spinner flask. Hydrogels
with single cells and organoids had similar amounts of collagen
type VI (Fig. 6f-g) and GAGs (Fig. 6h-i). Afterwards we evaluated
if the matrix formed during the culture period was sufficient and
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Fig. 4. Matrix composition in the different hydrogel formulations after 1 and 24 days of culture. a-h, Antibody staining against collagen type I (red) and type II (green) in
the different alginate hydrogel formulations after 1 and 24 days of culture (scale bar is 250 pm). i-p, Antibody staining against collagen type VI (yellow) in the different
alginate hydrogel formulations after 1 and 24 days of culture (scale bar is 100 pm). g-X, Alcian blue staining against glycosaminoglycans in the different alginate hydrogel
formulations after 1 and 24 days of culture (scale bar is 250 um). Cell nuclei was stained with DAPI in the pictures a-p.

mechanically stable to keep the integrity of the tissue construct
after removal of the alginate network. The tissue constructs were
placed in a buffer that dissolves the alginate hydrogel matrix by
competing for the ions that hold the alginate chains together. We
used the most elastic alginate hydrogel (298 kDa) with organoids
as negative control because no interconnected matrix is formed in
this group during the culture period. In the 298 kDa hydrogel, dis-
solution of the alginate network compromised the integrity of the
tissue construct as it started falling apart leading eventually to the
release of organoids into the buffer (Fig. 6j, first row). In contrast,
in the more viscoelastic hydrogel (48 kDa), removal of the alginate
network did not affect the integrity of the tissue construct for both
organoids (Fig. 6j, second row) and single cells (Fig. 6j, third row)
groups. This demonstrates that the interconnected matrix formed
during 24 days in the 48 kDa hydrogel was sufficient to hold the
tissue construct together. In the conclusion, this data shows that
cartilage formation is enhanced by encapsulating organoids rather
than single cells, as it leads to the formation of more matrix with
higher quality (only collagen type II). This matrix was mechanically
stable and capable of alone holding the tissue construct together
after removal of the alginate network.
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4. Discussion

To our knowledge, we describe here for the first time a method-
ology to generate bovine cartilage organoids in large scale (thou-
sands of organoids per 125 mL in one spinner flask) and within
two weeks, through a self-assembly process between cells and
ECM constituents. To avoid the downsides associated with the 2D
expansion of chondrocytes, researchers have employed a variety of
3D culture systems (e.g. pellets, spheroids, microtissues) that en-
hance the viability and the chondrogenic potential of chondrocytes.
The constructs obtained using the 3D approaches can then be en-
capsulated into hydrogels to achieve the formation of cartilage that
is superior in quantity and quality when compared with the use of
single cells expanded with the conventional 2D systems [29-33].
However, these approaches also have some disadvantages: they do
not necessarily yield a higher cell number than 2D systems [34];
they can be technically challenging and laborious with the need for
microfabrication equipment/steps to generate 3D culture of chon-
drocytes and challenges with purification. Finally, they cannot be
efficiently scaled up and therefore have very limited applicability
to joint-sized cartilage-tissue engineering therapies. Spinner flasks
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< 0.001 respectively.

have been widely used to form and culture organoids and have
unique features such as easy handling, high throughout and are
easy to scale up [35-37]. Our methodology of culturing chondro-
cytes in a spinner flask with NCM led to the production of self-
assembling organoids similar in organization and composition to
native cartilage. These organoids consisted of a core with spaced
cells residing in lacunae like structures and surrounded by a col-
lagen type VI rich PCM within a collagen type Il and GAG rich in-
terterritorial ECM. The organoid’s core was surrounded by a bor-
der with higher cell density due to active proliferation of the cells,
and where the cells had cell to cell contact with their neighboring
cells. Within 12 days of culture, we were able to achieve a 34 + 4
fold increase in cell number and the production of thousands of
organoids without the addition of any growth factor to the cul-
ture medium. Since organoid formation occurred within 6 days
only in the group with solubilized NCM, their volume increased
by 15 times between day 6 and day 12, and they were composed
of GAGs and collagen type II similarly to NCM, we can conclude
that the ECM constitutions from NCM are crucial for the forma-
tion and growth of the organoids [38-40]. Recently, a similar ap-
proach has been used to generate liver inside spinner flaks through
a self-assembly process between cells and ECM proteins [41]. In
that study, Matrigel was added to the culture medium and used
as source of ECM for the generation of the organoids. Throughout
the culture period cell viability was higher than 88%, however the
protocol used might per se have an impact on the measured via-
bility. Prior to measuring cell viability, the samples were enzymat-
ically digested with hyaluronidase and collagenase to release the
cells for counting. Enzymatic digestion with these two enzymes is
known to affect the viability of chondrocytes, and therefore the ac-
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tual viability of the cells inside the spinner flask is likely to be
higher than the one actually measured, for both cultures, i.e. with
and without NCM [42,43]. In terms of gene expression, the cells
in the organoids had higher expression of aggrecan and lower ex-
pression of collagen type I than the cells in 2D monolayer culture.
There was no statistical difference for Sox9 and collagen type Il
gene expression between the two groups. It is known that culture
of chondrocytes in 2D monolayers reduces the expression of rele-
vant chondrogenic genes, and that this effect is more pronounced
at higher cell passages [44,45]. For bovine chondrocytes it has been
shown, that after one passage there is a significant reduction in ag-
grecan and Sox9 and a significant increase in collagen type I gene
expression when compared with cells not passaged. While colla-
gen type Il gene expression is significantly reduced only after two
passages [45]. These effects became more pronounced as the cells
are subjected to more passages. In our study we cultured low pas-
sage cells (P1) in monolayer for the 2D control group in order to
minimize their de-differentiation. This might explain why cells in
the organoids and cells in 2D have similar expression of collagen
type II and Sox9, as the cells in monolayer might still conserve
their normal expression for these two genes. In addition to that,
a previous study from our group showed that NCM per se does
not induce collagen type Il gene expression in chondrocytes [15].
Other study also reported no difference in collagen type II gene ex-
pression between low passage (P2) bovine chondrocytes cultured
as aggregates or monolayer in chondrogenic expansion medium
[32]. Our methodology is a technically simple strategy to produce
organoids that can be easily scaled up, by increasing the working
volume of the flask or the number of flasks, as it only requires
the addition of NCM, and therefore high yields of cell numbers can
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Fig. 6. Cartilage formation by single cells and organoids in the more viscoelastic alginate hydrogel. a-c, Biochemical analysis of DNA, GAG and collagen in the 48 kDa alginate
hydrogel with single cells and with organoids after 1 and 24 days of culture (n = 4). Data is represented as mean =+ standard deviations and normalized for the dry weight
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stained with DAPI in the pictures d-g. j, Pictures of the 298 kDa alginate hydrogel with organoids (first row), 48 kDa alginate hydrogel with organoids (second row) or single
cells (third row) in the alginate disassociation buffer after 0 (first column), 30 (second column) and 60 (third column) minutes of incubation. .

be obtained which are necessary for joint-sized tissue engineering
therapies [46]. Other groups have employed dynamic suspension
cultures to expand chondrocytes and other cell types with the use
of microcarriers, such as mesenchymal (MSCs) or adipose derived
stromal cells (ADSCs) for cartilage tissue engineering [47-51]. Cul-
ture of cells with microcarriers inside spinner flasks is an attrac-
tive approach because of its higher surface area per unit volume of
media when compared with T-flask culture [52]. However, it still
relies in the attachment of the cells to the surface of the microcar-
riers where they can grow as monolayers. Consequently, chondro-
cytes expanded with microcarriers in spinner flasks still produce
much collagen type I once they are cultured as a pellet or encap-
sulated into hydrogels [47,51,53]. In our study, we explored a new
strategy based on the self-assembly between cells and ECM con-
stituents to expand chondrocytes and form organoids inside spin-
ner flasks. The organoids produced in this study had very little
expression of collagen type I when compared with chondrocytes
expanded in 2D, and this translated into the formation of a tis-
sue with no detectable levels of collagen type I once the organoids
were encapsulated into a hydrogel. This demonstrates the advan-
tage of our new approach over the expansion of chondrocytes in
monolayers, whether it is on the surface of microcarriers or tissue
culture plastic. In this study we used juvenile bovine chondrocytes
which are known for their high proliferative capacity. It is expected
that the use of human chondrocytes will lead to lower cell yields,
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as these cells are known be less proliferative [54]. Future work
will focus on using the methodology described here to expand hu-
man chondrocytes and compare it with other approaches described
in literature. The influence that culture parameters (e.g. agitation
speed, initial cell density or dosage regime) have on organoid for-
mation and their size should also be investigated in order to max-
imize the yield, efficiency and determine the versatility of this
methodology [55]. NCM might present several theoretical draw-
backs due to its animal origin, such as poor characterization, possi-
ble batch-to-batch variability and the risk of disease transmission.
It is of importance to identify which and at what concentrations,
ECM molecules and bioactive factors (e.g. growth factors) in the
NCM play a role in the process of organoid formation and devel-
oped a defined synthetic medium that can replace the NCM. Pro-
teomic, inhibition and depletion studies can help to elucidate the
key components of NCM'’s bioactivity. In our study, during the pro-
duction of NCM, we did not remove residual DNA which is known
to act in vivo as a damage-associated molecular pattern (DAMP)
[56]. However, previous work using this NCM processing method
showed no upregulation of inflammatory and catabolic genes on
the treated cells [15]. Nevertheless, for clinical purposes, removal
of residual DNA from NCM should be explored and its impact on
NCM'’s bioactivity investigated.

The second objective of this study was to use these organoids
and assemble them inside a hydrogel to produce large scale tissues
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resembling neocartilage. Hydrogels have been widely used for car-
tilage tissue engineering and a detailed review can be found else-
where [57]. The influence of hydrogel properties such as elastic-
ity, swelling and fixed charge on chondrocyte behavior has also
been reported [58-61]. However, one mechanical property often
neglected is viscoelasticity of the matrix. The living tissues in our
body are viscoelastic materials, and viscoelasticity is a critical pa-
rameter capable of affecting cell behavior and tissue/organ home-
ostasis, regeneration and disease progression [25,26,62-67]. It was
recently shown that viscoelasticity of the matrix plays a pivotal
role at the cellular level in chondrocyte behavior and cartilage for-
mation [25,68]. We hypothesized that viscoelasticity of the hydro-
gel would also have a critical effect on the growth and fusion
of the organoids. Although an elastic matrix would constrain the
organoids’ growth and fusion, a hydrogel with suitable relaxing
properties would offer minimal resistance to the growth of the
organoids, cell proliferation, migration, matrix production and ul-
timately to the generation of a homogenous cartilage like tissue.
We chose alginate as a model hydrogel to study how viscoelastic-
ity of the matrix affects cell and organoid behavior, because the
relaxation of alginate hydrogels can be controlled independently
of the elasticity without affecting other properties of the hydrogel.
When combined with divalent ions (e.g. Ca2*), the alginate will gel
due to the formation of weak ionic crosslinks, which under stress
or strain can dissociate and reform again elsewhere, leading to the
plastic deformation of the hydrogel [69]. The viscoelastic proper-
ties of the resulting hydrogel can be modulated by using different
molecular weight alginates in combination with different concen-
trations of crosslinker which will result in altered connectivity and
polymer chain mobility. Lowering the molecular weight leads to an
increase in the viscosity and decrease in the elasticity of the result-
ing hydrogel. The reduction in elasticity can be compensated by
adjusting the concentration of the crosslinker without interfering
in the viscosity. This allows the fabrication of hydrogels with dif-
ferent viscosity but with similar elasticity and therefore different
viscoelastic behavior [26]. Cartilage matrix deposition is not corre-
lated with the concentration of calcium crosslinker [25]. By tun-
ing the molecular weight of alginate and the crosslinker concen-
tration, we fabricated four different formulations that had similar
elasticity, but different viscosity and therefore different viscoelas-
tic behavior without altering their swelling and degradation prop-
erties. Once the organoids were encapsulated into these alginate
hydrogels, we observed a drastically different behavior among the
tested groups, with a positive correlation between viscoelasticity
and cartilage formation. Elastic hydrogels (298 and 170 kDa) con-
strained the growth and fusion of the organoids, inhibiting the de-
velopment of neocartilage tissue. In contrast, viscous hydrogels (70
and 48 kDa) allowed the growth of the organoids by enhancing
cell proliferation, migration and matrix deposition This ultimately
led to the fusion of the encapsulated organoids and the develop-
ment of a stable and homogenous tissue similar to native carti-
lage in composition and organization that was composed of GAGs
and collagen type II and type VI. We did not detect any collagen
type I or type X in any formulation tested. Gene expression anal-
ysis showed that encapsulation in the alginate lead to a reduc-
tion in the expression of aggrecan, collagen type II and Sox9 by
the organoids. This might be a consequence of the encapsulation
procedure and/or a change in the microenvironment sensed by the
organoids such as the new mechanical properties imposed by the
alginate network, the absence of shear forces caused by the agita-
tion in the spinner flask or absence of NCM in the medium. Lee
at al. (2017) observed that encapsulation of bovine chondrocytes
in alginate hydrogels decreased the expression of certain genes
when compared with chondrocytes in native cartilage [25]. Gene
expression analysis also showed that elastic hydrogels upregulated
catabolic enzymes, such as MMP-13 and ADAMTS5 as early as day
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1. Additionally, we observed an higher expression of the IL-18 gene
for the more elastic hydrogel formulations. This suggests that the
expression of MMP-13 and ADAMTS5 might be activated through
the IL-18 pathway, as it is known that this pathway controls the
expression of catabolic genes in OA [70,71]. This data is in agree-
ment with the findings that purely elastic hydrogels upregulate
the expression of catabolic genes in encapsulated chondrocytes,
while viscous formulations downregulate it [25]. A consequence of
the expression of these catabolic enzymes was the degradation of
outer border of each organoid. After 24 days of culture, the outer
border of each organoid was less smooth, presented signals of de-
struction and had far less cells than at day 1 for the 298 and
170 kDa hydrogel formulation. The expression of these genes was
lowest for the more viscoelastic hydrogel (48 kDa). There was a de-
crease during the culture period in the expression of the catabolic
enzymes for all the hydrogel formulations tested. It is very likely
that the expression of these catabolic enzymes is solely coming
from the cells in the outer border of the organoid, that are in direct
contact with the alginate network. And that the cells in the core of
the organoid do not express these catabolic enzymes, as we did not
observe any degradation of the ECM or cell death in the core of the
organoid. The mechanisms that cells use to create a suitable mi-
croenvironment is highly depended on the mechanical properties
of the surrounding matrix. Raeber et al. (2005) showed that cell
migration within MMP-sensitive PEG matrices was greatly affected
by MMP modulators [72]. The absence of MMP sensitive domains
in those PEG matrices impaired cell migration. On the same study,
the authors observed that cell migration in collagen and fibrin hy-
drogel was insensitive to MMP activity, because the cells could re-
arrange the surrounding hydrogel network, due to the viscoelastic
behavior of collagen and fibrin. The cells in the organoids cannot
degrade the alginate and therefore can only rearrange it if the algi-
nate network behaves like a viscoelastic material. In the more elas-
tic formulation (298 kDa), the cells cannot rearrange the surround-
ing alginate network and in response to that express high levels of
catabolic enzymes. We also observe cell death in this formulation
during the 24 days of culture, which occurs mainly in the outer
area of the organoids. We hypothesized that in the more elastic hy-
drogel (298 kDa), the cells in the outer area of the organoids that
produce catabolic enzymes at day 1, die during the culture period
and this could explain the decrease in catabolic activity observed
for this formulation. For the other alginate formulations, the cells
can rearrange the surrounding hydrogel network, independently of
MMP activity, creating a suitable space for their cellular processes,
which might lead to a reduction in catabolic activity throughout
the culture period. However, further studies are needed to eluci-
date the different behavior that the cells in the core and outer bor-
der of the organoids have in response to the physical properties of
the encapsulating hydrogel. We also reported that the expression
of anabolic genes such as aggrecan and collagen type II, and Sox9
reached a maximum in the most viscoelastic hydrogel formulation
(48 kDa). The 48 kDa alginate hydrogel was the formulation that
perform the best in terms of cartilage deposition. The viscoelas-
ticity of this formulation was characterized with a loss factor of
0.2, which interestingly matches the loss factor reported for bovine
cartilage [73]. In sum, viscoelasticity of the encapsulating hydro-
gel is pivotal for cartilage production and it should always be con-
sidered when developing new hydrogels systems for cartilage tis-
sue engineering. Additionally, we showed that large scale homoge-
nous neocartilage tissues can be obtained by simply encapsulat-
ing organoids, derived from bovine chondrocytes, into a hydrogel
with the right viscoelastic properties, without the need of adding
to the culture medium exogenous growth factors (e.g. TGF-81/3 or
BMP-2) or steroids (e.g. dexamethasone). However it is known that
bovine chondrocytes have an higher synthetic capacity than human
chondrocytes [32,74]. Therefore, future work should investigate if
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the same behavior is observed in organoids derived from human
chondrocytes, and if similar results can be obtained by simply tun-
ing the viscoelasticity of the encapsulating hydrogel or if stimu-
lation with exogenous growth factors is also required. Encapsula-
tion of organoids also proved to be a superior strategy when com-
pared with the standard approach of single cell encapsulation that
were previously expanded in 2D. Organoid encapsulation resulted
in higher production of new matrix and of better quality, as it was
composed of collagen type Il with no detectable levels of collagen
type I; in contrast to the matrix formed by the encapsulated single
cells, which consisted of a mixture of collagen type I and II. The
fact that the cells in the organoids are within a 3D cellular niche
similar to their native microenvironment can explain why once en-
capsulated they retain their normal synthetic capacity. In contrast,
when the cells are expanded in 2D, they experience phenotypic
drifts which result in the aberrant production of matrix once en-
capsulated [75-78]. Collagen makes up to about 60% of the dry
weight of cartilage and juvenile bovine cartilage has been reported
to have a collagen/GAG mass ratio of 1.9 [79,80]. After 24 days, the
dry weight of the 48 kDa alginate hydrogel with organoids con-
sists of 9.45 + 0.45% collagen while the collagen/GAG mass ratio
is 0.46 + 0.08. In comparison, the dry weight of the 48 kDa algi-
nate hydrogel with single cells consists of 4.92 + 0.64% collagen
and the collagen/GAG mass ratio is 0.19 + 0.03 after 24 days. This
shows that encapsulation of organoids leads to the formation of a
tissue with an higher collagen content and collagen/GAG ratio than
hydrogels with single cells. Since collagen type II is still highly ex-
pressed in the 48 kDa alginate hydrogel with organoids at day 24,
future work should therefore investigate if culturing the constructs
for longer periods will lead to a more mature tissue with higher
collagen content and a higher collagen/GAG ratio. Or if addition of
an extra stimulus (e.g. growth factor or mechanical stimulation) is
required to reach values similar to the ones found in native car-
tilage. Here we show that assembly of the organoids in the right
viscoelastic hydrogels can improve and accelerate the in vitro fabri-
cation of cartilage. In this study we used bovine chondrocytes and
therefore it is important that further studies assess the feasibility
of using this approach with human chondrocytes. Once cartilage
organoids derived from human chondrocytes are successfully de-
veloped, their potential in the treatment of cartilage lesions should
be investigated with in vivo studies.

Overall, this methodology describes the production of cartilage
bovine organoids and that their assembly in hydrogels with suit-
able viscoelastic properties leads to the formation of a homoge-
nous tissue resembling native cartilage.

5. Conclusions

In summary, we developed a new methodology to expand
chondrocytes in dynamic culture systems. This new methodology
used NCM as medium supplement and led to the massive prolifer-
ation of chondrocytes and their self-assembly with the ECM con-
stituents into organoids. These organoids were similar in compo-
sition and organization to native cartilage, with chondrocytes sit-
ting inside lacunae, surrounded by a PCM rich in collagen type VI
within an interterritorial ECM composed of collagen type II and
GAGs. Gene expression analysis showed that with this system, it
was possible to overcome the problems associated with 2D expan-
sion, such as aberrant expression of collagen type 1. Once encap-
sulated into hydrogels with suitable viscoelastic properties, these
organoids grew and fused together creating a neocartilage tissue.
This tissue was composed of collagen type II, GAGs and collagen
type VI, and was mechanically stable. Here we showed that the
use of organoids for cartilage tissue engineering is superior to the
conventional method of expanding chondrocytes in 2D and then
encapsulating them as single cells. Due to the similarities with
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native cartilage, these organoids on their own have the poten-
tial to revolutionize how cartilage research is performed, because
they can be used as superior and more complex in vitro models
to study signaling pathways, disease progression, tissue engineer-
ing or drug development. Furthermore, these organoids and their
fast mass production combined with a key hydrogel characteristic,
which up to now has not received much attention, have the poten-
tial to open the door for large scale cartilage regeneration such as
for entire joint surfaces. Future work will focus on generating car-
tilage organoids derived from human chondrocytes, optimization of
the protocol for organoid formation, and investigating the potential
of human derived cartilage organoids in the treatment of cartilage
lesions.
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