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The field of tissue engineering aspires to provide clinically relevant solutions for
patients through the integration of developmental engineering principles with a
bottom-up manufacturing approach. However, the manufacturing of cell-
based advanced therapy medicinal products is hampered by protocol
complexity, lack of non-invasive critical quality controls, and dependency on
animal-derived components for tissue differentiation. We investigate a serum-
free, chemically defined, xeno- and lipid-free chondrogenic differentiation
medium to generate bone-forming callus organoids. Our results show an
increase in microtissue homogeneity during prolonged differentiation and
the high quality of in vivo bone-forming organoids. The low protein content
of the culture medium potentially allows for the monitoring of relevant secreted
biomarkers as (critical) quality attributes. Together, we envisage that this xeno-
and lipid-free chondrogenic medium is compatible with industrial scale-up and
automation while facilitating the implementation of non-invasive imaging and
the use of quality control parameters based on secreted biomarkers.

KEYWORDS

advanced therapy medicinal products, skeletal tissue engineering, scalability,
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Introduction

Over the last decade, the field of skeletal tissue engineering has been maturing and
getting ready to bridge the translational gap. Despite extensive efforts and significant
scientific progress, only a few products have reached the market (Negoro et al., 2018;
Sallent et al., 2020). Typically, new tissue-engineered products belong to the class of
advanced cell therapy medicinal products (ATMPs) and contain living cells combined
with biomaterials or growth factors. As a result, regulatory bodies such as FDA and EMA
implemented a stringent set of requirements before ATMPs are allowed into the market.
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One of these requirements is the use of a manufacturing process
that is robust, scalable, provides ample opportunities for quality
control measurements, is biologically defined and characterized,
and ideally is predictive of the clinical outcome (Mendicino et al.,
2014; Petricciani et 2018;
Doulgkeroglou et al., 2020; Iglesias-Lopez et al., 2021). Yet,
basic research-inspired laboratory-scale protocols are often

al., 2017; Rousseau et al,

complex, require careful handling, use media that are not
chemically defined, contain historically included components,
and most of the time rely on animal-derived constituents such as
fetal bovine serum (FBS).

We have been focusing on new tissue engineering strategies
for bone repair. Under normal conditions, between 5% and 10%
of fractures do not heal properly and in particular non-unions
constitute a challenging clinical problem. Recently, emerging
types of ATMPs for large bone defects follow the use of
microtissues as building blocks for the bottom-up engineering
of larger living tissues (Burdis and Kelly, 2021) while closely
mimicking developmental biology principles (Lenas et al., 2009;
Lenas and Luyten, 2011). In short, skeletal progenitor cell
aggregates proliferate and differentiate in vitro through the
chondrogenic lineage into microtissue structures containing a
cartilaginous extracellular matrix. These microtissues can be used
to form larger cartilaginous constructs by spontaneous fusion
(Nilson Hall et al, 2021) or bioprinting (De Moor et al., 2020).
Cell aggregates allow cells to condensate and, with the
appropriate chondrogenic medium in a 3D culture, the
aggregates appear to recapitulate the process of endochondral
ossification (Hall et al., 2018), which is the basis for both
developmental bone growth and postnatal bone regeneration
(Nilsson Hall et al., 2019; Salhotra et al., 2020). This maturation
process leads chondrocytes to a terminal hypertrophic stage
where cells enter an apoptosis program followed by cell death
or transdifferentiation to osteoblasts (Yang et al., 2014; Park et al.,
2015; Cervantes-Diaz et al, 2017). Finally, through vascular
invasion and the appearance of osteoblasts, chondroclasts, and
osteoclasts, the engineered cartilage template is remodelled into a
bone. Following this biological pathway, implantation of in vitro
created transient cartilage gives rise to a bone both in an ectopic
mouse model as in an orthotopic long bone segmental defect
model (Herberg et al., 2019; Mcdermott, 2019; Nilsson Hall et al.,
2019). Hence, the next stage is to investigate and translate this
approach further toward clinical application and ultimately
larger-scale industrial production.

Much effort has been put in choosing the appropriate cell source
(Roberts et al., 2015; Groeneveldt et al., 2020) and growth factor
combination (Mendes et al., 2016) to generate cartilage-intermediate
tissues which mature further post-implantation and eventually
remodel into a bone by interaction with the host environment.
However, the differentiation medium is often a combination of
experimentally optimized and empirically defined components.
cell and differentiation  medium

Currently, expansion

formulations heavily rely on animal-derived supplements such as
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complete FBS or bovine serum-derived albumin (BSA) with variable
composition and high batch-to-batch variability (Zheng et al., 2006;
Francis, 2010; Gay et al,, 2011). The variability associated with FBS
results in an overall inconsistent reagent and thereby introduces
variability between experimental results (Gstraunthaler et al., 2013).
Although substantial work has been carried out for the use of serum-
free media for the expansion of adult progenitor cells such as bone
marrow-derived mesenchymal stromal cells (BM-MSCs) (Chase
et al., 2010; Martin et al., 2015; Allen et al., 2019; Bhat et al., 2021),
there is scarce literature on xeno-free media for chondrogenic
differentiation (Fitzsimmons et al., 2004; Kawata et al, 2019;
Lach et al., 2019; Horikoshi et al., 2021). Moreover, the presence
of FBS has been shown to negatively affect chondrogenic
differentiation (Fitzsimmons et al., 2004; Lee et al, 2009).
Nonetheless, its main component, bovine serum-derived
to be
component of chondrogenic media formulations, making up
99.9% of all total added proteins (Mendes et al, 2016). The

albumin protein contains hydrophobic patches that are used to

albumin, continues the most prominent protein

solubilize and increase the bioavailability of fatty acids such as
linoleic acid (LA), yet albumin has many more functions that can
influence cell and tissue behavior (Francis, 2010). Recently, the role
of fatty acids was shown to be inhibiting chondrogenic
differentiation (van Gastel et al, 2020). Not only is the
composition of BSA inherently variable but also the regulatory
aspect of implanting a tissue that contains both human and animal
components becomes more complex as it brings a risk of
xenoimmunization and xenotransmission (Dessels et al., 2016).
In addition, the need for non-invasive quality controls to
monitor the biological status of the cell-based ATMP is generally
accepted, the maturation of living tissues coincides with it, and is
directly controlled by the secretion of signaling proteins (Maes,
2017). Yet, the information from the secreted proteome is masked
by the presence of high-abundant and large proteins (Shin et al,
2015; Shin et al., 2019; Das et al., 2020). While there are multiple
methods available for serum replacements (Karnieli et al., 2017;
Ylostalo et al., 2017), we instead opted for a general removal of BSA
without replacement.

In this study, we perform an in-depth comparison of
transcriptional changes during in vitro differentiation of human
periosteum—derived cell (hPDCs) aggregates into cartilaginous
microtissues cultured in a BSA- and LA-containing medium
versus a xeno-free equivalent medium. Subsequently, the bone-
forming potential of these microtissues assembled into larger
meso-tissues structures was assessed ectopically in vivo.

Material and methods
Cell expansion

Human periosteum-derived cells (hPDCs) were isolated
from periosteal biopsies of six different donors of which one

frontiersin.org
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FIGURE 1
Microtissue culture in CM versus xfCM. (A) Bright-field microscopy full-well and detail images of microtissues on day 7, 14, and 21. Each
microwell is 800 pM. (B,C) DNA and RNA content of one well, containing approximately 300 microwells, normalized to 5 h. (D) GAG deposition in
day 21 microtissues determined by SafO/FG/H staining. (E) Collagen type 2 deposition in day 21 microtissues. (F) Percentage of microtissues that
remained in their microwells over time. (G) Size distribution of microtissues on day 7. Data is presented as mean + standard deviation. Scalebar =

200 pM.
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FIGURE 3

RNA sequencing of bone-forming microtissues during differentiation. (A,B) Gene ontology, biological process, and KEGG pathway terms
upregulated in CM in the 500 most variable genes. (C,D) Gene ontology, biological process, and KEGG pathway terms upregulated in xfCM in the
500 most variable genes. (E,F) Principle component analysis performed on the full transcriptome of microtissues in CM and xfCM at 5 h, 7, 14, and
21 days. (G—-J) Temporal gene set scoring on the full transcriptome over time for genes grouped in a given GO term. Data are presented as
mean + standard deviation.
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cell pool was created (ages of 20-32) as previously described
(Eyckmans et al., 2010). The hPDCs were expanded until passage
7 at 37°C, 5% CO,, and 95% humidity in Dulbecco’s modified
Eagle medium (DMEM, Gibco, UK) with 10% fetal bovine serum
(South  Africa  FBS, BioWest, 1%
antibiotic-antimycotic solution (Invitrogen, United Staes). The

France) and
medium was changed every 3-4 days. At a confluence of 80%,
cells were harvested with TrypLE Express (Life Technologies,
UK). The Ethical Committee for Human Medical Research
(Katholieke Universiteit Leuven) approved all procedures, and
patients’ informed consent forms were obtained (ML7861).

Microtissue formation

(AggreWell™800, STEMCELL
Technologies Inc, Canada) was coated with anti-adherence
rinsing solution (STEMCELL Technologies Inc, Canada) to avoid
cell attachment. Homogenous microwell coating was ensured by

A microwell platform

centrifugation, followed by a washing step with a basal medium
before cell seeding. After eight passages, hPDCs were harvested with
TrypLE Express (Life Technologies, UK) and seeded at 300,000 cells
per well to contain 1,000 cells per microwell upon sedimentation.
The cells self-aggregated and were differentiated for 21 days. In total,
two serum-free, chemically defined chondrogenic media were
compared. Both contain LG-DMEM (Gibco) supplemented with
1% antibiotic-antimycotic (Invitrogen, United States), 1 M x 10> M
ascorbate-2 phosphate, 1 M x 10”7 M dexamethasone, 40 pg mL™
L-proline, 20 M x 10”7 M of Rho- kinase inhibitor Y27632 (Axon
Medchem), 100 ng ml™* BMP2 (INDUCTOS), 100 ng ml™* GDF5
(PeproTech), 10 ng ml™" TGF-p1 (PeproTech), 1 ngml™ BMP-6
(PeproTech), and 0.2 ng ml™" basic FGF-2 (R&D systems). xfCM
was then supplemented with ITS Premix Universal Culture
6.25 ug ml™
transferrin, and 6.25 ng ml™ selenious acid, Corning), while CM

Supplement  (containing  6.25 ugml™'  insulin,
was supplemented with ITS + Premix Universal Culture
6.25 pg ml™

transferrin, 6.25 ng ml™" selenious acid, 5.35 pgml™" linoleic acid,

Supplement  (containing  6.25 ugml™"  insulin,
and 1,250 pg ml™' bovine serum albumin to solubilize the linoleic
acid, Corning). Half of the medium was changed on days 3,7, 10, 14,

and 17.

Image analysis

On days 7, 14, and 21 bright-field images were taken to assess
microtissue movement and morphological appearance (n = 3 per
time point). Fiji (Image]) CellCounter plugin was used to
quantify microtissues that were in their microwells, floating
outside their microwells, or fused into irregular shapes as well
as the number of empty wells. The microtissue size was measured
by fitting ovals over microtissues from four different wells
through Fiji (Image]).

Frontiers in Chemical Engineering

06

10.3389/fceng.2022.892190

In vivo ectopic implantation

Custom round-bottom macrowells were created in 3%
(w/v)
Microtissues were gently flushed out from their microwells on
day 21, concentrated, and added to the macrowells. CM or xfCM
was added and the microtissues were incubated for 24 h at 37°C,

agarose (Invitrogen) and sterilized wusing UV.

5% CO,, and 95% humidity to spontaneously fuse into one
construct. Implants were removed from the agarose macrowell
and washed in 1xDPBS. Then four implants per condition were
implanted subcutaneously at the shoulder region of female
immune-compromised mice (Rj:NMRI™™ age 6-20 weeks).
Each mouse had two implants, one for each condition and
randomized left or right shoulder. Regarding the surgical
procedure, after skin disinfection, a small incision was made
on the back of the mouse under general anesthesia (ketamine/
xylazine). In addition, two pockets were created at the shoulder
region, each construct was placed in one pocket, and the skin was
closed with an appropriate number of staples followed by
postoperative administration of buprenorphine as painkiller.
After 4 weeks, the mice were sacrificed by cervical dislocation
and implants were extracted and fixed for 4 h in 4% PFA. All
procedures on animal experiments were approved by the Local
Ethical Committee for Animal Research, KU Leuven. The
animals were housed according to the regulations of the
Animalium Leuven (KU Leuven).

Nano-CT

3D quantification of mineralized tissue in PFA-fixed

explants was performed through nano-CT (Phoenix
Nanotom M, GE Measurement, and Control Solutions).
Explants were scanned with a diamond target, mode 0,
500 ms exposure time, 1 frame average, 0 image skip,
2,400 images, and a 0.1 mm aluminum filter. Samples were
scanned with 60 kV and 140 pA. CTAn (Bruker micro-CT, BE)
was used for all image processing and quantification of
mineralized tissue based on automatic Otsu segmentation,
3D space closing, and despeckle algorithm. The percentage
of mineralized tissue was calculated with respect to the total
explant volume. CTvox (Bruker micro-CT, BE) was used to

create 3D visualization.

Histology and immunohistochemistry

Microtissues were flushed out, fixed in 2% PFA overnight,
mixed in 3% agarose, dehydrated, and embedded in paraffin
overnight. Ectopic explants were fixed in 4% PFA for 4h,
decalcified in ethylenediaminetetraacetic acid in PBS (pH 7.5)
for 10 solution changes at 4°C, dehydrated, embedded in paraffin
overnight, and sectioned at 5 uM thickness.
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For safranin O (Sigma) staining, sections were deparaffinized
and dehydrated, counterstained with hematoxylin (Merck, cat
6,525) for 1 min, briefly dipped in acid alcohol (1% HCL in 70%
EtOH), rinsed in water, stained with 0.03% Fast Green
(KLINIPATH, cat 80,051), and then dipped in 1% glacial
acetic acid followed by 7-min staining in 0.25% safranin O
(KLINIPATH, cat 640,780). Then the samples were washed in
tap water, dehydrated with an ethanol series, cleared in
Histoclear, and mounted on Pertex for microscopy imaging.
of
compartment, and bone regions was done through Ilastik

Explant  quantification cartilage, bone  marrow
pixel classification (Berg et al, 2019) on three different
sections of each explant, with four explants per condition. The
explant maturation score was calculated as follows:
Score = (%bone + Y%marrow compartment)/ (100 + %cartilage).
A fully mature ossicle containing only bone and marrow will score 1,
while an explant containing only (fibro) cartilage will score 0.
For Collagen type 2 al immunostaining, sections were
deparaffinized, followed by 15min antigen retrieval using
1 mg/ml pepsin in 0.2 M HCL. Quenching was performed in
3% H202 for 10 min, followed by 30 min of blocking in 5% BSA
in PBST. The primary anti-collagen 2 antibody (Merck Millipore,
AB761, dilution 1:20) was incubated overnight. Samples were
blocked for 40 min in 5% BSA in PBST and incubated for
30 min with a secondary HRP-conjugated antibody (Jackson
ImmunoResearch, 111-035-003, dilution 1:500). Staining was
performed using 3,3'-diaminobenzidine (DAB) (K3468, Dako,

United Staes).

DNA and RNA analysis

In total, 300 pooled microtissues (n = 4) were gently flushed
out from their microwells at different time points and centrifuged
to separate microtissues from the conditioned medium. The
conditioned medium was aliquoted, frozen in liquid nitrogen,
and stored at —80°C. Microtissues were lysed in 350 uL RLT
lysis buffer (Qiagen, Germany) supplemented with 3.5 pL -
mercaptoethanol (Sigma Aldrich, Germany), vortexed, and
stored at —80°C. The Quant-iT dsDNA HS kit (Invitrogen) was
used to quantify the DNA content from cell lysate, according to the
manufacturer’s protocol. RNA was isolated from the lysate using
the RNeasy Mini Kit (Qiagen), according to the manufacturer’s
protocol, and quantified using NanoDrop 2000 (Thermo Fisher
Scientific). cDNA libraries were generated using the Lexogen
QuantSeq FWD Sample Preparation Kit. Libraries were
sequenced on the Illumina HiSeq4000 sequencing system.

Bioinformatic analyses

Single-strand sequences were aligned to the Homo sapiens
GRh37 reference genome using STAR v.2.7.9a (Dobin et al,
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2013). Gene counts were obtained using the Subread package
(Liao etal., 2013). DESeq2 v.1.26.0 (Love et al., 2014) was used to
normalize the data and determine differentially expressed genes
(based on log-fold change > 1 and adjusted p-value < 0.05).
Differential expression was calculated using the likelihood ratio
test as outlined in the DESeq2 documentation (Love et al., 2014).

Following the likelihood ratio test, the 500 most significant genes
were selected and subdivided into up genes in CM or xfCM. For each
set, an enrichment analysis of biological_processes_2021 and
KEGG_pathways_2021 performed  through  EnrichR
(Kuleshov et al., 2016) to select relevant databases and significant

was

gene ontology terms (adjusted p-value < 0.05). The time lapsed
enrichment scores for gene ontology terms of interest were calculated
as described by Tirosh et al. (2016). Here, the samples were scored
based on the average normalized expression of the genes within a
gene set of interest. From this, the enrichment score of randomly
selected control genes with similar expression levels are subtracted.
These control gene sets were defined by first binning all genes into
24 bins of aggregate expression level and then, for each gene in the
gene set of interest, randomly selecting 100 genes from the same
expression bin as that gene. In this way, the control gene sets have a
comparable distribution to the gene set of interest and the control
gene set is 100 times larger, such that the score for the gene set of
interest is analogous to averaging over 100 randomly selected gene
sets as the gene set of interest. The score was set to range from zero,
meaning no enrichment compared to random sets of genes with
similar expression, to one, reflecting the highest average expression of
all genes within the gene set of interest. This is a repurposing of the
AddModuleScore() function found in Seurat v3 (Stuart et al., 2019)
toward bulk RNA-seq data processed with DESeq2.

Statistics

All statistical analyses were performed using standard
functions in R (R core team). Statistical significance was
defined at p < 0.05. Comparing two means was done through a
two-sided, unpaired t-test. For non-normal data, a Wilcoxon test
was performed. For multiple comparisons, a two-way ANOVA
followed by Tukey’s post hoc test was used. Data is presented as
mean and standard deviation from four samples. Symbols used are
*p < 0.05, **p < 0.01, **p < 0.001, and ****p < 0.0001.

Results

Xeno-free medium generates smaller but
less motile and more homogenous
microtissues

Here, we differentiated hPDCs as 3D microtissues in an

established chondrogenic medium (Mendes et al., 2016; Nilsson
Hall et al., 2019; Nilson Hall et al, 2021) (CM) versus a xeno- and
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lipid-free chondrogenic medium (xfCM) containing the same
growth factors, but no bovine serum or fatty acids. We used the
commercially available Aggrewell™800 24-well platform where
we dropseeded 1,000 cells per microtissue at 150,000 cells/mL.

As seen in Figure 1, microtissues cultured in both media have
distinct morphological characteristics during long-term culture.
Compared to CM, xeno-free microtissues are smaller, less
variable in terms of size (Figure 1G) on day 7, and contain
fewer cells as seen by both DNA and RNA content (Figures
1B,C). However, there is more DNA per area, indicating a lower
amount of extracellular matrix per cell (CM: 0.0509 + 0.008 ng/pum*
versus xfCM: 0.0748 + 0.009 ng/pum? p = 0.008) (Supplementary
Figure S1).

During 21 days of culture, 98 + 1.5% of the microtissues
cultured in xfCM remained in their microwells, resulting in a
homogenous microtissue population. In contrast, microtissues
cultured with BSA and LA grew larger during the first week and
by day 21 only 21 + 15% remained in their microwells, whereas the
remainder spontaneously fused into larger tissues (Figure 1A,D-F).

The histological analysis shows the production of an
extracellular matrix (ECM) in both conditions with deposition
of glycosaminoglycans (GAGs) (Figure 1D) as well as collagen
type 2 (Figure 1E). Microtissues in xfCM are more homogenous
in their GAG distribution compared to CM microtissues.
However, microtissues in CM deposit more ECM per cell
(Supplementary Figure S1).

Both chondrogenic media generate in vivo
ectopic bone ossicles

The two media formulations are chondrogenic media
containing the same experimentally defined growth factors.
The combination of BMP2, BMP6, GDF5, bFGF2, and TGEF-
1 has been validated on multiple occasions (Mendes et al., 2016;
Nilsson Hall et al., 2019). Also, the addition of ROCK inhibitor
(Woods et al., 2005; Mendes et al., 2016), ascorbic acid (Heng
et al., 2004; Akiyama et al, 2006; Temu et al, 2010),
dexamethasone (Heng et al, 2004; Langenbach and
Handschel, 2013), L-proline (Patriarca et al, 2021), and ITS
(Fitzsimmons et al., 2004; Liu et al., 2014) have proven beneficial
effects on the differentiation potential and health of periosteum-
derived cells. As we saw significant changes in microtissue
whether
medium formulations

needed to
the
preserved the bone formation capacity upon implantation in

morphology, we investigate our

adaptations to chondrogenic
vivo. Microcomputed tomography (LCT) showed explants from
both conditions with a full or partially mineralized cortical shell,
as well as some mineralized regions inside an unmineralized
internal space (Figures 2A,B). There was no difference in the
percentage of mineralization or the thickness of mineralized
tissue, but explants from CM were more variable and larger
2C-E). Through

compared to xfCM explants (Figures
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with safranin

Haematoxilin, we could see full bone marrow compartments,

histochemical  staining O/Fastgreen/
including some remains of mineralized cartilage and trabecular
bone. Quantification of those regions showed no differences,

which leads to identical ossicle maturation scores.

Bulk RNA sequencing reveals different
ratios of endochondral and
intramembranous ossification

While the quality of engineered bone seems similar for both
conditions, it can be generated through a combination of direct
and indirect ossification (Colnot, 2009). In fracture repair, a
broad distinction is made between a non-displaced fracture and a
full fracture with high displacement. Full fractures are more
complex, less stable, and have a strong initial inflammatory phase
leading to proliferation and the onset of endochondral
ossification to heal the bone defect through a cartilage
template. In contrast, non-displaced fractures are less
complex, more stable, and can typically be healed to a higher
degree through direct or intramembranous ossification. While
the reality is often somewhere in between, the two extremes have
distinct transcriptional signatures (Coates et al., 2019).

We performed bulk RNA sequencing of microtissues
cultured in CM and xfCM at 5h, 7, 14, and 21 days of
differentiation. The 500 most differentially expressed genes
(DEGs) between both conditions at any time point compared
to the start of the treatment were divided in those upregulated in
CM or xfCM. Gene ontology and KEGG pathway enrichment
analysis in CM (Figures 3A,B) showed a high amount of
glycolytic metabolism-related terms, terms related to hypoxia
and angiogenesis, glycosaminoglycan synthesis, and cholesterol
metabolism: all previously found in full fracture models (Tsiridis
and Giannoudis, 2006; Kolar et al., 2011; Coates et al., 2019).
Interestingly, CM was also enriched in steroid and estrogen
pathways as well as protein digestion and absorption pathways.

In xfCM (Figures 3C,D), gene Ontology enrichment analysis
showed more terms related to bone development and endochondral
ossification, but also smooth muscle cell recruitment. KEGG
pathway enrichment showed increased Wnt, PTH, and AGE-
RAGE signaling, supporting osteoblast maturation, accelerated
fracture healing, and osteoclast activation (Einhorn and
Gerstenfeld, 2015; Wang et al., 2017a; Plotkin et al., 2019). Also,
in xfCM, which is also deprived of linoleic acid, the FOXO signaling
pathway is enriched (van Gastel et al., 2020).

The enrichment analysis is typically performed on a selection
of variable genes for single timepoints or to directly compare
conditions. However, microtissues created in CM or xfCM show
a time-dependent phenotypical difference that increased over
time (Figure 1). Therefore, we performed a principal component
analysis (PCA) (Figures 3E,F) showing near-identical gene
expression at the early 5 h timepoint. By day 7, the conditions
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start to differ and branch out, leading to high transcriptional
differences on day 14 and day 21.

To evaluate the time dependence of gene ontology terms
and KEGG pathways, we adjusted the geneset scoring
system®. Here, the samples were scored based on the
normalized expression of each gene in a gene set of
interest. The score was set to range from zero, meaning no
enrichment compared to random sets of genes with similar
expression, to one, reflecting the highest average expression
of all genes within the gene set of interest.

As shown in Figures 3G-J, time-series geneset scoring shows
that indeed few differences are found before day 7, and both
conditions show a stable increase of endochondral bone growth
genes. Yet, on day 14, CM microtissues have a peak of chondrocyte
differentiation, osteoblast differentiation, and ECM assembly
genes that decreases again towards day 21. In contrast,
microtissues in xfCM decrease their ECM assembly genes
earlier from day 7 and have less chondrocyte differentiation at
day 14, but a higher score of osteoblast differentiation genes.

Discussion

Developmental engineering strategies employ microtissues as
building blocks for the engineering of larger living and functional
tissue implants. They show promising advances, yet the
manufacturing of cell-based tissue-engineered products is
hampered by the complexity of the protocols including the
use of animal components during cell differentiation. In this
study, we compared an established chondrogenic differentiation
medium (CM) to a xeno- and lipid-free chondrogenic medium
(xfCM) containing the same growth factors, but no bovine serum
albumin or fatty acids.

Culture in CM resulted in batches with a less homogenous
size distribution of microtissues as compared to the condition
cultured in xfCM. Microtissues cultured in CM were larger and
tended to move out of their microwells and their containment
when cultured longer than 7 days. As time progressed, the yield
of single, non-fused, microtissues decreased. Instead, in many
batches, single spheroids gave way to large, irregular-shaped
tissues by spontaneous fusion. In contrast, xfCM microtissues
were smaller, more homogenous, and resulted in an overall yield
of 98 + 1.5% microtissues that remained in their microwell for
21 days. This is an interesting observation that could have
implications on avoiding batch failures especially when scale-
up of this process is taken into account. Uncontrolled fusion of
microtissues might affect the diffusion of oxygen, nutrients, and
growth factors (Murphy et al., 2017; Nilson Hall et al, 2021)
affecting the quality of the resulting tissue modules and the
critical quality profile of the implant as an end tissue product
(Mosaad et al., 2018).

The DNA and RNA increase during the first 7 days was
significantly lower in xfCM, and the DNA to area ratio was
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higher. Our results indicate a lower stimulation of cell
proliferation resulting in a lower cell number per batch. This
can be explained by a difference in nutrient availability as linoleic
acid and albumin can serve as a source of energy and amino acids.
Alternatively, albumin depletion can decrease the bioavailability
of cytokines that have a short half-life or are poorly soluble
(Kumorek et al., 2015). In addition, we observed a higher amount
of ECM per cell present in microtissues grown in the CM
medium (Prein et al,, 2016; Sarem et al., 2019). Yet, the
extracellular matrix contains both GAGs and collagen type
2 in both conditions, thus confirming the creation of a
cartilaginous structure. Chondrocytes do not depend on
exogenous lipids, but osteoblasts and progenitor cells do have
active fatty acid oxidation (van Gastel et al., 2020). Therefore, a
high lipid availability in CM could induce an early activation of
the progenitor cell population leading to more proliferation and
larger microtissues, while xfCM retains this cell population that
later contributes to bone formation in vivo. Despite the
differences observed in terms of in vitro quality aspects of the
cartilaginous organoids, both protocols generated implants that
were able to form ossicles upon subcutaneous implantation. The
quality of the formed bone is excellent in both cases, with the
presence of critical components such as the cortical bone,
trabecular  bone, and large  vascularized marrow
compartments. In both cases, no contaminating fibrous tissue
compartment was observed but low amounts of remaining
cartilage tissue were observed. This indicates a high degree of
cartilage to bone transition and remodeling, leading to high
maturation scores (Nilson Hall et al, 2021; Pigeot et al.,, 2021).

The

differentiation shows that both chondrogenic media induce

transcriptome analysis of microtissues during
“endochondral bone growth”, but as time progresses xfCM
spheroids showed a higher degree of osteogenic differentiation
while CM tissues show a longer chondrogenic differentiation and
maturation period. A longer chondrogenic period would lead to
more ECM production, and thus to larger implants. This trend
was confirmed by the sequencing data, showing higher
chondrocyte differentiation at day 14, and overall higher ECM
assembly at day 14 and 21 in CM spheroids.

These differences could be also attributed to the cellular
composition of the initial hPDC population, which is a cell
population containing osteo- and chondroprogenitors as well
as other cellular subtypes (Stich et al., 2017; Duchamp De
Lageneste et al., 2018; Bolander et al., 2020). Potentially the
lack of albumin and fatty acids in the differentiation media
might affect the differentiation kinetics or composition of
differentiated cells in the end tissue product. Both linoleic
acid and bovine serum albumin can have a multitude of
effects on cellular signaling, growth factor bioavailability,
and nutrient availability that can lead to the observed
effects (Pereira et al., 2008; Francis, 2010; Jung et al., 2012;
Bastiaansen-Jenniskens et al., 2013; Villalvilla et al., 2013; van
Gastel et al., 2020). We hypothesized that the different media
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might promote different subpopulations in the inherently
variable starting population of autologous periosteum-
derived cells, including osteo- and chondroprogenitors as
well as other cellular subtypes (Stich et al., 2017; Duchamp De
Lageneste et al, 2018). Small signaling proteins are
notoriously instable (Ren et al, 2020), so BSA could
increase the duration of bioavailability of added growth
factors. CM could then promote a stronger component of
proliferating chondroprogenitor cells that produce more
ECM. A lower availability in xfCM would then lead to less
proliferation in the chondroprogenitors and a relatively
higher ratio of osteoprogenitors. As a result, xfCM
promotes the production of a smaller quantity of similarly
composed ECM. Therefore, the necessary requirements for
ECM composition and cellular components to create ectopic
bone through endochondral bone formation are met in both
conditions. This difference could potentially be compensated
by optimizing the use of growth factor availability through
recombinant technologies (Ren et al., 2020) or alternative
release technologies (Wang et al., 2017b).

The use of xfCM decreases the matrix volume output per cell,
but it also increases protocol robustness and building block
homogeneity. Furthermore, it allows the integration of on-line
non-invasive quality controls for both the manufacturing process
through bright-field imaging and the biological process through
the investigation of the secreted proteome with a high signal to
noise ratio (Power et al., 2020; Wang et al., 2022). While the
creation of adequate engineered tissue volumes is a recognized
challenge in tissue engineering (De Pieri et al., 2021), this robust
bottom-up approach could be compatible in the future with a
controlled automated manufacturing process (Heathman et al,,
2015; Doulgkeroglou et al., 2020).

In conclusion, we envisage that this xeno- and lipid-free
chondrogenic medium is compatible with industrial scale-out
and automation, while facilitating the implementation of non-
invasive quality control mechanisms related to imaging and
protein quantification.
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