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Cartilage plays the unique role of creating an interface between bones, being able to minimize friction, bearing 

and transferring load, and also allowing for rotational and translational movements. Due to the fact of being an 

aneural, avascular and alymphatic tissue, cartilage has almost no ability of self-regeneration after being 

damaged. Although some studies on chondrogenic differentiation from stem cells have been published along 

the years, the existing ones are fastidious, inefficient and show little success. Moreover, the majority of them 

use adult populations of cells, and only a minority describes chondrogenic differentiation from human induced 

pluripotent stem cells (hiPSCs). Throughout this work, different protocols were evaluated to perform 

chondrogenic differentiation of hiPSCs: one via paraxial mesoderm differentiation, and the other via 

trophoblast-like stage. During the studies, many conditions were tested mainly in terms of adhesion substrates 

and medium formulations. The obtained populations were characterized by Flow Cytometric analysis and 

Immunofluorescence staining. In the end, Mesenchymal Stem Cell-like (MSC-like) populations were obtained 

with relative success; and more importantly, the differentiation into chondrocytes was successfully 

accomplished. Overall, while the results obtained were promising, there is a need to perform further 

experiments in order to sustain and validate the obtained data, in which the protocols should be carefully tuned 

for each cell line. 
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1 Introduction 

Cartilage is present in our body in three different 

forms: fibrocartilage, elastic cartilage and hyaline 

(articular) cartilage. From the three, the latter one is 

known to be responsible for providing an interface 

between bones, minimizing friction, bearing and 

transferring load, and allowing for rotational and 

translational movements. Due to the fact of being an 

aneural, avascular and alymphatic tissue, when 

damaged, cartilage has almost no ability of self-

regeneration [1]. 

Despite the numerous injuries and diseases 

related with damaged cartilage, osteoarthritis (OA) is 

probably the most severe one [2]. In such debilitating 

injury, degeneration of articular cartilage leads to an 

inappropriate activation of signalling pathways that 

may result in a hypertrophic phenotype or even in the 

apoptosis of articular chondrocytes [1, 3]. Though it 

is not a life-threatening disease, articular cartilage 

damage strongly affects patients’ life quality by 

altering load distribution causing severe pain and 

substantial decrease in their mobility, when in an 

advanced stage [1, 4, 5]. 

Due to the fact that mature cartilage has little, or 

almost none, capacity to self-regenerate, 

replacement therapies seem to be the best solution 

until now [3]. Because of that, research has been 

focused on repairing the damaged cartilage and, 

nowadays, the used approaches include cartilage 

regeneration, i.e. “in vivo methods that pursue the 

regeneration of the tissue in situ” [1]. Among others, 

microfracture, autologous chondrocyte implantation 

(ACI), and osteochondral auto- and allo-grafts are 

the three most common surgical procedures 

performed to promote cartilage regeneration [1]. 

However, all of those techniques exhibit several 

disadvantages, mainly with respect to post-operatory 

treatment time and lack of improvement of patients’ 

life quality in a long-term duration (more than one 

year) [1, 6-9]. 

An obvious solution to those injuries passes 

through the creation of those missing, or damaged, 

populations of cells. 

Because of their (theoretically) unlimited 

proliferative capacity and pluripotent characteristics, 

hPSCs have become an attractive source of cells 

with a wide range of applications [1, 6, 10]. Until 

recently, these cells could only be isolated from the 

inner cell mass of the blastocyst, being designated 

embryonic stem cells (ESCs). However, with the 

discovery in 2006 (in mouse [11], and in 2007 in 

human [12]), by Takahashi and co-workers, that 

virtually any somatic cell could be induced in a 
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pluripotent state, the revolution began. After this 

important breakthrough, the promise of a 

personalized regenerative medicine and disease 

modelling arose. 

Since the objective is to use those engineered 

cells for disease modelling, drug screening and 

clinical applications, it is mandatory to develop fully 

defined systems, under good manufacturing 

practices (GMP), free from contaminants and without 

batch-to-batch variability. Unfortunately, countless 

protocols for the in vitro expansion and differentiation 

typically use undefined culture components. The use 

of those products renders the produced cells 

unsuitable for clinical applications due to the risk of 

cross-species contamination and immunogenic 

reactions. Furthermore, the use of undefined culture 

conditions poses barriers to the understanding of the 

biological processes involved in pluripotency and 

lineage specification and compromises the 

reproducibility of those culture systems [13]. 

Despite that, the majority of the existing protocols 

for chondrogenic differentiation use adhesion 

substrates and medium components of animal origin 

and of undefined nature (e.g. Matrigel
®
, Bovine 

Serum Albumin and Fetal Bovine Serum). The 

studied ones are not an exception. 

Human pluripotent stem cells have presented 

possibilities in a wide range of applications, from 

regenerative medicine to drug screening [13]. 

However, the success of those applications will 

strongly depend on the development of adequate 

protocols and, perhaps more important than that, on 

the choice of adequate cell sources and scaffolds. 

2 Materials and Methods 

2.1. hiPSCs maintenance 

hiPSCs with passage numbers between p35 and 

p57 of three different cell lines – WT-F002.1A.13 

(TCLab), Gibco™ Episomal hiPSC line (Gibco) and 

DF6-9-9T.B (DF6) – were used throughout this study. 

hiPSCs were thawed and maintained in 

mTeSR™1 medium (STEMCELL™ Technologies) 

supplemented with PenStrep (Gibco
®
), on Matrigel

® 

(Corning
®
)-coated  culture plates (Corning

®
). Medium 

was changed daily and cells were passaged, with a 

split ratio of 1:3, with EDTA (0.5mM EDTA in PBS, 

Invitrogen™) when 80-90% of confluency was 

reached [14]. 

2.2. hiPSCs Pluripotency Evaluation 

Pluripotency of the hiPSCs was evaluated by 

Immunofluorescence staining and by Flow 

Cytometric analysis for pluripotency markers OCT4, 

SOX2, SSEA-4 and TRA-1-60. 

2.3. Mesoderm Induction of hiPSCs 

When hiPSC cultures were nearly confluent, 

three different strategies were followed for 

chondrogenic induction, based on Craft et al.[3, 15], 

Wang et al.[16] and Nejadnik et al.[17]. 

In the first protocol aggregates were differentiated 

to the primitive streak/early mesoderm as previously 

described [3, 15]. In brief, aggregates were 

generated from single-cell suspensions by culture in 

StemPro
®
-34 (Gibco

®
) media supplemented with 

BMP4 (0.5ng/mL, Stemgent) and Y-27632 (10μM, 

StemMACS™) on 6-well Ultra Low Attachment 

culture plates (Corning
®
). On day 1, the spent 

medium was removed and the aggregates were 

resuspended in induction medium consisting of 

StemPro
®
-34 supplemented with bFGF (5ng/mL, 

PeproTech, INC.), Activin A (3ng/mL, R&D 

Systems
®
), BMP4 (3ng/mL) and CHIR99021 (1μM, 

Stemgent). On day 4, the aggregates were harvested 

from the induction medium, the cells dissociated with 

accutase
®
 (Sigma-Aldrich

®
) and prepared for Flow 

Cytometric analysis. Cultures were maintained at 

37ºC and 5% CO2, 5% O2, 90% N2 environment 

along the experiments, unless otherwise indicated, 

and monitored under the microscope every day.  

In the second protocol, cells were dissociated in 

single-cell suspension with accutase
®
, split into a 

Matrigel
®
-coated culture plate at approximately 6,000 

cells/cm
2
 in mTeSR™1 medium, and cultured 

overnight. For trophoblast-like differentiation, on day 

0, the spent medium was removed, each well 

washed with PBS twice, and mTeSR™1 Minus 

Selected Factors medium (STEMCELL™ 

Technologies; which lacks bFGF, TGF-β1 and LiCl) 

was added supplemented with BMP4 (10ng/mL) and 

A83-01 (1μM, Stemgent). At day 5, cells were 

washed with PBS, dissociated with accutase
®
 for 5-

7min, neutralized with equal volumes of media, 

counted, and replated at 5,000 cells/cm
2 

into 

CELLstart™-coated culture plates and cultured in 

MSC medium  overnight. The used MSC media 

consisted in Minimum Essential Medium Eagle Alpha 

Modification (αMEM, Sigma-Aldrich
®
) supplemented 

with embryonic stem cell-qualified fetal bovine serum 

(FBS ES-Q, Gibco
®
) and PenStrep, or alternatively 

MesenCult™-ACF medium (STEMCELL™ 

Technologies). The spent medium was removed and 

fresh MSC medium was added. MSC-like cells were 

passaged, when they reached 80-90% confluence, 

until a numerous population was obtained. Cells 

were cultured at 37ºC, and 5% CO2 along the 

experiment, and monitored under the microscope 

every day. 

In the third and last protocol, hiPSCs were 

cultured on Matrigel
®
-coated culture plates, with a 

seeding density of 6,000 cells/cm
2
, in mTeSR™1 

medium. Culture medium was daily changed until 

near 50% confluence was achieved. Cells were then 
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washed once with PBS, and incubated with αMEM 

supplemented with 10% v/v FBS ES-Q and 1:200 v/v 

PenStrep. Fresh medium was added every 3-4 days 

and cells were passaged with accutase
®
 whenever 

they reached 70-80% confluency, at 4,000 cells/cm
2
, 

to uncoated 6-well culture plates, until a numerous 

population was obtained. Cells were cultured at 

37ºC, and 5% CO2 along the experiment, and 

monitored under the microscope every day. 

2.4. Chondrogenic Differentiation 

A MSC-like population was differentiated into the 

chondrogenic lineage by using StemPro
®
 

Differentiation kit according to the manufacturer’s 

instructions. Briefly, aggregates were generated from 

single-cell suspension, previously washed 2x with 

PBS, by culture in chondrogenesis medium on 24-

well Ultra Low Attachment culture plates (Corning
®
). 

Cells were cultured at 37ºC, and 5% CO2, and refed 

every 3-4 days, for 14 days. On day 14, Alcian Blue 

stain analysis was performed. For that, the spent 

medium was removed, aggregates were washed with 

PBS and fixed with 4% v/v PFA for 20min at room 

temperature. After fixation, the PFA solution was 

removed, cells were washed with PBS and then 

incubated with 1% Acian Blue solution (Sigma-

Aldrich
®
) prepared in 0.1N HCl (Fisher Chemical) in 

Milli-Q water (Millipore) for 30min. Cells were then 

washed with sterilized Milli-Q water and left in PBS 

solution. The stained aggregates were observed 

under the microscope. 

2.5. Flow Cytometric Characterization 

Flow Cytometric analysis was performed using 

standard methods as previously described [18]. 

Primitive Streak stage was evaluated by analysing 

day 4-population for CD56, CD140a and CD309 

expression. MSC-like cells were tested for MSC 

markers according to the International Society for 

Cell Therapy (ISCT) criteria  which included the 

presence of CD73, CD90 and CD105 and the lack of 

CD34, CD45, CD80, CD19, CD14 and HLA-DR [19]. 

Samples were analysed on FACSCalibur™ flow 

cytometer (Becton Dickinson Biosciences
®
) and 

CellQuest™ software (Becton Dickinson 

Biosciences
®
) was used for data acquisition; results 

were analysed in Flowing software 2.5.1 (Turku 

Centre for Biotechnology). 

Primary antibodies used for pluripotency 

evaluation were OCT4-PE (1:20, Millipore), SOX2-

PE (1:20, R&D Systems), SSEA-4-PE (1:20, 

Stemgent), and TRA-1-60-PE (1:20, Stemgent). 

2.6. Immunofluorescence Staining 

Immunofluorescence staining was also performed 

as previously described [18, 20, 21]. Samples were 

then observed under the microscope and images 

taken (Nikon DXM 1200 F Digital camera and a 

Leica Kubler CODIX fluorescence illuminator, 

associated to a Leica DMI 3000 B microscope). The 

obtained images were treated in ImageJ software 

(Fiji). 

Primary antibodies used for pluripotency 

evaluation were OCT4 (1:400, Millipore), SOX2 

(1:100, R&D Systems
®
), SSEA-4 (1:100, Stemgent) 

and TRA-1-60 (1:100, Stemgent). 

2.7. Aggregates size measurement and 
analysis 

In order to better monitor aggregates’ size 

throughout the experiment, several photographs 

were taken daily (Leica DMI 3000 B microscope, with 

a Nikon DXM 1200 F Digital camera). Using ImageJ 

software, each photograph was processed to 

determine the area of each aggregate. Considering 

the aggregates as spheroids, the diameter was 

calculated according to the Equation (1): 

𝑑 = 2 × √
𝐴

𝜋
 (1) 

in which d represents the aggregate diameter and A 

represents the aggregate area. 

2.8. Fold Increase and Population Doublings 

The Fold Increase (FI) in total cell number and 

the number of Population Doublings (PD) at each 

passage were calculated according to the Equation 

(2) and Equation (3), respectively. 

𝐹𝐼 =
(𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠)𝑑𝑖

 

(𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠)𝑑0

 (2) 

𝑃𝐷 = log(𝐹𝐼) log(2)⁄  (3) 

2.9. Coefficient of Variation 

The Coefficient of Variation (CV) was calculated 

according to the Equation (4). 

𝐶𝑉 =
(𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛)𝑠𝑎𝑚𝑝𝑙𝑒

(𝑀𝑒𝑎𝑛)𝑠𝑎𝑚𝑝𝑙𝑒
 (4) 

2.10. Statistical Analysis 

Because experiments were only performed once, 

statistical analysis was not calculated. Only 

aggregates’ size are presented as mean standard 

deviation – mean (SD).  
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3 Results and Discussion 

3.1. Differentiation via paraxial mesoderm 

The Craft protocol – in which the cells are 

initially induced to differentiate into a primitive streak 

stage – was performed using two different culture 

medium: RPMI 1640 medium (Gibco
®
) supplemented 

with B27 (minus insulin, Gibco
®
), already used in the 

SCERG to differentiate cells into mesoderm germ 

layer lineages (cardiomyocytes) [22] and StemPro
®
-

34, the medium used in the original paper [3]. 

Since throughout the experiments very few cells 

survived to the first day of differentiation, large 

amounts of cells were seeded. In order to check if 

the cells were reaching the desired stage of 

differentiation (primitive streak), on the fourth day of 

the protocol, the total amount of cells was used to 

perform a Flow Cytometric analysis. This analysis 

was performed by using monoclonal antibodies for 

the expression of the CD56 (NCAM), CD140a 

(PDGFRα) and CD309 (KDR). 

3.1.1. Are cells getting mature by extending the 

differentiation time? 

Taking into account the existence of variability 

between hiPSC lines, as described in the literature 

[3, 15, 23], some cell lines get mature earlier than 

others. It was thus necessary to evaluate the 

expression of the primitive streak markers (CD56, 

CD140a, and CD309) from day 3 until day 5 (the 

usual range to achieve primitive streak populations in 

vitro) [3, 15, 23]. 

From the results obtained, shown in Figure 1, it 

can be seen that the expression of CD309 increases 

from day 3 to day 4, and has a marked decrease 

from day 4 until day 5. This could mean that cells 

start to differentiate and surpass the primitive streak 

stage if they are left, in that differentiation medium for 

longer than day 4. 

 
Figure 1 – Flow cytometric analysis of CD309 (KDR) expression, in different 

time points (from day 3 until day 5). Cells from TCLab cell line, CA4, p38, 

cultured from day 0 to day 1 in RPMI medium supplemented with 1:50 v/v B27 

minus insulin, ROCKi (10μM) and BMP4 (0.5ng/mL). From day 1 until day 4, 

cells were cultured in RPMI medium supplemented with 1:50 v/v B27 minus 

insulin, Activin A (15ng/mL), BMP4 (3ng/mL), bFGF (5ng/mL) and CHIR (1μM). 

This experiment was performed under normoxia conditions. 

Nevertheless, the results obtained for CD309 

expression were lower than the expected. It was, 

then, hypothesized that using a cell line previously 

known to differentiate efficiently into mesoderm-

derived cells could be used for protocol optimization. 

Thus, the following experiments were performed with 

a different cell line (DF6) and using the StemPro
®
-34 

culture medium. 

3.1.2. Looking for the best condition for initial cell 

aggregation 

Some studies in the literature [24], report that 

hypoxia affects mesoderm specification during early 

development. In order to test this and to compare the 

performance of the cells, studies were performed 

under hypoxia (5% O2) and normoxia (21% O2) 

conditions. From the results obtained by Flow 

Cytometric analysis (in Craft attempt number 6, CA6) 

– Figure 2 A –, normoxia seems to lead to the 

highest percentage of cells expressing the primitive 

streak markers on day 4-populations. However, since 

the studies from the original paper [3] were 

performed under hypoxia conditions, and the results 

obtained, in particular the expression of CD56 both 

under hypoxia and normoxia, were not significantly 

distinct from each other, the following experiments 

were also executed under hypoxia conditions. 

Having already chosen to prosecute the work 

under hypoxia conditions, 5ng/mL of BMP4 from day 

0 to day 1 seems to be the best alternative, since it is 

the one that induces a higher CD309 (KDR) 

expression. Analysing the results from CD56 (NCAM) 

expression, both concentrations (0.5 and 5ng/mL) 

seem to behave the same, since their expression is 

comparable between the two conditions. 

At first sight, does not seem to make sense that 

the intermediate value tested (3ng/mL) would give 

worst FC results comparing with the remainders. One 

possible way of trying to explain the results obtained 

is to attribute this behaviour to eventual feedback 

loop control phenomena, as documented in the 

literature [25-29]. 

Taking that in consideration, 5ng/mL of BMP4 

from day 0 to day 1 was the selected condition to 

proceed with the experiments. 

3.1.3. Induction of Primitive Streak – looking for the 

best condition 

The main objective of the next experiment (CA7) 

was to find the best association between Activin A 

and BMP4 concentrations. bFGF usually is kept the 

same (5ng/mL) in the literature [3, 23, 30, 31]; here 

was not an exception. 

By analysing the results from the literature (KDR 

and PDGFRα expression on cardiac mesoderm 

generated from hESCs [23]) a range of 

concentrations of BMP4 and Activin A 

(supplemented at day 1) were tested to evaluate 

their impact in primitive streak (day 4)-populations. 

As shown, schematically, in Figure 2 B it was 

decided to keep the concentration of the molecules 

to be tested in the following range: 1< BMP4 (ng/mL) 

<30 and 1< Activin A (ng/mL) <10. 
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Figure 2 – (A) Flow cytometric analysis showing CD309 (KDR) and CD56 (NCAM) 

expression, in day 4-populations. Cells from DF6 cell line, CA6, p47, cultured from day 

0 to day 1 in StemPro
®
-34 supplemented with ROCKi (10μM) and BMP4 (in the 

indicated concentration). (B) Schematic representation of the experimental conditions. 

Varying concentrations of BMP4 and Activin A (left). Tested conditions (right). Red dots 

represent untested experiments (C) Flow cytometric analysis showing CD309 (KDR) 

and CD56 (NCAM) expression, on day 4-populations. Cells from DF6 cell line, CA7, 

p51, cultured from day 1 until day 4 in StemPro
®
-34 supplemented with Activin A (in the 

indicated concentration), BMP4 (in the indicated concentration), bFGF (5ng/mL) and 

CHIR (1μM), under hypoxia conditions. Representative histograms demonstrating the 

expression of different antigens (dark) are plotted against isotype controls (white) for 

non-specific staining. 

By analysing the referred results from the 

literature [23], it was decided to lay down the three 

experiments with the lowest PDGFRα and KDR 

expression – as can be seen on Figure 2 B, 

represented by red dots. 

The flow cytometric results obtained from the 

performed experiments are present in Figure 2 C. 

By analysing the results from Figure 2 C, it was 

concluded that, from the tested conditions, C1 

condition (5ng/mL Activin A; 1ng/mL BMP4) 

possesses the highest percentage of cells 

expressing both CD309 and CD56. Interestingly, no 

obvious conclusion can be taken, since it does not 

seem to exist any tendency between the varying 

concentrations of both molecules and the primitive 

streak antigen markers expression.  

However, looking carefully to the histograms of 

both surface markers, very distinct populations can 

be identified in the majority of the conditions. 

Meaning that a significant amount of cells was 

already differentiated and, as a consequence, the 

amount of hiPSCs in cell culture decreased. Yet, the 

majority of the cells did not reach the primitive streak 

stage, as suggested by the FC results. A further 

optimization of the protocol is needed. 

3.1.4. Does the aggregates’ size matter? 

Some reports in the literature [32, 33], argue 

about the importance of the aggregates’ size in 

cellular fate determination when mimicking the 

embryo development/evolution. In order to test if the 

aggregates’ size dramatically influences the 

expression of the studied primitive streak surface 

markers, the size of the aggregates was monitored 

during the four days of CA7 experiments. 

Figure 3 A shows that, on day 1 – after 24h of 

BMP4 stimulation –, the aggregates’ average size is 

40-80μm. Which means, the distance to the centre of 

the aggregates mostly varies between 20-40μm.  
Comparing both the aggregates’ size (Figure 3 B) 

and the CD309 and CD56 expression (Figure 2 C), 

no obvious conclusion arises. At first sight, does not 

seem to exist any correlation between the size of the 

aggregate and the expression of primitive streak 

markers of the cells within its composition.  

Moreover, according to the same authors [32], a 

gradual reduction of the colony diameter selectively 

eliminates the “centre” fates, referring to ectoderm 

and mesoderm cell fates. It is thus possible to 

conclude that: the seeding density used as well as 

the final aggregates’ dimension probably was not 

sufficient to achieve a primitive streak stage. This 

could be a reasonable explanation to the 

unsuccessful FC results. Therefore, almost certainly 

a higher cell seeding would be needed to accomplish 

higher primitive streak expression values. 

In order to obtain a more measurable mean of 

comparison between experiments, the Coefficient of 

Variation was calculated, Figure 3 C. This value 

gives us a measure of variability within the 

aggregates’ diameter distribution, for each condition 

in a given day. The results suggest that no obvious 

correlation exists between the aggregates’ diameter, 

the coefficient of variation and the FC results. 
A significant variation of Coefficient of Variation 

exists among the six tested conditions, the range of 

values oscillates between 0.3 and 0.6 (equivalent to 

30% and 57%, respectively), as shown in that same 

figure. 

One way to diminish this coefficient’s values 

would be to use methods for controlling the 

aggregates’ size, for example by using AggreWell™ 

systems, by imposing a speed in the culture through 

rotator systems, and/or by controlling the cell 

seeding. 

3.1.5. Validating Results 

Finally, CA8 had the main objective of testing the 

protocol, in two other cell lines: Gibco and TCLab.  
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Figure 3 – (A) Day 1 aggregates’ diameter dispersion. (B) Aggregates’ diameter evolution from day 1 until day 4, for the studied conditions. Mean (SD) values. (C) Coefficient of 

Variation evolution from day 2 (d2) until day 4 (d4), for each of the studied conditions. (A-C) Cells from DF6 cell line, CA7, p51, cultured from day 0 to day 1 in StemPro
®
-34 

supplemented with ROCKi (10μM) and BMP4 (5ng/mL). From day 1 until day 4, cells were cultured in StemPro
®
-34 supplemented with Activin A (in the indicated 

concentration), BMP4 (in the indicated concentration), bFGF (5ng/mL) and CHIR (1μM). This experiment was performed under hypoxia conditions. C1: 5 ActA + 1 BMP4; C2: 5 

ActA + 15 BMP4; C3: 5 ActA + 30 BMP4; C4: 1 ActA + 15 BMP4; C5: 1 ActA + 30 BMP4; C6: 10 ActA + 30 BMP4. ActA and BMP4 in ng/mL. (D) Comparison between the 

aggregates’ size evolution from day 1 (d1) until day 4 (d4), for each cell line. (E) Coefficient of Variation evolution from day 1 (d1) until day 4 (d4), for each cell line. (E-F) Mean 

(SD) values. Comparison between values from cells from TCLab (CA8), Gibco (CA8) and DF6 cell line (C1 from CA7), cultured in the same conditions under hypoxia. 

A B C 

D E 

As stated before, the variability between cell lines 

can be huge, and for that reason, even with the 

improvements made over the experiments, and using 

the C1 conditions (with which were obtained the best 

FC values for DF6 cell line), the resulting FC analysis 

on day 4-populations of both Gibco and TCLab cell 

lines was not comparable to the results with the DF6 

cell line: the percentage of cells expressing the 

primitive streak markers does not surpassed 1.2% for 

CD309, 0.1% for CD140a and 0% for CD56, for 

Gibco; and 1.0% for CD309, 0.3% for CD140a and 

1.4% for CD56, for TCLab. (not shown) 

A comparison between the aggregates’ size of 

both cell lines was made along the experiment. The 

aggregates’ diameter mean (SD) value of each 

population was evaluated throughout the four days of 

the experiment and compared with the “best 

condition” population (C1 condition for DF6), Figure 3 

D. The calculation of the coefficient of variation was 

also performed and compared between the three cell 

lines (once again with the results of C1 population), 

Figure 3 E. 

These results suggest that the DF6 cell line 

shows higher variability between aggregates’ 

dimensions (30-57%), whereas the Gibco cell line 

displays the lower variability (11-23%), from the 

studied cell lines. It is also evident that the DF6 cell 

line shows higher aggregates’ dimensions mean 

values, along the experiments, when compared with 

TCLab and Gibco cell lines.  

Once again, the seeding density may be crucial 

for the desired differentiation of the aggregates, 

inclusive for aggregates final dimension on day 4-

populations and, probably, to FC results. However, 

when comparing the values present in Table 1, the 

number of TCLab cells both in the seeding (d0) and 

on day 4 was the highest one, yet the aggregates 

dimensions were lower than the DF6 ones (Figure 3 

D). Moreover, FC results showed lower expression of 

primitive streak markers than the expected. Leading 

to a possible final conclusion: more important than 

the seeding density, could be the aggregates’ 

dimension. 

3.2. hiPSCs differentiation into MSC-like 
cells 

3.2.1. Wang differentiation protocol 

Studies with Wang protocol were performed with 

the TCLab and with the DF6 cell lines. 

The Wang protocol – in which cells are initially 

induced to differentiate into a trophoblast-like stage – 

was performed using two combinations of culture 

media: E8™/E6™ and mTeSR™1/mTeSR™1 Minus 

Selected Factors. Different adhesion substrates were 

Table 1 – Comparison between the used cell lines, their seeding values on day 
0, and their respective fold-increase (FI) in cell number and population 
doublings (PD) values on day 4, from the main experiments performed. 
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tested as well as MSC medium formulations until 

MSC-like populations were finally obtained. 

After testing the condition referred in the original 

paper (gelatin-coated plates and MSC medium – 

DMEM supplemented with 10% FBS) without 

success in Wang attempt number 1, WA1, other 

alternatives were explored in the following 

experiments. 

Therefore, in WA3 cells were first induced with 

E8™/E6™ and on day 5 were dissociated with either 

accutase or EDTA and plated on either Matrigel
®
- or 

gelatin-coated culture plates (leading to a four 

conditions study). The results suggested that the cell 

survival increased when using EDTA as dissociation 

agent and the survival rate was even higher in the 

Matrigel
®
-coated condition. So, this last condition 

was repeated in the following experiment (WA4) but 

very few cells reached day 16, where the 

chondrogenic induction is supposed to begin. 

The initial studies were performed with the TCLab 

cell line. However, the DF6 cell line is known to 

efficiently differentiate from hiPSCs into 

cardiomyocyte (previous results from SCERG, not 

shown). Since cardiomyocytes are also generated 

from the mesoderm germ layer, like chondrocytes, 

the Wang protocol was also tested with this cell line. 

Consequently, in WA5, cells (from the DF6 cell 

line) were first induced with mTeSR™1/mTeSR™1 

Minus Selected Factors, but the dissociation with 

EDTA and the plating on Matrigel
®
-coated culture 

plates were kept. However, cells did not reached day 

16, once again. Besides that, the surviving cells 

presented a round morphology instead of the 

characteristic spindle shape of the MSCs. 

In order to try to draw conclusions, on the cell 

type in which cells were differentiating in, an 

immunofluorescence staining was performed with α-

smooth muscle actin (αSMA) intracellular marker. 

αSMA is commonly used as a myofibroblast 

formation marker; in this particular case it was 

thought that cells were differentiating in smooth 

muscle cells due to their morphology. Consequently, 

it was thought that αSMA could be expressed in 

these particular populations. 

The results from Figure 4 suggest that actin fibers 

were present in the cells, but it does not seem to be 

a “truly” αSMA expression. These results can be 

explained by the fact that αSMA expression is not 

specific for myofibroblast formation since it can also 

be found in MSCs stress fibres [34, 35], osteo-

chondro progenitor cells [36], MSC derived cells [37, 

38], or even in fibroblasts [39, 40]. 

3.2.2. Towards chondrogenic differentiation 

Since the SCERG has previous expertise on 

working with MSCs, the logic step was to take this 

knowledge and start testing different MSC media 

formulations and MSC adhesion substrates. For that 

reason, MesenCult™-ACF Complete Medium, one of 

the available medium formulations, was used; and 

CELLstart™ and MesenCult™-ACF Attachment 

Substrate were tested as adhesion substrates in 

WA7 and WA8. 

Despite during the different experiments 

performed, in which cells were cultivated until at least 

day 16, cells with a fibroblastic appearance were 

always obtained; in the majority of those experiments 

the amount of the obtained cells was not enough to 

perform a Flow Cytometric Analysis with a panel of 

nine MSC markers and respective isotypes – γ1/γ1-

isotype, CD73, CD90, CD105, CD34, CD45, CD80, 

CD19, γ2b-isotype, CD14, γ2a-isotype and HLA-DR. 

As a consequence, cells were cultured for more 30 

days in some conditions in order to obtain an 

enriched fibroblastic population with a reasonable 

number of cells (near 600,000 cells). 

From the results obtained along the experiments, 

it became clear that from each time that cells were 

passaged, several cells died, which could be 

explained due to the fact that MSCs are passaged 

with Accutase or TrypLE solution (more aggressive 

dissociation agents). Additionally, because in the 

majority of the tested conditions, FBS was 

supplemented to the MSC medium, whenever the 

culture medium needed to be changed (each 3-4 

days), the factors secreted by the cells were 

removed, leading to the entrance of some cells in 

apoptosis.  

Thus, the most promising, and also the most 

successful, experiments were performed, from day 5 

until day 30-50, in the following conditions: 

a. CELLstart™ (adhesion substrate) and 

MesenCult™-ACF complete medium 

b. CELLstart™ (adhesion substrate) and αMEM 

supplemented with 5% FBS 

The results from those experiments are shown in 

Table 2. 

From the results in Table 2 it is conclusive that, 

according to International Society for Cellular 

Therapy (ISCT, [19]) none of the three populations of 

cells obtained meets at least the phenotype criteria, 

both concerning the positive and the negative 

markers. That being the case, they could not be 

classified as being 100% MSCs.  

Figure 4 – Immunofluorescence staining with αSMA. Cells from DF6 cell line, 

on day 56 of WA8, previously cultured for 40 days in MSC medium composed 

by aMEM supplemented with 10% FBS, after a trophoblast-like stage had been 

reached. Images taken with a Nikon Digital camera DXM 1200 F and a Leica 

Kubler CODIX fluorescence illuminator, associated to a Leica DMI 3000 B 

microscope, at 200x magnification (scale bars: 50μm). 
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Nevertheless, a major difference in the 

percentage of cells expressing the antigen markers 

in experiment a. (MesenCult™) from day 16 to day 

48 of differentiation was observed, as illustrated in 

Table 2. The major difference is concerning the 

percentage of cells expressing CD105 that reached 

more than 85% in 30 days. However, it is not 

reasonable to conclude that by extending the time of 

differentiation to near 50 days an improvement in the 

results would be obtained; in part because this 

experiment was performed only once, but also 

because in experiment a. on day 16 the negative 

markers were not analysed as there wasn’t enough 

cells, leading their expression (on day 16) to an open 

question. 

Additionally, the experiments performed by the 

SCERG MSC group have shown a lower expression 

of CD105 but under dynamic culture conditions [41-

43]. This phenomenon has been attributed to the 

dissociation agent exposure time, as well as to the 

type and concentration of the dissociation agent [44, 

45]. Even though the performed experiments have 

been executed under static conditions, it is 

reasonable to affirm that this phenomenon can also 

be justified by the same reasons.  

Comparing the results obtained with the ones 

present in the original paper [16], it is reasonable to 

conclude that the differentiation protocol based on 

Wang did not have the reproducibility that was 

expected and still needs further optimization. 

Nevertheless, experiment a. revealed to have a 

similar behaviour to the published results [16]: 

passage number four of MSC-like populations was 

obtained in the same time lapse (about 40 days) and 

cells between each passage took about 10 days to 

become confluent. However, the resultant cell 

number was not comparable. The obtained results 

were also not comparable to those of the SCERG 

MSC group (e.g. population doublings, total cell 

number obtained, FC marker expression) [41-43, 46, 

47]. 

Despite the aforementioned, cells from 

experiment b. (αMEM supplemented with 5% FBS) 

were subjected to chondrogenic medium (StemPro
®
 

Chondrogenesis Differentiation Kit) for 14 days after 

which Alcian Blue was used to identify the presence 

of glycosaminoglycans (GAGs) and proteoglycans 

within cell cultured aggregates. The results obtained, 

shown in Figure 5, suggest that chondrocytes were 

present in the culture. Even a more profound 

conclusion can be taken from here: a MSC-like 

population was obtained in the earlier stage, at least 

in this tested condition. 

Even though interesting and enlightening 

answers were obtained with the performed 

experiments, the truth is that this is not an efficient 

process. For example, in the experiment b. (αMEM 

supplemented with 5% FBS), only one well (from a 

total of four) gave origin to MSC-like cells. There is 

no obvious reason for this to happen, because cells 

were processed at the same time, in the same 

conditions, from the same original cell sample. 

Summing up, the overall results obtained suggest 

that the adhesion substrates play an important role in 

cell viability and differentiation, as previously 

reported in the literature [48, 49]. From the studied 

substrates, Matrigel
®
 and CELLstart™ offered the 

best results, at least regarding cell survival. Matrigel
®
 

showed to play a key role in the expansion and 

during the first days of differentiation, whereas 

CELLstart™ was important to promote MSC 

differentiation and MSC enrichment. 

Throughout the experiments, from day 5 

onwards, it became apparent that the higher cell 

survival results were obtained when using Matrigel
®
-

coated culture plates, when compared with the 

gelatin-coated ones, and even better results were 

obtained with CELLstart™. This result can be 

explained by the complexity of the former one, or by 

other words, by the simplicity of gelatin that is 

essentially composed by denatured collagen while 

CELLstart™ is formulated specifically for MSCs 

proliferation and population enrichment, being 

therefore expected to give better results. 

In conclusion, Table 3 summarises the tested 

conditions. 

Moreover, from the results obtained, EDTA 

proved to be the gentler agent. However, when 

EDTA was used, the colonies did not acquire the 

desired morphology, or at least only the borders 

started to differentiate as occasionally observed in 

Figure 5 – Alcian Blue staining results after 14 days in chondrogenic 

differentiation medium. Cells from DF6 cell line, on day 62 of WA7. After a 

trophoblast-like stage had been reached on day 5, cells were cultured for 32 

days (until day 48) in αMEM medium supplemented with 5%FBS. 

Chondrogenic differentiation was then induced for 14 days and was assessed 

by staining with Alcian Blue. Images taken with a Nikon Digital camera 

DXM1200F associated to a Leica DMI3000 B microscope, at 200x 

magnification (scale bars: 50μm). 

Table 2 – Key information about Flow Cytometric Analysis of three different conditions tested 
to obtain MSCs-like populations. Cells from DF6 cell line; conditions a. from WA7, b. from 
WA8 and c. from NA1. Flow cytometric data acquisition performed on a FACSCalibur™ (by 
Becton Dickinson Biosciences

®
); data analysis in Flowing Software 2.5.1. 
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undifferentiated hiPSCs colonies (by spontaneous 

differentiation), which was not desired. On the other 

hand, Accutase and TrypLE action was similar to the 

cells, both proved to be more aggressive than EDTA, 

but in about 5-10min a single cell population was 

obtain as desired. These results are somewhat 

comparable with what is described in the literature 

[44, 50]. 

3.2.3.  Nejadnik protocol – the effect of using FBS 

Since the Wang protocol experiments were not 

demonstrating to efficiently generate MSC-like 

populations, an alternative protocol to obtain MSC 

populations was performed based on [17]. 

By using this alternative protocol, it was possible 

to understand that the differentiation was mainly 

conducted through FBS stimuli. In fact, FBS contains 

growth factors able to promote cell proliferation, and 

adhesion factors that promote cell attachment. 

Serum also provides a source of minerals, lipids, 

hormones and proteins able to trigger differentiation 

phenomena [48, 51, 52]. However, the utilization of 

serum presents disadvantages including its highly 

variable composition from lot-to-lot, not to mention 

the fact that it can cause immunological reactions 

due to the risk of contamination (virus, prion) [48, 51-

53]. Despite that, serum is composed of a wide 

variety of factors, able to trigger a wide range of 

differentiations at the same time, often resulting in a 

very heterogeneous cell population in the end. 

To test this new alternative protocol, a side-by-

side experiment was performed – along to WA8 – 

with the same original cell population and seeding 

(6,000 cells/cm
2
 on day -7 on this protocol, 

equivalent to day -1 on Wang protocol). Cells were 

cultured during near 30 days in αMEM medium 

supplemented with 10% FBS (with no adhesion 

substrates). The results from this experiment are also 

shown in Table 2 (condition c.). 

Once again, according to the ISCT criteria, the 

MSC-like population obtained was very 

heterogeneous and did not meet at least the 

phenotype criteria (both concerning the positive and 

the negative markers on FC analysis). 

Moreover, when comparing the results obtained 

with the ones present in the original paper [17], it is 

reasonable to conclude that the differentiation 

protocol based on Nejadnik did not have the 

reproducibility that was expected and still needs 

further optimization. 

 

3.2.4. Conclusions 

By comparing the two protocols by which an 

hypothetical MSC-like population can be obtained – 

Wang [16] and Nejadnik [17] – the results suggest 

that, the use of a step of trophoblast cell induction 

showed in Wang does not seem to be crucial to 

obtain a MSC-like population, or at least a 

fibroblastic one. However, this conclusion needs to 

be confirmed by performing a full characterization on 

both populations of cells. 

In fact, Nejadnik protocol seems to work faster 

and simpler since cells with a fibroblastic morphology 

are evident in cell culture from day 3-4 of the 

protocol, while in Wang protocol this cell morphology 

starts to appear only near day 16. 

4 Conclusions and Future 
Perspectives 

Even knowing that the obtained results are, in the 

majority of the times, not comparable or even 

statistically irrelevant, hopefully they will be a key for 

the future work that has to be done. 

From all the results obtained it becomes clear 

that each cell line possesses its own intrinsic levels 

of activation of certain signalling pathways, being 

very distinct from each other. Ideal concentrations of 

the main molecules have, therefore, to be tuned for 

each cell line, in both protocols (Craft and Wang). 

As addressed beforehand, one of the major 

shortcomings of this work was the lack of biological 

replicates for the various experiments performed and 

also the lack of a proper characterization of every 

single population of cells obtained. Therefore, these 

two points must be overcome in the future 

experiments. 

In conclusion, although the final objective of 

establishing a robust protocol for the production of 

chondrocytes from hiPSCs was not achieved and a 

lot of failures have guided this journey, the truth is 

that some thresholds have been overcome: MSC-like 

populations were successfully obtained from hiPSCs, 

and chondrocytes were obtained from one of the 

tested conditions. 
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