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Abstract: Autologous chondrocyte implantation (ACI) for the treatment of articular cartilage defects
remains challenging in terms of maintaining chondrogenic phenotype during in vitro chondrocyte
expansion. Growth factor supplementation has been found supportive in improving ACI outcomes
by promoting chondrocyte redifferentiation. Here, we analysed the chondrogenic growth factor
concentrations in the human blood-derived secretome of Hypoxia Preconditioned Serum (HPS) and
assessed the effect of HPS-10% and HPS-40% on human articular chondrocytes from osteoarthritic
cartilage at different time points compared to normal fresh serum (NS-10% and NS-40%) and FCS-10%
culture conditions. In HPS, the concentrations of TGF-beta1, IGF-1, bFGF, PDGF-BB and G-CSF were
found to be higher than in NS. Chondrocyte proliferation was promoted with higher doses of HPS
(HPS-40% vs. HPS-10%) and longer stimulation (4 vs. 2 days) compared to FCS-10%. On day 4,
immunostaining of the HPS-10%-treated chondrocytes showed increased levels of collagen type II
compared to the other conditions. The promotion of the chondrogenic phenotype was validated with
quantitative real-time PCR for the expression of collagen type II (COL2A1), collagen type I (COL1A1),
SOX9 and matrix metalloproteinase 13 (MMP13). We demonstrated the highest differentiation
index (COL2A1/COL1A1) in HPS-10%-treated chondrocytes on day 4. In parallel, the expression
of differentiation marker SOX9 was elevated on day 4, with HPS-10% higher than NS-10/40% and
FCS-10%. The expression of the cartilage remodelling marker MMP13 was comparable across all
culture conditions. These findings implicate the potential of HPS-10% to improve conventional
FCS-based ACI culture protocols by promoting the proliferation and chondrogenic phenotype of
chondrocytes during in vitro expansion.

Keywords: autologous chondrocyte implantation; chondrocytes; dedifferentiation; peripheral blood
cells; blood-derived therapy; hypoxia; hypoxia preconditioned serum; osteoarthritis; cartilage defect;
regenerative medicine

1. Introduction

Articular cartilage facilitates movement of the joint by creating a lubricating and
smooth surface [1]. The chondrocyte, a specific cell type within this avascular tissue, has a
limited capacity for regeneration after injury [2]. Without immediate treatment, chondral
defects can progress into larger lesions and eventually cause osteoarthritis (OA) [3]. As of
2019, global estimates suggest that up to 250 million people are affected by OA, with rising
healthcare and socioeconomic costs [4].

Int. J. Mol. Sci. 2023, 24, 10441. https://doi.org/10.3390/ijms241310441 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms241310441
https://doi.org/10.3390/ijms241310441
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0001-7078-3715
https://orcid.org/0000-0001-7022-1069
https://doi.org/10.3390/ijms241310441
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms241310441?type=check_update&version=1


Int. J. Mol. Sci. 2023, 24, 10441 2 of 16

One method of treating deep focal chondral defects of medium to large size (>2 cm2)
is autologous chondrocyte implantation (ACI) [2,5]. ACI is a procedure that involves
expanding and implanting autologous articular chondrocytes harvested from the cartilage
of a non-load-bearing joint location [2,5]. The cartilage tissue created by ACI is stable and
has led to satisfactory clinical results [6]. Nevertheless, yielding an adequate amount of
chondrocytes is difficult due to the small biopsy volume, donor site morbidity, and the
limited capacity for chondrocyte proliferation [7]. Furthermore, articular chondrocytes
are predisposed to dedifferentiate towards a fibroblast-like phenotype during ACI in vitro
monolayer expansion [7]. In this process, the expression of cartilage-specific collagen
type II (COL2A1) decreases and fibrous collagen type I (COL1A1) expression increases [8].
Strategies to prevent dedifferentiation and promote chondrogenic redifferentiation include
culture supplementation with exogenous growth factors [9,10], three-dimensional culture
in biomaterials (alginate or collagen type I and/or type II) [11,12] and applying biophysical
stimuli (mechanical loading and oxygen tension) [13,14]. In this context, the stimulating
capabilities of growth factors have been the subject of intense research, and the following
were discovered to promote chondrocyte proliferation and differentiation: TGF-beta (trans-
forming growth factor-beta), IGF-1 (insulin-like growth factor-1), bFGF (basic fibroblast
growth factor), PDGF-BB (platelet-derived growth factor BB), G-CSF (granulocyte colony-
stimulating factor) and Leptin [12,15–17]. Among those biomolecules, TGF-beta and IGF-1
are fundamental components of signalling pathways for cartilage maintenance and regen-
eration, and both play crucial roles in cartilage engineering techniques [18,19]. However,
recombinant growth factor supplementation comes at a high cost and the limitation of
yielding sufficient chondrocytes during in vitro expansion remains [7,20]. Platelet-derived
products were investigated as alternative supplementation in chondrocyte cultures due
to their enriched growth factor proteins [9,21–23]. As such, Platelet-rich Plasma (PRP)
demonstrated positive effects on chondrocytes regarding proteoglycan and collagen pro-
duction, cell proliferation, and redifferentiation in vitro, as well as clinical improvement
with intraarticular PRP injections for patients with degenerative joint diseases [3,9,14,24,25].

From a broader perspective, blood-derived growth factor preparations present a
promising strategy of providing an accessible source of biologically complete secretomes
and have attracted high interest in the field of regenerative medicine [26–28]. In order
to advance the development of autologous growth factor preparations, we invented a
newer technique using hypoxic preconditioning of peripheral blood cells (PBCs) to induce
regenerative cytokines. PBCs are a natural source of physiological regeneration signals,
which can be obtained by applying a particular stress-induced treatment (such as hypoxia).
In this process, PBCs release biomolecules, e.g., VEGF (vascular endothelial growth factor),
bFGF, PDGF-BB, into the serum compartment, which can then be filtered from blood
cells (hypoxia preconditioned serum: HPS) [28–33]. As a result, HPS appears to be a
promising candidate for promoting self-regeneration. In fact, we have demonstrated
through a number of in vitro studies that HPS promotes various regeneration processes,
including angiogenesis [28–30,32,34–36], lymphangiogenesis [37,38], fibroblast proliferation
and migration [30,31,39,40], and wound healing by topically administering HPS via a
hydrogel-carrier method [28,41]. Notably, there was no reduction in the angiogenic activity
of HPS obtained from individuals receiving oral anticoagulation due to underlying vascular
disease or those suffering from type 1 and type 2 diabetes [42]. Recently, we also effectively
demonstrated the ability of HPS to promote osteoblast proliferation, migration and matrix
deposition [43]. Therefore, the hypoxia-induced secretome of PBCs offers a novel method
of promoting different tissue regeneration, while its effect on chondrocytes is still unknown.

Until today, ACI’s technical requirements still face the dilemma of chondrocytes’ ded-
ifferentiation with higher cell passage versus the need for redifferentiation to preserve
the ability to form cartilage tissue [7]. Based on the regenerative potential of HPS, we
hypothesize that its supplementation to chondrocyte culture media can prevent or reverse
dedifferentiation while maintaining appropriate cell proliferation during in vitro mono-
layer expansion and thus refine current ACI protocols. To verify this hypothesis, we first
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quantified the levels of key chondrogenic growth factors in HPS and then applied HPS of
two concentrations (10% and 40%) on human articular chondrocytes from osteoarthritic
cartilage. After 2 and 4 days of HPS treatment, chondrocyte proliferation, collagen type II
synthesis, and the gene expression of chondrogenic markers were analysed.

2. Results
2.1. Quantitative Analysis of Chondrogenic Growth Factors in HPS

Characterization of HPS regarding chondrogenic growth factors was performed
by quantitative measurement of TGF-beta1, IGF-1, bFGF, PDGF-BB, G-CSF and Lep-
tin (Figure 1). In comparison to NS, we found significantly higher levels of TGF-beta1
(p < 0.001), IGF-1 (p < 0.001), bFGF (p < 0.001), PDGF-BB (p = 0.002) and G-CSF (p = 0.04) in
HPS. Leptin was significantly lower in HPS than in NS (p = 0.02).
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Figure 1. Quantitative analysis of chondrogenic growth factors in HPS and NS. (A) TGF-beta1,
(B) IGF-1, (C) bFGF, (D) PDGF-BB, (E) G-CSF and (F) Leptin. The blood samples for each HPS and NS
are from the same donor; blood donors: n = 10, paired t-test. Data points are means ± SEM. * p < 0.05,
** p < 0.01, *** p < 0.001.

2.2. The Effect of HPS on Chondrocyte Proliferation and Metabolic Activity

We assessed the effects of HPS on proliferation and metabolic activity of human
chondrocytes by cell counting and Alamar Blue assay. The beneficial HPS concentration
was determined by analysing two HPS-dilutions (HPS-10% and HPS-40%) after 2 and
4 days of stimulation and comparing them to corresponding dilutions of NS. Here, we
found a significant increase in cell numbers after 2-day stimulation by HPS-10% (2.4×) and
HPS-40% (2.8×) compared to controls (p = 0.009 and p = 0.0013, respectively) (Figure 2A).
Cell numbers of HPS-10/40%-treated chondrocytes were higher than their corresponding
NS, but not significantly. HPS-10/40% and NS-10/40% stimulation for 4 days resulted, time-
dependently, in higher chondrocyte proliferation compared to their corresponding 2-day
stimulation (p = 0.02, p < 0.001, p = 0.04 and p < 0.001, respectively). On day 4, the number
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of chondrocytes stimulated with HPS-40% was 1.4× higher than with HPS-10% (526.7
vs. 382.3, p = 0.02), indicating that HPS also promotes proliferation in a dose-dependent
manner. A significant increase in cell numbers after 4 days of HPS-10% (2.8×) and HPS-40%
stimulation (3.9×) compared to controls was observed (382.3 vs. 135.7, p = 0.009 and
526.7 vs. 135.7, p = 0.001, respectively). Here again, cell numbers of HPS-10/40%-treated
chondrocytes were higher than their corresponding NS, but not significantly.
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Figure 2. The effect of HPS on human chondrocyte proliferation and metabolic activity. Chondrocytes
were stimulated by HPS-10/40% compared to NS-10/40% (pooled from ten blood donors) and
FCS-10% (control) for 2 and 4 days. (A) Plot showing cell counts of chondrocytes per microscope field.
HPS promotes cell proliferation in a time- and dose-dependent manner. (B) Cell metabolic activity
analysed with Alamar Blue assay measured in optical density (OD). Two-way repeated-measures
ANOVA with Tukey’s multiple comparisons test. Data points are means ± SEM, chondrocyte donors:
n = 3. For each chondrocyte donor, the mean of triplicates was calculated. Capital letter pairs
over plots indicate statistical comparison of corresponding data points. For all pair comparisons,
* = p < 0.05, # = p < 0.01, + = p < 0.001, : = p < 0.0001.

Cell metabolic activity assessed with Alamar Blue assay showed the highest optical
density (OD) values with HPS-40% stimulation on day 4 (Figure 2B). This was significantly
higher than the conditions with 2 days of HPS-40% (p < 0.0001) and 4 days of HPS-10%,
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NS-10%, NS-40% stimulation and FCS-10% controls (p = 0.01, p = 0.004 and p < 0.001,
respectively).

2.3. Macroscopic Cell Appearance and Immunofluorescence Analysis of Collagen Type II

To assess the chondrogenic phenotype status, cultured chondrocytes were first anal-
ysed morphologically and by collagen type II immunofluorescence staining. Here, we
observed an elongated/spindle-shaped cell appearance in all culture conditions on day
2 with a phase contrast microscopy (Figure 3A). Upon further proliferation until day 4,
cell density and cell–cell contact started to increase. In this process, certain areas could be
identified, where cells regained a more polygonal-shaped morphology of chondrocytes.
This morphological switch was mostly apparent with HPS-10% stimulation. In contrast,
FCS-10% chondrocyte cultures remained at a low density after 4 days of stimulation and
kept a spindle-shaped morphology.
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microscopy of chondrocytes. (B) Immunofluorescence images of collagen type II (green) for the
identification of chondrocytes counterstained with DAPI (blue). Scale bar = 50 µm. (C) Corrected Total
Cell Fluorescence (CTCF) per unit area based on the collagen type II immunostaining depicted in (B).
Two-way repeated-measures ANOVA with Tukey’s multiple comparisons test. Data points are means
± SEM, chondrocyte donors: n = 3. For each chondrocyte donor, three images per treatment condition
were analysed at each time point. Capital letter pairs over plots indicate statistical comparison of
corresponding data points. For all pair comparisons, * = p < 0.05, # = p < 0.01, : = p < 0.0001.

Immunostaining with collagen type II revealed a deeper insight into the chondrogenic
phenotype status. On day 2, we detected various numbers of collagen type II-negative cells
in different groups, as displayed by DAPI staining with no green fluorescence (Figure 3B).
Here, immunofluorescence analysis showed higher signal intensities in HPS-10%- and NS-
10%-treated cells than in FCS-10% controls (p = 0.0012 and p = 0.04 respectively) (Figure 3C).
From 2 to 4 days of stimulation, signal intensities in HPS-10% and HPS-40% conditions
increased significantly by 1.5× (p = 0.0013) and 1.4× (p = 0.044), respectively. On day 4,
HPS-10%-treated chondrocytes showed the highest signal intensities, up to 2.2× higher
in comparison to all other conditions. Here, numerous cells treated in NS-10/40% and
FCS-10% were observed with weak/no fluorescence (Figure 3B).

2.4. The Effect of HPS on Chondrocyte Differentiation

In the next series of chondrogenic phenotype assessment following different cul-
ture conditions, gene expressions of differentiation (COL2A1, SOX9), dedifferentiation
(COL1A1) and cartilage remodelling (MMP13) were quantified. For COL2A1, we found
up to 3.4× higher expression in HPS-10% on day 4 compared to other culture conditions;
however, this was not significant (Figure 4A, p > 0.05). For COL1A1, HPS-10% and HPS-40%
already showed significantly lower expression levels on day 2 in comparison to FCS-10%
(Figure 4B, p = 0.017 and p = 0.012, respectively). On day 4, COL1A1 expression in HPS-10%-
treated cells decreased by 93.9% additionally, while HPS-40%-treated cells maintained their
low expression levels. The chondrogenic differentiation index (COL2A1/COL1A1) was
then calculated to detect chondrogenic dedifferentiation/redifferentiation processes follow-
ing the different culture conditions. Here, HPS-10% displayed a significant chondrogenic
redifferentiation potential, up to 53.3× higher after 4 days compared to 2 days of culture
(p < 0.0001) and to other culture conditions at 4 days (p < 0.0001) (Figure 4C). Regarding
the chondrogenic differentiation marker SOX9, HPS-10% increased SOX9 expression from
day 2 to day 4 by 1.5×, but not significantly (p = 0.22). On day 4, HPS-10%-treated chon-
drocytes exhibited significantly higher expression of SOX9 than NS-10%-, HPS-40%- and
NS-40%-treated cells (p = 0.002, p = 0.018 and p < 0.001, respectively). MMP13 expression
was determined to assess the effects on cartilage remodelling. Here, we detected relatively
higher levels of MMP13 expression on day 4 in HPS-10%/40%-treated cells compared to
other conditions, but this was not significant (Figure 4E, p > 0.05).
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Figure 4. Gene expression of chondrogenic markers in human chondrocytes treated with HPS-10/40%
compared to NS-10/40% (pooled from ten blood donors) and FCS-10% (control) after 2 and 4 days of
stimulation. (A) Collagen type II (COL2A1), (B) collagen type I (COL1A1), (C) differentiation index
(COL2A1/COL1A1), (D) SOX9 and (E) MMP13. Relative expression was normalized to GAPDH
(dCT-method). Two-way repeated-measures ANOVA with Tukey’s multiple comparisons test. Data
points are means ± SEM, chondrocyte donors: n = 3. For each chondrocyte donor, the mean of trials
in triplicate was calculated. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

3. Discussion

Treatments for cartilage defects have advanced dramatically in recent years, including
the ACI approach [44]. Currently, the high cost of purified, genetically engineered growth
factors, which are required for cellular expansion and differentiation, severely challenges
the clinical use of modern ACI techniques [45]. We invented a novel and cost-effective
method with HPS by harnessing a comprehensive set of growth factors released through
hypoxia preconditioning of PBCs into the serum compartment. Its effect on chondrocytes
was investigated in this study and compared to normal fresh serum (NS) and FCS-10%
(control). Since we had previously established the safety and efficacy of HPS-10% and
-40% in in vitro angiogenesis, lymphangiogenesis, osteogenesis, and in vivo skin regenera-
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tion [28,29,32,33,35,37,38,40–43], we adopted the same concentrations for a dose-dependent
investigation. The results demonstrated a considerable chondrogenic response from HPS-
10% treatment, including chondrocyte proliferation and differentiation, most probably by
providing exogenous chondrogenic growth factors and upregulating chondrogenic gene
expressions in chondrocytes.

For the chondrogenic growth factor analysis of HPS, we demonstrated approximately
2× higher levels of TGF-beta1, IGF-1, bFGF, PDGF-BB and G-CSF compared to baseline NS
(Figure 1). Although Leptin is greatly influenced by the body mass index (BMI) and sex of
individuals [46], we interestingly measured a significant decrease in Leptin levels in HPS
in paired comparison to NS (Figure 1E). Leptin is described to promote proliferation and
differentiation of chondrocytes, but in the presence of an IL-1-rich environment, such as
in OA, it turns inflammatory and decreases the chondrogenic phenotype while increasing
apoptosis of chondrocytes [47]. In contrast, TGF-beta1, IGF-1, PDGF-BB and G-CSF inhibit
IL-1 induced catabolic inflammation and increase anabolism by upregulating the synthesis
of proteoglycan, aggrecan and collagen type II [17,48–50]. Similarly to HPS, PRP also
contains increased levels of TGF-beta1, IGF-1, bFGF, PDGF-BB and G-CSF [9,23,51,52] and
exhibited chondroprotection by downregulating inflammatory markers [53,54]. In this
regard, a potential anti-inflammatory effect of HPS on chondrocytes remains to be assessed
via endogenous IL-1 and TNF-alpha expression analysis of chondrocytes; furthermore, a
comparative evaluation of the chondrogenic growth factor composition between HPS and
PRP has to be conducted in future experiments.

It is paradoxical and simultaneously challenging to achieve sufficient cell numbers of
chondrocytes which have, per se, a limited proliferation capacity [2]. Therefore, the ability
to maintain the chondrogenic phenotype during chondrocyte expansion in current ACI
therapy is limited [7]. One solution to this issue involves supplementing specific growth
factors that aim to promote ‘redifferentiation’ from the dedifferentiated (proliferative) state
by mimicking the in vivo biomolecular microenvironment [12]. This strategy presupposes a
rather two-stage phenotype development in which cells initially proliferate/dedifferentiate
and subsequently redifferentiate to regain their chondrogenic-specific character [12]. In
terms of proliferation capacity, HPS-cultured chondrocytes proliferated more with a higher
HPS concentration (HPS-40% vs. HPS-10%) and longer cultivation time (4 d vs. 2 d). Inter-
estingly, increases in cell number and metabolic activity were not completely proportional
(Figure 2A,B). Given the fact that differentiated chondrocytes are at low metabolism and less
proliferative, while dedifferentiated cells are more metabolic active and proliferative [55],
we postulated from this standpoint that the highly proliferative and metabolically active
HPS-40%-treated cells may have dedifferentiated and lost their chondrogenic phenotype.

Cell morphology analysis can provide first insights into the chondrogenic phenotype,
as chondrocytes lose their distinctive cuboid/polygonal form and undergo a morphological
shift to fibroblasts during the dedifferentiation process [7]. On day 2, chondrocytes in all
conditions showed spindle-shaped morphology, indicating an extensive dedifferentiation
during the early proliferation stage (Figure 3A). As proliferation continued until day
4, in the HPS- and NS-treated conditions, areas of polygonal-shaped cells developed,
indicating a redifferentiated chondrocyte phenotype, while FCS-treated chondrocytes
remained in a spindle-shaped morphology (Figure 3A). Immunostaining of collagen type
II was consistent with cell morphology and showed an increase in fluorescence with the
appearance of polygonal-shaped cells (Figure 3B,C). In this regard, HPS-10% showed the
strongest collagen type II signal intensity of all culture conditions on day 4 (Figure 3B,C).
Conversely, NS and FCS culture conditions exhibited numerous collagen type II-negative
cells, suggesting the presence of dedifferentiated chondrocytes.

The promotion of chondrogenesis at gene expression level was verified through RT-
qPCR analysis of differentiation markers COL2A1 and SOX9, dedifferentiation marker
COL1A1 and cartilage remodelling marker MMP13. Here, we detected an up to 3.4×
higher COL2A1 expression in HPS-10%-treated chondrocytes after 4 days in comparison to
other conditions; however, this was not significant (Figure 4). More importantly, COL1A1
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expression diminished by 93.9% from day 2 to day 4 in HPS-10%-treated cells, resulting in
a differentiation index (COL2A1/COL1A1) up to 53.3× higher than the other conditions.
In parallel, SOX9 mRNA was significantly up to 13.1× higher in HPS-10%-treated cells
on day 4, which validates its chondrogenic phenotype. Interestingly, it appears that the
concentration of growth factors in HPS affect the chondrogenic phenotype and cell prolif-
eration differentially: HPS-40% elicited a 67.6% lower SOX9 expression and 87.9% lower
differentiation index than HPS-10%, which would indicate a dedifferentiated phenotype
status, while conversely, it promoted 1.4× higher proliferation than HPS-10% on day 4.
Nonetheless, when compared to the FCS-10% control, HPS-10% still promoted significant
chondrocyte proliferation by up to 2.8× on both days 2 and 4. Therefore, HPS-10% seems
to be beneficial in achieving sufficient chondrocyte numbers during in vitro expansion
while promoting redifferentiation of the chondrogenic phenotype. We hypothesize that
this is due to the dilution of anti-chondrogenic/dedifferentiating growth factors to a con-
centration where pro-chondrogenic factors come more to the forefront of action. This
“re-balancing” of growth factors was previously demonstrated by lower concentrations
of HPS-10%, which exhibited a greater regenerative effect than higher concentrations of
HPS-40% in lymphendothelial cell sprouting, vascular cell sprouting and osteoblast migra-
tion [28,35,37,43]. From another perspective, it would be intriguing to elucidate whether
HPS-40%-dedifferentiated chondrocytes can be redifferentiated with an interchange to
HPS-10% culture, since chondrocytes undergo reversible dedifferentiation when exposed
to greater doses of bFGF (as in HPS-40%) [12]. It has to be noted that MMP13 was increased
in HPS-10/40%-treated cells on day 4, but not significantly. MMP13 is a potentially destruc-
tive proteinase causing cartilage breakdown and its overexpression is associated with OA,
but it was also shown to play an essential role in physiologic cartilage remodelling [56].
Additionally, MMP13 is required for chondrocyte differentiation due to its involvement in
SOX9 expression [57]. This is consistent with our findings which indicated that upregula-
tion of SOX9 in HPS-10%-treated cells correlated with an increased trend towards MMP13
expression. Altogether, further investigations on the chondrogenic effect of more serial
HPS dilutions and assessing additional de-/differentiation markers, e.g., aggrecan and
collagen type X, would be of high interest in order to evaluate more precisely the impact of
HPS on chondrocyte differentiation and cartilage matrix production.

In comparison to studies of platelet-derived secretomes, PRP stimulated 2D mono-
layer proliferation as well, while also inducing redifferentiation via decreased COL1A1 and
increased COL2A1 expression [23,24], particularly in hypoxic 1% O2 culture conditions,
which resulted in 10× higher COL2A1 expression and COL2A1/COL1A1 differentiation
index in comparison to normoxia (20% O2) [9]. The benefit of hypoxia in chondrocyte cul-
ture is known to resemble the native anaerobic microenvironment in joints during cartilage
remodelling [58]. In such an environment, the hypoxia-inducible factor (HIF) is engaged
to increase chondrocyte metabolism, upregulate chondrogenic marker expression, and
promote matrix synthesis [58,59]. Whether HPS causes equivalent hypoxia signalling via
the HIF pathway in chondrocytes is still unknown. Similarly, the hypoxia preconditioned
media derived from mesenchymal stem cells (MSCs) also demonstrated pro-chondrogenic
effects by provision of soluble growth factors and more specifically by extracellular vesicle-
mediated microRNA delivery [60,61]. This hypoxia-stimulated paracrine mechanism may
also be involved in hypoxic preconditioning of PBCs and subsequently activate the related
chondrogenic signalling pathways in chondrocytes, however, further research is required.

As the ACI technique evolves, adaptions of the culture conditions (growth factors,
PRP), cell sources (MSCs, induced pluripotent stem cells, adipose-derived stem cells)
and application of scaffolds (natural, synthetic) have been developed [7]. The latter has
resulted in the development of the next-generation Matrix-assisted ACI (MACI), which
involves in vitro chondrocyte expansion in a native three-dimensional (3D) configuration.
This approach has been considered as more efficient than the simple 3D pellet culture
which is limited in clinical translation due to the small pellet size and difficulties in trans-
plantation [54]. In fact, the 3D matrix structure can also be created with HPS by adding
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thrombin/calcium/fibrinogen to form a fibrin matrix, in which chondrocytes can be seeded
for in vitro expansion. Our previous studies have already demonstrated the benefits of HPS
fibrin in terms of vascular endothelial cell angiogenesis [28,29,32]. It would be promising
to verify a pro-chondrogenic ability of HPS-fibrin on chondrocytes in further studies, par-
ticularly in comparison to Platelet-rich Fibrin (PRF), which has been shown to be effective
for chondrocyte implantation both in vitro and in vivo [62].

We acknowledge that the small size of chondrocyte donors (n = 3) is a limitation of
this study. However, relevant findings were obtained and the inter-donor variation was
reduced with the use of ten pooled blood donors.

4. Materials and Methods
4.1. Ethical Approval

This study was conducted as per the Declaration of Helsinki and the approval of the
ethics committee of the Technical University Munich, Germany (File Nr.: 49/21S; date
of approval: 27 January 2021). Informed consent was obtained from all blood donors
involved.

4.2. Production of Hypoxia Preconditioned Serum (HPS)

The production of HPS followed the protocol previously described by our group [28].
Ten healthy human donors, comprised of five females and five males, aged between 23 and
39, were involved. Exclusion criteria were the following: smoking, pregnancy, systemic
inflammatory diseases, and any oral medication taken within 6 weeks prior to blood
donation. Briefly, we collected 20 mL of the peripheral venous blood into a 30 mL syringe
(Omnifix®, B Braun AG, Melsungen, Germany), and added 5 mL of air through a 0.2 µm
filter (Sterifix®, B Braun AG, Melsungen, Germany). We sealed the syringe and placed it for
4 days at 37 ◦C in a widely available 5% CO2 incubator (the choice of CO2 amount has no
relevance). In this cultivation period, pericellular hypoxia (∼1% O2) is created by oxygen
consumption of the PBCs with a blood volume per unit area (BVUA) > 1 mL/cm2, as
previously demonstrated [32,34]. A top serum layer (HPS) was formed after 4 days by PBC
sedimentation and blood coagulation and was filtered (Sterifix®, B Braun AG, Melsungen,
Germany) into another syringe. The resulting HPS was stored in individual or pooled
aliquots at −80 ◦C until experimental testing, with a maximum storage time of 3 months.

4.3. Production of Fresh Normal Serum (NS)

The donors of NS were identical to those of HPS, as described in Section 4.2. For NS
production, we collected 20 mL of peripheral venous blood into 30 mL syringes (Omnifix®,
B Braun AG, Melsungen, Germany). The syringes stood upright for 4 h at room temperature
to allow simple sedimentation. The top serum layer (NS) was filtered (Sterifix®, B Braun
AG, Melsungen, Germany) into another syringe and was freshly frozen at −80 ◦C in
individual or pooled aliquots until experimental testing, with a maximum storage time of
3 months.

4.4. Cell Culture

The Primary Human Chondrocytes (HCH) isolated from osteoarthritic cartilage of the
hip joints from three male donors (58.33 ± 6.13 years) were purchased from PromoCell
(C-12750, PromoCell GmbH, Heidelberg, Germany). Cells were cultured in Chondrocyte
Growth Medium (C-27111, PromoCell GmbH, Heidelberg, Germany) containing Growth
Medium SupplementMix (C-39635, PromoCell GmbH, Heidelberg, Germany) and 1%
Antibiotic/Antimycotic Solution (ab/am) (100× solution with 10,000 units/mL penicillin
and 10 mg/mL streptomycin, BioReagent, Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany) at 37 ◦C and 5% CO2. All the following experiments were conducted at the
4–6th cellular passages. For the HPS/NS culture groups, the frozen HPS/NS were thawed
and diluted to a final concentration of 10% and 40% using DMEM (PAN-Biotech GmbH,
Aidenbach, Germany) and 1% ab/am. For the control medium, 10% FCS (Biochrom GmbH,
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Berlin, Germany) was prepared in DMEM with 1% ab/am. Culture media (HPS, NS and
the control media) were not changed over the course of each experiment.

4.5. Quantification of the Chondrogenic Cytokines

Respective ELISA (enzyme-linked immunosorbent assay) kits were used to quantify
the levels of chondrogenic cytokines (TGF-beta1, IGF-1, bFGF, PDGF-BB, Leptin and G-CSF)
in HPS and NS from individual donors (n = 10). The specific ELISAs (DY240 for TGF-
beta1, DY291 for IGF-1, DY233 for bFGF, DY220 for PDGF-BB, DY398 for Leptin, DY214
for G-CSF, DuoSet, Bio-Techne Ltd., Minneapolis, MN, USA) were performed following
the manufacturer’s instructions. OD was measured at a 450 nm wavelength using the
Mithras LB 940 Multimode Microplate Reader (Berthold Technologies GmbH & Co. KG,
Bad Wildbad, Germany).

4.6. Alamar Blue Metabolic Assay

The metabolic activity of chondrocytes was assessed using the Alamar Blue assay.
Chondrocytes were initially seeded on 96-well plates at a density of 15,000/cm2 in 200 µL
of the Chondrocyte Growth Medium per well and allowed to adhere overnight. On the
following day, media were changed to 200 µL of HPS/NS-10/40% (from ten pooled blood
donors) and FCS-10% and the chondrocytes were incubated for 2 and 4 days on separate
plates. At each timepoint, cell culture media were removed and replaced with 200 µL
of Alamar Blue solution (Resazurin, Sigma-Aldrich, St. Louis, MO, USA) diluted with
Chondrocyte Growth Medium at a ratio of 1:10. The plates were then incubated in the
incubator at 37 °C for 2 h. After incubation, 100 µL per well of the supernatant was
transferred to another 96-well plate. The optical intensity was measured with an excitation
wavelength of 560 nm, emission wavelength of 590 nm, and reference wavelength of 629 nm
using the Mithras LB 940 Multimode Microplate Reader (Berthold Technologies GmbH
& Co. KG, Bad Wildbad, Germany). For each chondrocyte donor (n = 3), the mean of the
trials conducted in triplicate was calculated.

4.7. Immunofluorescence Staining

The cultured chondrocytes were analysed by immunochemistry to detect the pro-
duction of type II collagen. Titration of the antibodies were performed to determine their
optimal concentrations. On day 2 and day 4, respectively, the samples were fixed with 3.7%
formaldehyde (AppliChem, Darmstadt, Germany) at room temperature for 20 min, fol-
lowed by washing with PBS (Pan Biotech, Aidenbach, Germany). Samples were preserved
at 4 ◦C until further processing, in which the fixed cells were washed three times with
PBS and blocked with a solution of 1% BSA (Sigma-Aldrich, Stockholm, Sweden) and 10%
normal goat serum (Abcam, Cambridge, UK) in PBS for one hour at room temperature. The
rabbit anti-human Col-II antibodies (ab34712, Abcam, Cambridge, UK) were then added
at 1:100 dilution with 1% BSA in PBS and were incubated overnight at 4◦C. The negative
controls were incubated with dilution buffer without primary antibodies. The next day,
the Alexa Fluor® 488-conjugated goat anti-rabbit IgG H&L antibodies (Abcam, Cambridge,
UK) were added at 1:500 dilution and were incubated at room temperature for 1 h. The
nuclei were counterstained using a 1:20,000 dilution of DAPI solution (D3571, Molecular
probes, Eugene, OR, USA) for a duration of 1 h. Finally, the samples were visualized and
imaged using an inverted fluorescence microscope (Zeiss Axio Observer Z1, Germany).

4.8. Quantification of Cell Number and Fluorescence Intensity

The quantification of cell number and fluorescence intensity was carried out using the
ImageJ software (version 1.52, National Institutes of Mental Health, Bethesda, MD, USA),
described previously in published methods [63,64]. In brief, DAPI-stained nuclei were
sharpened by bandpass filtering and visually identified on each image using threshold
settings. These threshold-processed nuclei were automatically recognized and counted
using the built-in “Analyze Particles” feature to obtain the cell number. For fluorescence
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intensity, ten cells were randomly selected, and their total fluorescence was quantified
using the built-in “Measure” tool. The final corrected cell fluorescence (CCF) was measured
as corrected total cell fluorescence (CTCF) per unit area (CTCF/pixel2):

CCF = (Integrated Density − (Area of cell × Mean fluorescence of background readings))/Area of cell. (1)

For each donor, three images per treatment condition were analysed at each time point.

4.9. Analysis of Gene Expression

Gene expressions of chondrogenic (COL2A1, SOX9), fibrous (COL1A1) and carti-
lage remodelling (MMP13) markers were evaluated by real-time quantitative reverse
transcription-polymerase chain reaction (RT-qPCR) for phenotype analysis. Glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) was selected as the reference housekeeping
gene for all gene expression analyses. On day 2 and day 4, the samples were lysed with
Buffer RLT lysis buffer (QIAGEN GmbH, Hilden, Germany) and stored at −80 ◦C until
further processing. The RNeasy Mini Kit (QIAGEN GmbH, Hilden, Germany) was used
to extract total RNA following the manufacturer’s instructions. The purity and concen-
tration of RNA were determined using a NanoDrop spectrophotometer (Implen GmbH,
Munich, Germany). The reverse transcription of RNA samples was performed using the
SensiFast cDNA Synthesis Kit (Meridian Bioscience, Cincinnati, OH, USA) according to
the manufacturer’s instructions with 500 ng of total RNA. The generated cDNA was used
in triplicates for RT-PCR reactions, with primers that span exon–exon boundaries used to
ensure cDNA-specific amplification. The qPCR was performed using the No ROX SYBR
MasterMix blue dTTP (Eurogentec, Lüttich, Belgium). Briefly, the sample was mixed with
the PCR mastermix and gene-specific primer mix in a 384-well plate (Fisher-Scientific,
Waltham, MA, USA) with a final primer concentration of 100 nM. The plate was sealed
and mixed by vortexing, followed by centrifugation at 2000× g for 5 min at 4 ◦C. The plate
was then placed in a Roche Light Cycler 480 II (Roche, Basel, Switzerland) and was run
with the following 3-step program: Carryover prevention at 50 ◦C for 2 min, denaturation
and activation at 95 ◦C for 5 min, followed by 40 cycles of denaturation at 95 ◦C for 10 s,
annealing at 62 ◦C for 20 s and extension at 72 ◦C for 30 s. Correct qPCR product size was
assessed by melting curve analysis and subsequent agarose gel electrophoresis. All data
were normalized to GAPDH and analysed using the dCT method. All primers are listed in
Table 1.

Table 1. Primer sequences.

Target Gene Primer Forward Primer Reverse

GAPDH CTCTGCTCCTCCTGTTCGAC ACGACCAAATCCGTTGACTC
COL2A1 GTGTCAGGGCCAGGATGT TCCCAGTGTCACAGACACAGAT
COL1A1 GGGATTCCCTGGACCTAAAG GGAACACCTCGCTCTCCAG

SOX9 TACCCGCACTTGCACAAC TCTCGCTCTCGTTCAGAAGTC
MMP13 TTTCCTCCTGGGCCAAAT GCAACAAGAAACAAGTTGTAGCC

4.10. Statistical Analysis

Data sets were analysed by paired t-test if two comparison groups are available. If
more than two groups are present, a repeated-measures one-way analysis of variance (RM-
ANOVA), with subsequent comparisons using Tukey’s post hoc analysis was performed.
All values are expressed as means ± standard error of the mean (SEM). A value of p < 0.05
was considered statistically significant (* p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001).

5. Conclusions

Chondrocyte culture supplementation with HPS-10% has been established to be bene-
ficial in both proliferation and chondrogenic differentiation during in vitro expansion. This
observed effect is probably due to its balanced composition of chondrogenic growth factors,
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which contributed to a greater collagen type II immunostaining, higher differentiation ratio
(COL2A1/COL1A1) and upregulation of chondrogenic SOX9 expression. By utilizing this
autologous and cost-effective approach, current ACI protocols with bovine and recom-
binant growth factors could therefore be updated. Nevertheless, further investigation is
needed to determine its in vivo efficacy in cartilage repair.

6. Patents

Device-based methods for localized delivery of cell-free carriers with stress-induced
cellular factors. (AU2013214187 (B2); 9 February 2017): Schilling Arndt, Hadjipanayi
Ektoras, Machens Hans-Günther.
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